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PKEFACR 


This imTitlbock is coniiiiiorf wppcinlly for tlir M'-p of (ipsiftn pnrinpm mifl 
technical students. Oiicrnlinj; MipHOcr.i, It is* lioM, will find il useful nli'O 
for its presontntion of de.'^ipn nml construction detnihi. tliotirii no aHompi 
has been made to include inslruclions covitjur the fidju-Htnionl and tnninlo- 
nance of marine propulsion machinery. 

This hook is dcsicnod by tlie publishers to he .0 !«icc('.'.''nr lo ” Murine 
Eneincors' Handbook." wiited by the late Commander I'riiiik W. t^terliur, 
published in 1920, and avriilnble until recently. In nttcwiitinp a ri'vidnn 
to provide material repre“cfitat5ve of current jrrnclice. it \vu<j fnmid that, 
because of virtually com)>lele obsolescence. «n entirely new liooh imdead of 
.a revision was in order. ConunniHler .‘tterlitir’s hook wn’i the nilili' of a 
generation of marine eninneers; tt is hoped that this voltJiiie ns n suecr;v'ior 
Jany be criuMly well rcceiwi. 

The book retains practically as oripnally ptosetiled the aerlion on llenpro- 
eating Steam Engine? hut nil other sections on eprcinl tnnriiie engiticerinn 
topics arc coinplolely new. Much material that is of iiertinent vahie to tlm 
marine cnRittecr hn.s liccit reprinted from the fourth edition of the " Meclintiical 
Engineers' li.'indbook" with the kind ircnnission ami full cooperation of 
Professor Lionel S, Marks, 

It U the sincere belief of the editor that the book ia up lo dale iiml tlmt it 
incorporates id! tiic HOund and proved marine enmnceritif; practice that has 
been dovcioped rapidly within the past several ycar.s, Tlie editor lm« lioen 
fortunate in having tlio aid a.s contriimtors of janny men who have hci’ii 
cfoseiy associated with fmporlanl current development? in lliia field of 
cngineorinK and takes this opportunity of thnnking them for their prompt and 
painstaking work. 

In so extensive a compilation there will undoubtedly be inadvertent mis- 
takes and omission?. The editor will bo tbaukful if comment? mul con- 
structive BUgRealions arc communicated lo him through the puhlirhors. 

J. M. L.Mmv.iiTON’. 

Nbav York, N. Y., 
iSc2>icnil)cr, lOiO. 
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SYMBOLS AND ABBREVIATIONS 


For symbols of clicmical clcracnta, ace p. 630; for electric and raagnetio 
symbols, sec pp. 1688 and 1701i for abbreviations applying to metric weiehts 
and measures, see p. 72. 

Pairs of paronlbcscs, bracketB. etc., are frequently used in this work to 
indicate corresponding values. For example, the statement that "the cost 
per kw of a 30,000*kw plant Is $53;of a 15,000-1:17 plant, S62 ; nnd of an 8000-kw 
plant, S72,’’ is condensed as follovfs: The cost per kw of a 30,000 (15,000) 
|800oj-kw plant is S53 ( 82 ) [72). 


A.A.R. Assoc, of American Rail- 
roads 

abs absolute 

a.c. aerodynamic center 

a-c alternating current 

A.I.E.E. American Inst, of Elec- 
trical Engineers 

A.I.M.E. Am. Inst, of MinloR 
Engineers 

air bp air liorsopowcr 
A.M.A. Automobile Manufactur- 
ers' Assoc. 

Am. Iron & Steel Inst. Am. Iron 
■and Steel Inal, 
amp amperes 

nntilog antilogarithm of 
A.P.I. Am. Petroleum Inst. 
A.R.E.A, Am. Rlwy. Eng. Aesoc. 
A.S.A. Am. Standards Assoc. 
A.S.C.E. Am. Soc. of Civil Engi- 
neers 

A,S.H. & V.E. Am. Soc. of Heat- 
ing fc Ventilating Engi- 
neers 

A.S.M. ' Am. Soc. for Metals 
A.S.M.E. Am. Soc. of Meohaiucol 
Engineers 

A.S.R.E. ^ Am. Soc. of Refrigerat- 
ing Engineers ■ 

A.S.S.T. Am. Soc. for Steel Treat- 
ing ■ 

A,S.T.M. Am. Soc. for Testing’ 
Materials ' 
atra atmosphere 

avdp avoirdupois 


nvg average 

A.W.P.A, Am. Wood Presenm- 
tion Assoc. 

A.WjS. Am. Welding Soc. 
A-W.W.A. Am. Water Works 
Assoc. 

bar barometer 


B.&S. 

Brown & Sbarpo (gage) 

bbl 

barrels 

Be ■ 

Baiimfi (degrees) 

B.G, 

Birmingham gago Owop 
nnd sheet) 

bhp 

brake horsepower 

Binn. 

Birmingham ' 

B.M. 

Board measure 

bmcp 

brake nicnneffcctivo pres- 
sure 

B. of M, Bureau of Mines 

B. of S. 

Bureau of Standards 

bp . 

Iwiling 'point 

Btu 

British thermal units 

bu 

bushels' ‘ 

Bull 

Bulletin 

B.W.G. 

Birmingham wire gage 

C 

degrees centigrade 

col 

calorics 

CO 

cubic centimeters 

cto G 

center to center 

C.F. 

centrifugal force 

cfll 

cubic feet per hour 

cfm 

cubic feet per minute 

effl 

cubic feet per second 

CB 

center of gravity 

CgB 

contimeter-gram-second 

C.I. 

’Cast iron " • 
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cir 

circular 

C.M. 

circular Tnilg 

cm 

centimeters 

C.N. 

cetane number 

coef 

coefficient 

cof g 

center of gravity 

col 

column 

colog 

cologarithra oi 

const 

constant 

coa 

cosine oi 

coa”i 

arc rvhosc cosne ia, in* 
verse cosine of 

cost 

hyperbolic co^e of 

coah“i 

inverse hyperbolic coaine 
of 

ctn 

cotangent of 

ctrtT^ 

arc ■whoso cotsngcnt is 
(see co8“*) 

coth 

hyperbolic cotangent of 

coth~^ 

inverse hyperbolic co* 
tangent of 

covera 

coversed sine of 

cp 

candle power, circular 
pitch, center of pressure 

CSC 

cosecant of 

C8C“1 

arc whose cosecant is 
(see co8"0 

CBcb 

hyperbolic cosecant of 

cscll“l 

inverse hyperbolic cose- 
cant of 

cu 

cubic 

cyl 

cylinder 

db 

decibel 

d-c 

direct current 

def 

definition 

deg 

degrees 

diam 

diameter 

d,p. 

diametral pitch, double 
pole 

e 

base of Napierian logar- 
ithmic system 

(=2.7182+) 

eff 

efficiency 

ehp 

effective horsepower 

elec 

electric 

eloag 

elongation 

emf 

electromotive force 

eq 

equation 

evap 

evaporation 

esp 

exponential fonction of 

ezsec 

exterior secant of 

ert 

external ■ 

F 

degrees Fahrenhrii 


flip 

friction horsepower 

F.O.B. 

free on board (cars) 

fpm 

feet per minute 

fps 

feet per second 

fps 

footr-pound-second (sys- 
tem) 

P.S. 

factor of safety 

F.S.B. 

Federal Specifications 
Board 

ft 

feet 

ffc-lb 

foot-pounds 

0 

acceleration due to grav- 
ity 

g 

grams 

gal 

gallons 

g-cal 

gram-calories 

gd 

Gudermannian of 

G.E. 

General Eiectric Co. 

G.M. 

General Motors Co. 

gpm 

gallons per minute 

gpa 

gallons per second 

hhv 

high heat value 

hor. (boriz.) horizontal 

bp 

horsepower 

b-p 

high-pressure 

bp-br 

horsepower-hour 

hr 

hours 

I.C.B. 

Inst, of Civil Engineers 

LC.T. 

iDternational Critical Ta- 
bles 

Id. 

inside diameter 

ihp 

indicated horsepower 

LM.E, 

Inst, of Mechanical Engi- 
neers 

imep 

indicated mean effective 
pressure 

Imp 

Imperial 

in. 

inches 

in.4b 

inch-pounds 

int 

internal 

Int. Soc. Test. Mat. International 
Boc. for Testing Materials 

i-p 

intermediate-pressure 

both 

isothermal 

K 

degree Kel\dn (centigrade 
aba) 

kB 

kilo Btu (1000 Btu) 

tg 

kilogramB 

kg-cal 

kilogram-calories 

kg-m 

kilogram-moters 

kips 

thousands of pounds per 
sq in. 

km 

kilometers 
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kva 

kilovolt-amperes 

kw 

kilowatts 

kwhr 

kilowatt-lioura 

1 

liters 

lb 

pounds 

lira. 

limit 

Un 

linear 

loc. cil. 

work already cited 

log 

common logarithm of 

Ics 


log. 

Napierian logarithm of 

logic 

common logarithm of 

1-p 

low-pressure 

m 

meters 

M 

thousand 

max 

maximum 

Mb 

thousand Bin 

Mc( 

thousand cubic feel 

mep 

mean effective pressure 

mbc 

moan horisiontal candles 

min 

minutes, minimum 

mip 

mean indicated pressure 

mi 

millilanibcrts 

mlbc 

moan lower hemispherical 
candles 

mm 

millimeters 

mrof 

magnetomotive force 

mp 

melting point 

mph 

miles per hour 

msc 

mean spherical candles 

M.S.S. 

Manufacturers Standard- 
ization Soc. of the Valve 
and Fittings Iiiduslry 

N 

number {in mathematical 
tables) 

N.A.C,A, National Advisory Com- 
mlica on AwomuBc? 

nat, 

natural 


Nat, Diet. Htg. Aaan. National 
District Boating Assoc. 
N.E.M.A. National Electrical 
Manufocturors Assoc, 

N. B.S. National Bureau of 

Standards 

No.(No 8.) numbor(8) 

O. D, outside diameter (pipoe) 

0,H. open-hearth (steel) 

O.N. octane number 

op.eil, work already cited 
02 ounces 

p. (pp.) page (pages) 

p.k power factor 

ppm parts per million 


press 

pressure 

Proc. 

Proceedings 

pai 

Ib per sq in. 

pt 

point, pint 

qt 

quarts 

Q.t. 

which see 

R 

deg Riinkino (Fahren- 
heit nbs) 

n 

Reynolds number 

rad 

radhiH 

rev 

revolutions 

tms 

square root of mean 
square 

rpm 

revolutions per minute 

ips 

revolutions per second 

rv. 

railway 

S.A.E. 

Soc. of Automotive Engi- 
neers 

eat 

saturated 

sec 

seconds 

see 

secant of 

see** 

are whose secant is (see 
cos"') 

seeb 

hjperholic secant of 

ecclr* 

inverse hyperbolic secant 
of 

segm 

segment 

slip 

shnfl horsepower 

sin 

sine of 

sin'i 

arc whose sine is (see 

CO9"0 

sinli 

hyperbolic sine of 

sinlr* 

invorse hyperbolic sino of 

sp 

specific 

specif 

specification 

sp gr 

specific gravity 

sphi 

apcc/fic )H'at 

sq 

square 

8SF 

see Saybolt Purol 

SSU 

see SaylwU Universal 

std 

standard 

S.W,G. 

Standard (British) wire 

gage 

tan 

tangent of 

tan"> 

arc whoso tangent is (see 
cos"') 

tonh 

hyperbolic tangent of 

tanh"* 

inverse hyperbolic tan- 
gent of 

temp 

temperature 

thp 

thrust horfiopowcT 

Trant. 

Transactions 

ult 

ultimate 
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svi 


u.s.s. 

United Stated Standard 

WAM. 

Washburn & 

U.S.S,G. 

U.S. Standard Gage 


gage 

vel 

velocity 

w.g. 

water gage 

vers 

versed sine of . 

W.I. 

wrought iron 

vert 

vertical 

wt 

weight 

vol 

volume 

yd 

yards 

rs, 

versus 

yr 

year(8) 
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Proc. A. A. R, Proceedings of the Association of American Railways 
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Proc. Am. Ry. Eng. Asn. Proceedings of the American Railway.Engineer- 
ing Association (Chicago). 
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Xviii SThinOLS AND ABBRETIATIONS 

MATHEMATICAL SIGHS AND SYMBOLS 


+ plus (sign of addition) 

+ positive 

- minus (sign of Bubtraction) 

— negative 

± (+) plus Or minus (minus or 
plus) 

X times, by (multipbcaiion 
sign) 

• multiplied by 
■i- sign of division 
/ divided by 

: ratio sign, divided by, is to 
; ; equals, as (proportion) 

< less than 
> greater than 
= equals 
s identical with 
w approximately equals 
£ equal to or lees than 
^ equal to or greater timn 
4 not equal to 
B approaches 
ee varies as 
« infinity 

V square root of 

V cube root of 
therefore 


jj paralldl to 

01111 parentheses, brackets and 
braces; quantities enclosed 
by them to be taken to- 
gether in multiplying, di- 
viding, etc. 

AB length of line from A to .6 
xpi, =3.14159 + 

P microns = O.ODl mm 
fip micromillimeters = 0.001;i 
® degrees 
' minutes 
" seconds 
/ angle 

dx differential of * 

A (delta) difference 
Ai increment of x 
3u/5* partial derivative of u with 
respect to x 
J integral of 

A 

I integral of, between limits 
a end 6 

E (sigma) summation of 
/(x), F(x) functions of s 

4!factorial4«lX2X3X4 
]z| absolute value of x 


In the writing out of formulas the practice described in the first paragraph 
of p. 112 is followed throughout this book. 
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2 MATBMMjaBJAL TABLES 

SQUABES OF KBMBERS 









MATBSM^TICAL TABLES 


3 


SQTTABES (confvntiecJ) 


fi 

1 



4 


« 



0 


1253 

1256 

1159 

2.262 

1265 

7,268 

2271 

1274 

1277 


• 1283 


¥m-. 1 


1295 

2 29S 

I'iU) 

1304 




pill 

rw i1 


1326 

7329 

2132 

1335 




PEtn 



1356 

1359 

1362 

1365 


UIl 


1378 

1^1 

fVM 

1367 

1390 

1393 

13% 

im 




1412 

14(5 

14(8 

7421 

1424 

2427 

1430 



hI/iI 

FCtyi 

»!'iV 

1449 

7452 

1455 

1459 




hmI 


LItpfl 

1461 

2<S4 

14S/ 

24% 



?V)n 


7506 

ExtrlS 

15(2 

7515 

1519 

1522 

1525 

1528 

1531 

1534 

1538 

1S4I 

1544 

154/ 

1550 

1554 


1560 

IW 

7566 

2 570 

2571 

1576 

1579 

2582 

25?6 

1^9 


7575 

757') 

1602 

1605 

im 

1611 

1615 

1618 


1624 

1628 

7631 

2654 

1637 

1641 

2W4 

1647 

1650 


769 

7Wi 

1663 

2.66? 

1670 

2673 

2676 

16NI 

168) 


16?0 

1693 

1676 

1699 

1703 

1706 

1709 

1713 

1/16 


7777 

7 776 

7779 

2 732 

1736 

1739 

7742 

2.746 

2749 

1752 

7756 

7/57 

7/67 

1766 

1769 

7772 

2 776 

1/79 

1782 

1756 

IW 

7 77? 

1/76 

2779 

1602 

1606 

1M9 

2.612 

18)6 

1819 

nn 


?6?7 

1832 

2636 

1839 

2843 

2,646 

2849 

1853 

1856 

1859 

1863 

1866 

1870 

1673 

16/6 

1820 

2683 

1887 

?6«I 

7,873 

7677 

7700 

1904 

1907 

79ID 

2914 

2.917 

1921 

7774 

1728 

7,7M 

2,734 

1938 

2941 

1W5 

1948 

2.952 

1955 

7,758 

7767 

7.96S 


1972 

2976 


?933 

2Vf6 

1989 

179} 

7,9W 

3fKin 

3003 

33)07 

3.010 

3.014 

3017 

5,0?) 

3024 

3.028 

3.031 

3.035 

3.038 

3.(H2 

3.W5 

3.W9 

3.052 

3.056 

3.059 

1W2 

lew 

3,fl?n 

3,073 

3077 

3.0SO 

3.0M 

3.057 

3,091 

3.094 


m 

3165 

3,H« 

3.112 

3.115 

3.119 

317? 

3176 

3,129 

713} 

3.136 

3,1411 

3,M4 

3.147 

3.151 

3154 

3,158 

3.161 

3.165 

7168 

3172 

3176 

3t?9 

3.163 

3.166 

3.190 

3163 

3)97 

3701 

3.204 

J.208 

3111 

3.215 

3.216 

3.222 

3.226 

3i29 

3.233 

3.236 

3240 

3,244 

3 747 

3?5t 

3.254 

3.256 

3.262 

3 265 

3 769 

3272 

3.276 

3.280 

3 7114 

3762 

3.291 

3.294 

3.298 

3.301 

3 ilt5 

3.509 

3311 

3,316 

3 37(1 

3 375 

3.327 

3.331 

3314 

I.IW 

),M2 

(,'445 

3.349 

3.353 

4,356 

3 364) 

5.364 

3J67 

3 371 

riA 

3 3/« 

3.3«2 

m 

3389 

3J93 

3.397 

3.400 

3.404 

3,403 

3.411 

3.415 

3.419 

3,472 

3.426 

3430 

3434 

3.437 

3.44T 

3445 

3 446 

3437 

3 456 

3,460 

3.463 

3.467 

3471 

3.474 

3,476 

3.432 

'M«6 

3,43V 

3 49) 

3.497 

3.501 

3 504 

■4 5tH 

3.512 

3.516 

3 51V 

3 5/5 

3.5// 

3 5U 

3,534 

3338 

3.542 

3546 

3.549 

3.553 

3 557 

3,561 

3,56S 

3,5ftK 

3.572 

3376 

3.580 

3.583 

3.587 

3J91 

3.595 

3JW 

3.WJ2 

3.606 

3.610 

3.6(4 

36Ifl 

3 671 

3.625 

3629 

3.653 

3 637 

3,«n 

3M4 


3.652 

3,656 

•4W« 

3.663 

3667 

3.671 

36/S 

3,679 

3 <31) 


3,690 

■4,694 

3 69R 

3.702 

3706 

3V0V 

3V13 

3717 

3 771 

3.725 

3.729 

3.733 

3737, 

3.740 

3744 

3.748 

3/57 

3,756 

),/Ml 


3.767 

3.771 

3.775 

3.779 

3.783 

3.787 

3./9I 

3.795 

3.799 

3.802 

3.6W 

3.R10 

3 814 

3.818 

3622 

3826 

3 630 

3 834 

3R3ft 


3.846 

'4,M9 

•4654 

3,857 

3i6l 

3,865 

■3W7) 

3 875 

3.877 



'4.«19 

3K73 

3.897 

3901 

3.905 

I'lW 

3 917 

3,916 


3.924 

3,928 

■4942 

3.936 

3940 

3.944 


3,952 

3956 



3.968 

3.W2 

3.976 

3.980 

3.9M 

3.983 

3.992 

3.996 


- 0.80300 • l/»* - 0.101321 e* - 7,38000 





4 MATBSUATICAL TABLES 

SQUAIL&S ^cOTUm'ue^) 




1 

. 2 

3 


8 

6 

■ 7 

8 



2.09 

4.0DO 

4,004 

4 008 

4012 

4.016 

4.020 

4,024 

4,078 

4.037 


4 

i 


4.044 

4.048 

4.052 

4.856 

4060 

4.064 

4,DM1 

4.1177 



2 

4,080 

4.084 

4.038 

4.1m 

4097 

4101 

4.105 

4.109 

4113 

4117 



4.121 


4129 

4133 

4137 

4141 

4.145 

4.149 


4)18 


4 

4.162 

4.166 

4.170 

il74 

4178 

4182 

4.186 

4190 

4.194 

4.198 


2.05 

4.191 


4111 

4715 


4.2B 

4,227 

4731 

4731 

4 239 


6 

4.244 


4 2V2 

4756 


4264 

4.^ 

4 777 

4,777 

47H) 


7 

4.285 


4J95 

4.297 


4J06 

4310 

4314 


4372 


h 

4,126 



4339 


4347 

4.351 

433S 


43h4 


9 

4J&8 

4.372 

4J76 

42)81 

43» 

4489 

4493 

4,3W 

4.41)2 

4.4U6 


2.10 

4.410 

4.414 

4.418 

4471 


4431 

4.435 

4 439 

4.444 

4448 


1 

4,4W. 

4.456 


4465 


4473 

4.477 

44M 

4486 

44911 



4.494 



4507 


4.SI6 

4.520 

4,174 

4,528 

4 133 



4.537 



4550 


4458 

4562 

41fi7 

•1,$71 

4i;$ 


4 

4.580 

4.534 

4,588 

4.592 

4597 

4.601 

4i05 

4,610- 

4.614 

4.618 


2.1S 

4.622 



4635 


4.644 

4i48 

4611 

4.657 

4661 


6 




4.679 


4687 

4.692 

4,(.9h 

47nn 

470$ 


7 

4 7(W 

4,713 

4 7W 

47/2 

4.726 

4731 

4735 

4,739 

4744 

m 


R 

4.752 

4.757 

4,7M 

4/65 


4.774 


4,7fi3 

4,787 

4797 


9 

4796 

4.800 

4,803 

4809 

4814 

4818 

4822 

m 

Uil 

4.856 


2.29 

4 840 

4.844 

4 849 

4853 

4.858 

4862 

4866 

4,871 

4,871 

4 880 


1 

4.884 


4,ftVl 

4.W7 


4906 



4,970 

4.924 


? 

4<)?« 


4,9)7 

494? 

4946 

4951 

4,955 

4,9t4J 

4,964 

4%8 


% 

4,<)7i 

4,9n 

4,'W 

4<tM. 

4.991 

4.995 

5.M0 

*.004 

5 urn 

1013 


4 

5.018 

5.022 

5.027 

5.051 

5.036 

5.040 

$.045 

$.049 

5.054 

$.058 


2.2B 

5062 

5 067 

5.072 

5076 

5JI8I 

5085 

5.090 

5,094 

5,M9 

1103 

5 

fi 

511W 


S,H7 

5171 

5.126 

5.130 

5.135 

$.119 

5,144 

1148 


7 

5151 

5.157 

5,162 

5,167 

5.171 

5.176 

5.180 

VlRl 

1,189 

5194 


8 

5 m 

5,203 

5,2011 

5.212 


5421 

5426 

$2)1) 

1731 

5 240 


9 

5.244 

5.249 

5.253 

5J58 

5462 

5467 

5472 

$.276 

5.28) 

$255 


ISO 

5790 

SJ95 

5 799 

5304 

5406 

5413 

5.316 

5.322 

5,377 

5331 


1 

5,316 

5.541 

5,345 

5350 

5455 

5.3» 

5,364 

$168 

5,)73 

13?« 


2 

5 382 


539? 

53% 

5.401 

5.406 

5.410 

$41$ 

5,470 

5424 


i 

5479 

5 434 

5 438 

5,443 

5 448 

5.452 

5.457 

$462 

5,466 

5 471 


4 

5,476 

5.480 

5.485 

5.490 

5.494 

5.499 

5404 

$508 

$.513 

$.518 


2.9S 

5 527, 

5.527 

5 537 

5537 

5 541 

5.546 

54SI 

$555 

5,560 

1115 



5.570 

5 574 

5 579 

5,584 

5.588 

5.593 


$W)1 

$.607 

5612 


7 

5.617 


5676 

5,631 


5.641 

5.64$ 

56$() 

$.655 

56611 



5.664 

5.669 

5.6/4 

5 679 


5.688 

5.693 

$698 

5./1)') 

1707 


9 

WU 

5.717 

5.m 

5/26 

5431 

5.736 

5,741 

$746 

$./$« 

$.755 


2.40 

5.760 

5,765 

5770 

5774 


5.784 

5.TO 

5794 

5.798 

5803 



5.808 

5.813 

5818 

.5«r3 


5.832 

5437 

$K42 

5.S47 

1812 


2 

5 856 


5,«66 



5.881 

5.885 

$8911 

$.89$ 

59111) 



5.905 




5,9Z4 

5.929 

5.934 

5,939 

1944 

5.W9 


4 

5.954 

5.958 

5.963 

5.9« 

5.973 

5.978 

5983 

$988 

5.993 

5.998 


2.45 

6 DO? 





6.027 

6.032 

6017 

6047 

6 047 



6.052 





6.076 

6081 

60H1 

6.091 

6096 



6,101 





6.126 

6.131 

om 


614$ 


B 

6.150 



6.165 

6170 

6.175 

6180 

61B5 


619$ 


9 

6.200 

6.203 

6.210 

6/15 

6420 

6.225 

5430 

$2i$ 

6.740 

6.245 



Moving the dedmsl point ONE place in if requires momg it TWO places in bod7 
cf table (see p. 6). 
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SQTIAEES (coni;niiC^ 


3.E0 

1 

ifiiSO 

6.255 

6.7GO 

6.265 

6270 

'6.3M 

6.305 

6310 

6.315 

6320 

2 

6.350 

6.355 

63M 

6.366 

6 371 

3 

4 

6,401 

6.405 

6.41 1 

6.4)6 

6.471 

6.452 

6457 

6.462 

6467 

6472 

8.65 

■6.502 

6503 

0>.5I3 

6518 

6523 

6 

'6J54 

6559 

6564 

6.569 

6574 

7 

6605 

6610 

6615 

6620 

6625 

6 

6,656 

6662 

66f)7 

6672 

6677 

9 

6703 

6713 

6718 

6724 

6729 

8.60 

;6760 

6.765 

6770 

6776 

6781 

f 

6812 

6817 

6.823 

6.62S 

6833 

2 

6864 

6670 

6875 

6.8SO 

6665 

3 

6917 

6922 

6.927 

6933 

6930 

4 

6.970 

6975 

6930 

6985 

6991 

8.66 

7.022 

7.028 

7,033 

7.038 

7.0M 

6 

7.076 

7.031 

7.0S6 

7.072 

7.cr?7 

7 

7.129 

7.134 

7.140 

7.145 

7.150 

8 

7.182 

7.188 

7.193 

7.193 

7JW 

9 

7.136 

7^41 

7J47 

7.252 

7J58 

8.70 

7.290 

7.295 

7.301 

7.306 

7J12 

I 

7.344 

7.350 

7.355 

7.360 

7.34-6 

2 

7,398 

7.404 

7.409 

7,415 

7.420 

3 

7.453 

7.458 

7,4W 

7.469 

7.475 

4 

7.503 

7.513 

7419 

7.524 

7330 

8.76 

7.562 

7.568 

7.574 

7.579 

7.585 

6 

7,618 

7.623 

7.620 

7.634 

7.640 

7 

7.673 

7.678 

7.684 

7.690 

7.«5 

8 

7.728 

7,734 

7,740 

7.745 

7.751 

9 

7,784 

7.790 

7.795 

7.801 

7.806 

8.80 

7.840 

7.646 

7.851 

7.657 

7.862 

1 

7,896 

7.902 

7,907 

7.913 

7.919 

2 

7.952 

7.958 

7.9M 

7.969 

7.975 

3 

8.007 

8.015 

8.020 

8.Q76 

8.032 

4 

8.D6G 

ajQH 

6072 

ajKi 

W«!l 

3.B6 

8.122 

8,128 

8.134 

B.I40 

ai4$ 

i 

8.180 

6.185 

8.191 

8.19? 

8.202 

7 

8.237 

6.243 

8.248 

&ZM 

6.260 


6250 

6.285 

6,290 

6.295 

5 

6330 

6335 

6340 

6345 , 


6581 

63S6 

6,391 

6.396 


6.4)1 

6436 

6.441 

6447 ' 


6462 

6487 

6492 

6497 ! 


6533 

6538 

6.543 

6.548 ! 


6584 

655? 

6,595 

cm 


6636 

6611 

6.646 

6651 


6.487 

6,693 

6.698 

6,703 


6.739 

6,744 

6750 

6.755 


6791 

6.795 

6£02 

6807 


6843 


6.854 

665? 


6896 

6,901 

6.906 

6,912 


6948 

6.954 

6.959 

6.9M 


7,001 

7.007 

7.012 

7.017 


7,054 

7,oy3 

7.055 

7.070 


7.103 

7.113 

7.U5 

7,124 


7,161 

7.166 

7.172 

7.177 


7.215 

7.220 

7.225 

7,23! 


7.2M 

7.274 

7J79 

7.235 


7.322 

7,323 

7.335 

7339 

i 

7.377 

7,3S2 

7.3M 

7.395 


7.431 

7.437 

7.442 

7.447 


7.486 

7.491 

7.497 

7.502 


7.541 

7.546 

7.552 

7.557 


7J96 

7,601 

7,607 

7.612 

6 

7.651 

7.656 

7,662 

7.667 


7.706 

7.712 

7,717 

7.723 


7.762 

7.767 

7.773 

7.779 


7.BI8 

7,823 

7.629 

7.834 


7.874 

7.879 

7.8S5 

7.890 


7.930 

7.935 

7.941 

7.947 


7.986 

7.992 

7.993 

8 003 


8,043 

8.049 

8054 

8 060 


6.im 

8, mi 

UU 

4.U7 ! 


6157 

&)62 

6.I6S 

8.174 


6214 

8.220 

8,225 

8.231 


8.271 

8.277 

8,283 

8289 


8,329 

6335 

6.341 

8.346 


8.387 

6393 

8.398 

8,404 


8.445 

8,451 

8.456 

8.462 


8,503 

8.509 

8515 

8.521 


8,561 

8.567 

8,573 

8,579 


8620 

8.625 

8632 

8638 


8.679 

8685 

8.691 

8.697 


8.735 

8.744 

8.7W 

8.756 


8797 

8,803 

8609 

6.615 


8.657 

8863 

8.868 

8874 


8916 

8922 

8.928 

8934 


8.976 

8,982 

8988 

8994 



0.101321 c’ - 7.3800Q 






ZIA.THEMATICAL TABLES 


SQUARES (Mn/inu«?} 


N 1 

0 

1 

2 

3 

4 

6 

0 

7 

8 

9 ; 


S.OD 

9.000 

9J306 

9.012 

9018 

93124 

9330 

9336 

9.042 

9.048 

0054 

6 

1 

9.060 

9.066 

9.0/2 

91178 

9J084 

9390 

9.096 

9.102 

9103 

9114 


2 

9.120 

9.126 

9.131 

9.139 

9.145 

9.151 

9.157 

9.163 

9.169 

9.175 


3 

9.181 

9.187 

9193 

9.t99 

9105 

9111 

9117 

«7';3 

9779 

9756 


4: 

9242 

9148 

9154 

9160 

9166 

9172 

9178 

9184 

9190 

9196 


3.06 

9J02 

9309 

9313 

9371 

9327 



9345 

9,351 

9357 


h 

9364 

9370 

9376 

vurt 

9388 

9394 

9.4CG 

9,41)6 

9,413 

9.419 


7 

9.425 

9.431 

9437 

9443 

9.449 

9.456 

9.462 

9468 

9474 

9.4S0 


K 

9.4S6 

9.493 

9.499 

9503 

9311 

9317 

9523 

9330 

9 536 

9 547. 


9 

9548 

9354 

9360 

9367 

93n 

9379 

93S5 

9391 

9393 

9.604 


8.10 

9.610 

9.616 

9.622 

9679 

9335 

9341 

9347 

9 653 

9 660 

9.666 


r 

9.672 

9.678 

9.685 

9.69{ 

9.697 

9103 

9.707 

9Vi6 

9.712 

97/K 


?, 

9J34 

9.741 

9747 

9753 

9.759 

9.766 

9.772 

9.7/8 

9.754 

9191 


3 

9.797 

9.803 

9WI9 

9.816 

9322 

9328 

9334 

9 841 

9847 

OH55 


4 

9360 

9366 

9.872 

9i78 

9385 

9391 

9397 

9.904 

9.910 

9.916 


3.15 

9.922 

9.929 

9,935 

9.941 

9348 

9.954 

W60 

9.967 

9.973 

9.979 


b 

9.9S6 

9.992 

9.993 

IU.(U> 







6 

3.1 







9.99 

10.05 

toil 

1018 

6 

2 

1024 

1030 

10.37 

1043 

1030 

1036 

10.63 

ltl,69 

10.76 

10.82 


3 

10.89 

10.96 

11.02 

111)9 

11.16 

1112 

1119 

11,36 

1142 

11.49 

■ 7 

4 

1156 

11.63 

1110 

11.76 

1133 

11.90 

n.97 

1104 

12.11 

1118 


3.8 

1225 

1132 

12.39 

12.46 

1753 

1160 

1167 

12,74 

1732 

12 R9 


ft 

1196 

13,03 

13,10 

t3W 

1315 

1332 

13.40 

1347 

1354 

13,67 


7 

13.69 

1316 

13.84 

13,91 

13.99 

14.06 

14.14 

14.21 

1479 

14,36 

i 8 

Rl 

14.44 

14 67 

14 59 

1467 

1415 


14.90 

1498 

1505 

15,13 


9 

15JI 

1319 

1337 

13.44 

1532 

15.60 

15.68 

1516 

1534 

15.92 


4 . 0 ! 

162)0 

16.08 

1616 

1624 

1632 

16.40 

16.48 

16,56 

16,65 

16,73 


1 


16.89 

16,9/ 

1706 

17.14 

1712 

1731 

r/,39 

1747 

1736 


2 

17.64 

17.72 

17 81 

17.89 

17.98 




IK, 32 

18,40 


3 

18.49 

(8iS 

18 66 

1875 

1834 

18.92 

19.01 

19.111 

1918 

19,27 


4 

1936 

19.43 

I9i4 

19A2 

1911 

1930 

1939 

19.98 

20,07 

2U.I6 


1.5 

2015 

7034 

7041 

?fl57 

20.61 

20.70 

2019 

20.88 

7098 

21.07 




2113 

21 ,'34 

21,44 

2133 


2112 



??/)0 


7 

22.W 

22.18 

77 78 

7737 

2147 

2156 

2236 

2275 

2785 

7294 


K 

23JM 

23.14 

2171 

733J 

23.43 

2332 

23.62 

737? 

73 K] 

23.91 

1 

9 

24.01 

24.11 

2411 

2430 

24.40 

2430 

24.60 

2410 

24.80 

24.90 

L 


WXY- « V';?- « 


Explanation of Table of Squares (pp. 2-7). 

TWs table pves the value of A'*for values of N from 1 to 10, correct to four figures 
(Interpolated valuta may be in error by I in the fourth figure). 

To find the square of a number N outsfdo tbe range from 1 to 10, note that 
moving tbe decimal point one place in column N is equivalent to moving it two places 
ia the body of fhe table. For example: 

(3.217)5 . 10.35; (0.03217)* » 0.001035; • (3217)* = 10350000 

This table can also be used inmeely, to (pve square roots. 




ilATIlEMATlCAL fXJJLES 


SQUARES (contjnufd) 


i 

B 

1 

3 

3 

4 

6 

6 

7 

8 

0 

«=' 



25.ID 

75 70 

75 30 

2i40 

25.50 

25,60 

25.70 

25.81 

25.91 

to 




7671 

76 37 

26.42 

2632 

26,6) 

7h,/i 

2681 

26,94 




27.14 

77 75 

27,35 

27.46 

2736 

27.67 

77.'// 

2/,8.S 

2/,% 




2820 

7830 

28.41 

2832 

28.62 

28,73 

28.84 

28,94 

29,05 

II 

4 

29.16 

2927 

2938 

29.48 

2939 

29.70 

2981 

mi 

lO.IJJ 

30.14 



3025 

3036 

3047 

30 5,3 

3069 

30.80 

30,91 

31.02 

31.14 

31.25 



31,36 

31.47 

31,58 

31,70 

31.81 

51.92 

32,04 

32,15 

32.76 

32.'« 




32.60 

377? 

3783 

3295 

33.06 

33,18 

11,29 

1141 

31,42 




33.76 

33 87 

3399 

HU 

3422 

3434 

34.46 

34 47 

34 6'/ 

IZ 

9 

34.81 

34.93 

35.05 

15.16 

3528 

35.40 

3532 

35.64 

3526 

35.85 


6.0' 

360(1 

36.12 

36 74 

36 36 

36.48 

36.60 

36.72 

36, M 

36,97 

37.07 



3771 

3733 

37 4S 

3768 

37.70 

37.82 

37.95 

3M1/ 

18 19 

18 »2 


1 

3M4 

3836 

3869 

38 8! 

38.94 

39.06 

39.19 

3931 

3944 

39,46 


3. 

39.69 

39,82 

3994 

4(1(17 

4020 

40.32 

40,45 

4(148 

4070 

4061 

13 

4, 

40.96 

41.09 

41.22 

4U4 

41.47 

41.60 

41.'/) 

4186 

41.W 

42.12 



4775 

4238 

4? 51 

47,64 

4227 

42.90 

45.03 

41,16 

4310 

4343 


f 

43 56 

4J.69 

43H2 

41*)6 

44172 

44.22 

4436 

4M-) 

44 67 

44 76 


7 

4469 

45.02 

4516 

46,'70 

4543 

4536 

45,70 

4V,R3 

4497 

46.IU 


fl 

4674 

46.38 

4651 

4665 

4629 

46.92 

47,06 

47 70 

47,13 

4747 

14 

9 

j 47.61 

4725 

47.69 

48.02 

48.16 

4830 

48.44 

4838 

4522 

45.86 


T,0 

i49flfl 

49.14 

■49 78 

4947 

4956 

49.70 

49.W 

49,93 

WI3 

5077 


! 

50.41 

50,55 

5069 

5084 

50.93 

51.12 

5127 

51,41 

51.45 

51.70 


2 

:5|R4 

51.98 

5713 

57 77 

52.42 

5236 

4771 

57RS 

MOO 

5114 


3 

5379 

53 44 

53 68 

53 73 

5388 

54,01 

44,17 

44,32 

54 46 

54 61 

15 

4 

S4J6 

54,91 

55.(6 

5520 

5535 

5530 

55.65 

55,80 

SS.95 

56.IQ 


T.8 

,5675 

56.40 

5655 

5670 

56-85 

57.(0 

47,35 

57,10 

57 46 

5761 


f. 

5776 

57.91 

5806 

58.72 

5BJ7 

5831 

58.M 

481(1 

54 9H 

5914 


7 

,5979 

5944 

59ffl 

69 76 

59.91 

60.06 

6022 

f017 

(.051 

6068 


8 

Ml 64 

61.00 

61,16 

61, 3t 

61.47 

61.62 

61.78 

61 94 

6’ 09 

67 74 

1 16 

9 

.62.41 

6237 

62,7) 

62i8 

63.04 

6320 

6336 

6332 

63.63 

63.84 


8.0 

6400 

64.16 

643? 

M4.3 

64.64 

64.80 

64.96 

651? 

6479 

6545 


1' 

6561 

65.77 

65,93 

66.1(1 

6626 

66.42 

66.59 

fA75 

(A9I 

67.W 


2 

tJ.24 

67.40 

6767 

67,73 

67.90 

ao6 

a23 

6S19 

(^3 46 

(-8/7 


i 

6S,H9 

69.06 

6'I77 

W39 

6936 

69.72 

69.89 

7(H16 

VO?? 

7(ri9 

17 

1' 

70i6 ‘ 

7023 

7l].Vl) 

71.06 

7123 

71.40 

7137 

7124 

71.91 

22.03 


8.B 

72.25 

72.42 

77 5-) 

7776 

72.93 

75.10 

7377 

73 44 

7167 

73 79 


6' 

7,1.% 

74,13 

74,31) 

74,48 

74.65 

2482 

75.00 

75,1/ 

/) J4 

74,4/ 


7 

7.5A9 

75.86 

76 W 

7671 

7659 

76.56 

76.74 

7691 

7709 

77.26 



77.44 

r 77.62 

77 79 

7/97 

78.15 

78.32 

78.50 

78 M 

V8 84 

7901 

18 

9 

7921 

■ 7939 

79.5/ 

7924 

79.92 

80.10 

6028 

80.46 

80.64 

bO.82 


S.O 

81.00 

' 'BLIB 

81,36 

81,54 

81.72 

81.90 

82.08 

8776 

8745 

87,63 



82.81 

. 82.99 

83 17 

83 36 

83.54 

8322 

83.91 

8409 

84 ?7 

84,46 



B4.M 

, 84.82 

86(11 

86 19 

8538 

8536 

65.75 

8591 

8617 

86 'll) 



86.49 

86.68 

85.86 

8/06 

8724 

87.42 

87.61 

8780 

8/,% 

Wil/ 

19 


8836 

8835 

88.74 

88.92 

89.11 

6930 

89.49 

89.68 

89.87 

90.06 


9.B 

90.25 

. 90.44 

9063 

908? 

9i.ni 

9120 

9i,39 

01,48 

9178 

91 97 


6 


92.35 

9764 

•9774 

92.93 

95.12 

9332 

93 41 

9370 

9390 




94.28 

94,48 

9467 

9487 

9586 

9526 

,94 46 

94 64 

94 84 




95.24 

%43 

9663 

96B 

97.02 

' 9722 

974/ 

97,61 

97.81 

20 



9821 

98.4! 

98.6U 

9880 

99.00 

. 9920, 

99.40 

V9.60 

9';.80 


10.0' 

100.0 












Morag the decimal point ONE place in JIT rcqnirca moving it TWO places in body 
of table (aco p. C). 




mTSBUATICdL TABLES 


CUBES OP HUMBEES 


N 


1 

2 

3 


6 

8 

- 7 

Q 

9 

1.00 

1,000 

1.003 

1006 

1.009 

mi 

13)15 

-I.01S 

I.07I 

1,074 

1,027 


1.030 

1.033 

i.n'tfi 

1.040 

\jie 

13)46 

1.049 

1,057 

1.055 

1II5K 

7 


1.064 

1,067 

1.071 

1.074 

13)77 

1.060 


1086 

MNII 



1.096 

1.099 

11(1? 

1.106 

1.109 


1.11S 

1.118 

1 122 

4 

I.i2i 

1.123 

1.131 

1.135 

1.138 

1.141 

1.144 

1.148 

'1.151 

1.154 

1.05 

1.153 

1.161 

l.IM 

1.168 

I.17I 

1.174 

1.178 

1.181 

1184 

1,188 

b 

1.191 

1.194 

im 

1701 

1205 

I.2DS 

1.211 

1,7.15 

I.7.1H 

(77? 

7 

l.7.7i 

1.223 

173? 

1736 

IJ239 

1.242 

1246 

1.249 

1,753 

(756 



1.263 

1767 

\m 

1274 

1277 

1.261 

1.284 

1,788 

1,291 

y 

U95 

1.299 

1.3112 

iJ)06 

1.309 

1.313 

1.3/7 

1.320 

m 

IJ2/ 

1.10 

1331 

1.335 

1338 

1,347 

1.346 

1.349 

1.353 

1.357 

1,380 

1.364 



1.371 

1.375 

1379 

1.382 

1.386 

1.390 

1.394 

1397 

Mill 


1.405 


1412 

).4M> 

>.420 

(.424 

1.428 

I.43J 

1433 

1,439 


1.441 

1.447 

1431 

1454 

1.456 

(.462 

1.466 

1.470 

1474 

1.478 

4 

1.482 

1.465 

I.4S9 

1.493 

1.497 

1.501 

1.505 

1.509 

Iil3 

1.517 

1.1S 

Ii2J 

(.474 

1529 

(535 

1.537 

1341 

1445 

1.549 

1553 

1,557 

f, 

1.561 

1.56S 

15W 

1,573 

1.577 

1.561 

1.585 

I.W 

1393 

1598 

7 

1.6(12 

1.606 

1,611) 

1614 

1.618 

1.622 

1,626 

1.h31 

1633 

1.6)9 



1.647 

U3I 

1.656 


1.664 

1,668 

1.672 

1677 

1.681 

y 

1.685 

1.689 

1.694 

1.690 

1.702 

1206 

1211 

1.715 

1.719 

1.724 

1.10 

1.728 

1.73? 

1.737 

1741 

1.745 

1.750 

I7M 

1.758 

1,783 

1.767 

1 

1.772 

1.776 

im 

1786 

1.789 

1294 

1.798 

1,002 

1,81)7 

1.811 

? 

l,HI6 

1,870 

1875 

I.RW 

1834 

1.838 

1.843 

1.847 

1.852 

1,858 

3 

i,W.1 

1.865 

1.370 

),«76 

1.879 

1.684 

1.888 

1,893 

1,897 

I,W2 

4 

i.yu; 

1.911 

1.916 

1.920 

1.925 

1.930 

1.934 

1.939 

1.V44 

1.948 

1.30 

1.933 

1.958 

1,%3 

1,967 

1972 

1.977 

1.961 

1,686 

1,99) 

1.996 

6 

2000 

2.005 

3,010 

21)16 

2019 

2074 

2029 

2.084 

7 030 

7,1)44 

7 

2.04S 

2.053 

7 068 

7,1)63 

2066 

2073 

im 

2,087 

7 087 

7,(192 

e 

2.1W 

1102 

2.107 

1112 

2117 

2122 

2)27 

2)32 

7,137 

2.142 

y 

2147 

1152 

1157 

1162 

2167 

2172 

2177 

2182 

2187 

2192 

i.ao 

7.167 

2,707 

1207 

771? 

1217 

2222 

2.228 

?733 

7,738 

7.243 

1 

2248 

1253 

??6ft 

IM 

22W 

2274 

2279 

2'/Ji4 

7,?9ft 

2295 

2 

7.300 

1305 

13/0 

23(6 

2321 

2326 

233? 

2,337 

2.342 

2347 

■i 

•235J 

1356 

7,363 

2,369 

2374 

2379 

2385 

2S9I) 

2395 

2.401 

4 

2.406 

1411 

1417 

1422 

2428 

2433 

2439 

2444 

1449 

2.455 

1.36 

2460 

2.466 

2,471 

2477 

2482 

2488 

2493 

7 496 

2,504 

2510 

h 

1315 

2.12] 

7 677 

2 53/ 

2535 

2541 

2549 

2554 

2 560 

7 386 

7 

2.371 

1577 

2W3 

7sm 

2594 

2600 

2605 

2611 

7.61/ 

7677 

8 

2.62S 

3.634 

2.640 

7645 

2651 

2657 



Z674 

2660 

y 

Z686 

169] 

1697 

17W 

2709 

2715 

2721 

2726 

2,732 

2.738 

1.40 

2.744 

2.750 

7.766 

7767 

2766 

2274 

2779 

2785 

2,79! 

7 797 

1 

2.8C1 

2,ew 

1815 

1821 

2827 

2633 

2.839 


2,1151 

7 857 

2 

2.853 

1569 

7875 

2881 

2888 

2894 

2.900 

2906 


2918 

3 

1924 

2.930 

• 7936 

1943 

2949 

2955 





4 

2.9B6 

1992 

1995 

32)05 

3.011 

3.017 

3.023 

3.030 

3.U36 

3.042 

1.46 

3,W9 

3.055 

3 061 

3.068 

33)74 

3.080 

3.1B7 




b 

3.112 

3.119 

3175 

4 141 

3.136 

3.144 

3,151 

3.157 

3164 

3171) 



3.183 

31»tl 


3203 

3.209 

3.216 


3 779 

3 735 

8 

3.242 

3.245 

6 765 

4.267 

3.268 

3275 

3.2BI 


vm 

3,-)l)l 

y 

3.3M 

3,3/5 

5.32/ 


3J35 

2341 

3.348 

3.355 

3.362 

3,368 


Moving the dednul pmnt ONE jdiwe ia N requires moving it THREE places in 
body of table (see p, 10). 
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CUBES {contimcd) 


l.W 

3J75 

3JS2 

3.389 

3.395 

3.402 

} 

3.443 

3,450 

3.457 

3.464 

3.4^ 

2 

3.512 

3.519 

3.526 

3.533 

3340 

3 

3.582 

3i89 

3,596 

3.603 

3.610 

4 

3.652 

3.659 

3.667 

3.674 

3.6SI 

1.5S 

■3.724 

3.731 

3.738 

3J46 

3.753 

6 

3.796 

3.804 

3.61 1 

3.813 

3.826 

7 

3.870 

3.877 

3.885 

3.892 

3.900 

8 

3.944 

3.951 

3.959 

3.967 

3.974 

9 

4M 

4.Q27 

4.035 

4,042 

4.050 

1.60 

4.096 

4.104 

4.I1I 

4.119 

4.127 

1 

4.173 

4.181 

4.189 

4.197 

4204 

2 

4.251 

4.^9 

4,26? 

4.2JS 

4263 

3 

4.331 

4.339 

4.347 

4.355 

4363 

4 

4.411 

4.419 

4.427 

4.435 

4.443 

1.66 

4.492 

4.500 

4.503 

4.517 

4.525 

6 

4.574 

4J83 

4391 

4,599 

4.607 

7 

4.657 

4.666 

4.674 

4.683 

4.69! 

8 

4.742 

4.750 

4,759 

4,767 

4.776 

9 

4.627 

4.635 

4.844 

4.853 

4.S6I 

1.70 

4.913 

492 

4.930 

4,939 

4.948 

t 

5.000 

5XW 

5.018 

5,027 

5.035 

2 

5.038 

5.097 

5.106 

5.115 

5.124 

3 

5.178 

5.187 

5.196 

5,205 

5.214 

4 

5.268 

527 

5.286 

5.295 

5.304 

1.78 

5.359 

5,369 

5.378 

5.387 

5.396 

6 

5.452 

5.461 

5.470 

5.480 

5.489 

7 

5.545 

5.555 

5.564 

5.523 

5.583 

8 

5.640 

5.649 

5.659 

5.668 

5.678 

9 

5.735 

5.745 

5.755 

5.764 

5.774 

1.80 

5.832 

5.842 

5.851 

5.861 

5.87! 

1 

5.930 

5.940 

5.949 

5.959 

5.969 

2 

6.029 

6039 

6045 

6DS6 

6.069 

3 

6128 

6139 

6149 

6159 

6.169 

4 

6230 

6240 

6250 

6260 

6270 

1.85 

6332 

6542 

6.352 

6362 

6373 

t 

6435 

6445 

6.456 

6.466 

6470 

7 

6539 

6.550 

6.560 

6571 

6$61 

8 

6W5 

6,655 

6.6G6 

6.677 

6687 

9 

6751 

6762 

6.773 

6783 

6794 

l.SO 

6.839 

6.870 

6881 

6.592 

6902 

1 

6.968 

6.979 

6,990 

7.001 

7.0IZ 

2 

7.078 

7,089 

7.100 

7.111 

7122 

3 

7.189 

7,200 

7.211 

7.223 

7.B4 

4 

7.301 

7.313 

7324 

7J35 

7.347 

1.95 

7.415 

7.426 

7,438 

7.449 

7.461 

6 

7.530 

7.541 

7.553 

7.564 

7J76 

7 

7.645 

7.657 

7.669 

7.660 

7.692 

8 

7.762 

7.774 

7,786 

7.793 

7.M 

9 

7.881 

7.892 

7.904 

7.916 

7.928 


409 3.416 

3,422 

3.429 

3.436 

417 3,484 

3.491 

3.498 

3-505 

547 3.554 

3,5fil 

3.563 

3.575 

617 3.624 

3.6)1 

3.6)8 

3,645 

688 3.695 

3,702 

3.709 

3.717 

760 3.767 

3,775 

3.762 

3,789 

833 3.840 

5,848 

3.855 

3.863 

907 3.914 

3.922 

3.929 

3.937 

982 3.989 

3.997 

4.005 

4,012 

OSS 4.065 

4,073 

4.081 

4.0S8 

135 4.142 

4.150 

4.158 

4,166 

2(2 4.220 

4.228 

4.2)6 

4.244 

291 4,299 

4.307 

4,315 

4.323 

371 4.3T9 

4.357 

4395 

4.403 

451 4.460 

4.465 

4.476 

4.484 

.533 4,541 

4.550 

4.558 

4.566 

616 4.624 

4.6)2 

4,Wt 

4,649 

.699 4.708 

4.716 

4.725 

4.753 

.784 4,79) 

4.801 

4.610 

4.818 

.670 4,578 

4.887 

4.696 

4.904 

.956 4.965 

4.974 

4.983 

4.991 

.044 5.053 

5.062 

5,071 

5.08-0 

J33 5.142 

5,151 

5.160 

5.167 

.223 5.2)2 

5.241 

5.250 

5.259 

.314 5.32) 

5.3)2 

5.341 

5.350 

.405 5.415 

5.424 

5.433 

5.442 

.498 5.508 

5.517 

5.526 

5.536 

.592 5.602 

5.611 

5.621 

5.6)0 

.687 5.W 

5.707 

5.716 

5.776 

.764 5.793 

5.803 

5.813 

5.822 

.881 5.891 

5.900 

5.910 

5,920 

.979 5.9S9 

5,999 

6.009 

6,019 

6078 6.089 

5095 

6.105 

6.118 

\>.m 6189 

6.199 

6.209 

6,219 

5J60 6291 

6301 

6.311 

6321 

6383 639) 

6.4(M 

6.414 

6,424 

6,457 6.497 

6.5ia 

6.518 

bi29 

6592 6602 

6.613 

6-62) 

6,6)4 

6698 6.703 

6.719 

6,730 

6741 

6805 6.816 

6.827 

6,637 

6848 

6913 6924 

6,935 

6.946 

6957 

7.02) 7.034 

7.045 

7,056 

7,067 

.133 7.144 

7.156 

7.167 

7.178 

.245 7.256 

7.268 

7.279 

7.290 

,158 7.369 

7.381 

7.392 

7.403 

7.472 7.484 

7.495 

7.507 

7,518 

7.567 7.599 

7.610 

7,622 

7.6)4 

7.704 7.715 

7.727 

7.739 

7,751 

Wll 7.533 

7.545 

7.857 

7.869 

7.940 7.952 

7.964 

7.976 

7,9M 


T* -31.0083 !/»*- 0,032251G + 





irA.TIlEWATICAL TA.BLES 




CUBES (eonfinueti) 


.. 1 

,b ' 

i 


. 3 

4 

t 

. 6 

„ 7 .8 

9 

>9 

■<■3 

9.00. 

8.000 

8.012 

8074 

8.036 

8048 

8060 

8,072 

8084 8.096 

81118 

12 

1 

8.121 

8.133 

8145 

8,157 

8169 

8181 

' 8194 

-8.206 6.218 

8?-i0 


7. 

6242 

8.255; 

-8.267 

8.779 

9.291 

8304 

‘ 8316 


8'tS-t 


3 

8.365 

a378 

83911 

8403 

8413 

8427 

.8440 

8452 ', 8465 

8 477 


4 

8.490 

8.502 

8.515 

, 8527 

8540 

8552 

‘8565 

BJ77. 8.590 

6.6U3 


9.06 

8.615 

8.628 

8,640 

8653 

8666 


8691 



11. 

6 

8.742 

6755 

8.767 

8.780 

8793 

8806 

■8818 

8831 .8844 

8 817 


7 

«,H7(1 

8.883 

8.895 

8908 

8921 

8934 

8947 

8960 - 8,973 

8,9Kh 


8; 

8.999 

9.012 

9f|-;5 

9.036 

9.051 

9J364 

,- 9.077 

9.090' 9.103 

0116 


V 

9.129 

9.142 

9.156 

9.169 

9.182 

9.195 

■ 9.208; 

9,221 9,235 

9.248 


3.10 

9,261 

9^74 

9 787 

9.301 

9JI4 

9J27 

, 9i4I 

9.354 9.367 

9381 


1 

9.394 

; 9.407 

9.471 

9,434 

9.447 

9.461 

- • 97474 ■ 

9.488 9.501 

9sn 


2 

9.528 

9J42 

9.555 

9,569 

9i82 

9J96 

9.609 

9.623' '9.636 

9,650 

14 


9.664 

9.677 

9.691 

9704 



9.745 . 


Wl 


4 

V.WIO 

.9^14 

9.828 

9.842 

9.855 

9m 

9.883 

9.897 v„9.911 

9.925 


9.16 

9,938 

9.952 

9.966 

9.980 

9.994 

18008 




14 

9.1 






9.94. 

10.08 

10,22 '10.36 

1010 

14 

2 

1065 

10,79 

1094 

MW 

1174 

1139 

II S4 

11.70 11.85 

17.01 

15 

3 

12.17 

1133 

1749 

1765 

1181 

12.98 

13.14 

13.31' 13,48 

1365 

16 

4 

13.82 

14.00 

14,17 

14.35 

1853 

14J1 

1469 

15,07 15.25 

15,44 

18 

9.6 

15.62 

15.81 

16,00 

16 19 

16i9 

16i8 

16,78 

16,97 17.17 

17,37 

20 

« 

1758 

17.78 

17,98 

18 19 

1840 

1861 

1882 

19,03 19,25 

19,47 

71 

7 

19, 6H 

19.90' 

20,17 

20,35 

2057 

20i0 

21.02 

'21.25 21,48 

21,72 

73 

6 

21,95 

72.19 

22,43 

22.62 

2t9t 

23.15 

23.39 

23.64 . ' 23.89 

74,14 

74 

9 

».39 

24.64 

24.90 

25.15 

25.41 

2567 

25.93 

26.20 2846 

26,73 

26 

8.0 

27.00 

27.27 

27,54 

27.82 

7809 

2837 

28.65 

2893 29.22 

79,50 

28 

I 

29.79 

3m ■ 

30,37 

3066 

30.96 

3li6 

3IJ5 

3I.S6 3216 

3746 

3ft 

2 

32,77 

33.08 

35,39 

3370 

34.01 

3433 

34.65 

34.97 35,29 

35,61' 

37, 

3 

3594 

36.26 

36,59 

28,93 

37J6 

3760 

37.93 


38,96. 

34 

i 

39.3U 

39.65 

40, DO 

40.35 

40.71 

41.06 

41.42 

41.78 42.14 

42,51' 

36 

Zi 

4188 

43 74 

4361 

43,99 

44J6 

44J4 

45.12 

45.50 45.88 

4627 

39 

h 

46,66 

47,05 

4/, 44 

47,83 

48i3 

4863 

49.03 

49.43 49.84 

511.24 

40 

7 

il»65 

51.06 

SI. 48 

51,90 

52,31 

5273 

53.16 

53.58 54.01 

54,44 

42 

fl 

5487' 

5531 

55,74 

56.18 

5662 

S7JH 

57,51 

57,96 5841 

58 H6 

44 

9 

59,32 

59,78 

60.24 

60.n) 

61.16 

6163 

6210 

6237 63.04 

63.52' 

47 



'o's.'Th 

WlVa 

'tfeXj 

■d57A 


'^i 

F/.ft ,157^2 

Wi'f/ 

49 

1 

68.92 

69.43 

6993 

7(144 

70.96 

71.47 

71.99 

7231 73.03 

73.56 

52 

2 

74.09 

-74,62 

MS 

7569 

76J3' 

7677 

77.31 

77.85 76,40 

78 9S 

54 

i 

79.51 

80.06 

■WI6Z 

«{ (8 

81.75 

8231 

82.88 




4 

55. 18 

85.77 

.86,35 

86.94 

07J3 

68(2 

8872 

89.31 89.92 

98.52 1 

59 

4.6 

91.12 

91.73 

9735 

9796 

93i8 

9470 

94.82 

95.44 96,07 

96.70 1 

62 

6' 

97.34- 

97.97 

98.61 

99.25 

99.90 

I00J4 



1 

64 

t.' 






1085 

101.2 




7 

103.8 ■ 

104.5 

• 105? 

1058 

1065- 

107.2 

107.9 

.106.5 109.2 

109.9 ' 

;7 

8 

110.6 

111.3 

II2.0 

112,'/ 

113.4 

114.1 

114.6 

115.5 116.2 

1169 

7 

9 

117.6 

118.4 

II9.I 

119.6 

I20i 

121.3 

1220 

1228 123.5 

124.3 

7 


Explanation of Table of Cubes (pp. 8-11). .... 

Tiiia table pves the value of N* for valuu ot H from 1 to 10, oorrect to four fieures. 
(IntcrpoJttf ed values may ho in error by 1 in tie fomtii fisure.) • ■ ' ;.v 

To find the cube of a number H outride the range from 1 to 10, note that 
tnoviog the deuiaal point one place in colanui N is 'equiTalent to~moTiQg: it three 
places in the body of the table. For ezaniide: 

(4.852)» = 114.2; (0.4852)« - 0,1142: (485J)> «■ 114200000 
This table may also bs used inversely, to pve cube roots, 
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OUBBS (conimugrf) 



0 

1 

3 

S 

4 

8 

6 

7 

8 

9 

«ia 

s,o 

125.0 

125.8 

126,5 

127.3 

1210 

1218 

129.6 

130.3 

13I.I 

131.9 

8 

1 

1317 

133.4 

1341 

135.0 

135.8 

136.6 

137.4 

1)12 

139.0 

139,8 


' 2 

140.6 

141.4 

1412 

143.1 

143.9 

I44J 

145.5 

146.4 

147.2 

145,0 


3 

148.9 

149.7 

150.6 

151.4 

1513 

1511 

154,0 

154.9 

155,7 

156,6 

9 

A 

I57i 

1583 

159J 

160.1 

161.0 

161.9 

1618 

163.7 

164.6 

165.5 


S.5 

166.4 

167.3 

168.2 

169.1 

inio 

171.0 

171.9 

1726 

173,7 

174,7 


6 

175.6 

176.6 

177.5 

178.5 

179.4 

160.4 

161.3 

1813 

163.3 

184.2 

10 

7 

185,2 

186.2 

187.1 

1811 

>69.1 

190.1 

191.1 

1911 

193,1 

194,1 


8 

195.1 

196.1 

197.1 

198,2 

1991 

axi.2 

2IIJ.2 

2013 

203,3 

2W.3 


9 

205.4 

206.4 

207,5 

2015 

209.6 

210.6 

211.7 

2118 

213.8 

214,9 


(.0 

216.0 

217.1. 

218.2 

219.3 

220.3 

221.4 

2215 

223.6 

224.8 

225.9 

■ II 

1 

227.0 

226.1 

229,2 

230.3 

231.5 

2316 

2)3.7 

2)4,9 

2)6.0 

237.2 


2 

238.3 

239.5 

240.6 

241.6 

243.0 

244.1 

2<5.3 

246.5 

247.7 

248.9 

12 

3 

250.0 

251.2 

2514 

253.6 

254.6 

2560 

257.) 

258,5 

259.7 

260.9 


< 

2611 

263.4 

264.6 

265.6 

267.1 

2613 

269.6 

270, B 

2711 

273.4 


e.6 

274.6 

275.9 

277.2 

2714 

279.7 

281.0 

2513 

283,6 

254,9 

286.2 

)3 

6 

287.5 

281.6 

290.1 

291.4 

2918 

294.1 

155,4 

296,7 

mi 

299.4 


7 

300.8 

3011 

303.5 

304,8 

306.2 

307.5 

303,9 

310.3 

311.7 

513,0 

14 

i 

314.4 

315,8 

317.2 

318.6 

320.0 

311.4 

3218 

324,2 

325.7 

327.1 


! ^ 

3215 

329.9 

331.4 

3318 

334.) 

335.7 

337.2 

3316 

340.1 

?4I.S 


7.0 

343.0 

344.5 

345.9 

347.4 

3419 

350.4 

351.9 

353,4 

354.9 

3514 

15 

. J 

351,9 

359.4 

3(fl.9 

362.5 

364.0 

365.5 

367.5 

3616 

370.1 

371,7 


2 

373.2 

374.8 

376.4 

377.9 

379.5 

381.1 

3617 

J84.2 

385,6 

387.4 

16 

3 

389.Q 

390.6 

3912 

393.8 

395.4 

397.1 

375.7 

400.5 

401.9 

403.6 


1 ^ 

405.2 

406.9 

403.5 

410.2 

411.8 

413.5 

415.2 

4118 

4115 

420.2 

17 

7,6 

'421,9 

423,6 

425.3 

427.0 

4217 

430.4 

4J11 

433,8 

435,5 

437,2 


• 6 

: 439,0 

440.7 

442.5 

444.2 

445.9 

447.7 

449,5 

451,2 

453,0 

454.8 : 

IB 

7 

■456,5 

456.3 

460.1 

461.9 

463.7 

465.5 

467.3 

469,1 

470.9 

4717 


6 

,474.6 

476.4 

478.2 

480.0 

481.9 

453-7 

485.6 

<87.4 

459.3 

491.2 1 


' 9 

493.0 

494.9 

496,8 

4917 

500.6 

5015 

504.4 

5013 

5012 

510.1 

19 

t.O 


513,9 

515.6 

517.8 

SIM 

521.7 

523,6 

525,6 

527.5 

529.5 i 


1 

531,4 

533.4 

535.4 

537.4 

539.4 

541J 

543.1 

545.3 

547,3 

549,4 1 

25 

2 

551.4 ■ 

553.4 

555,4 

557.4 

559J 

561.5 

563,6 

565.6 

567.7 

569? , 


3! 

571.8 

573.9 

575,9 

5710 

560.1 

5612 

584.3 

586,4 

5815 

590.6 , 

21 


5917 

594.8 

596.9 

599,1 

(OU 

60J.4 

e05.5 

607.6 

e09.B 

6110 ; 


6.6 

614.1 

6113 

618.5 

620,7 

6218 

625.0 

. 627.2 

629.4 

631.6 

635.8 

22 

6 

636.1 

6313 

640.5 

6417 

645.0 

6477 

649.5 

651.7 

654,0 

656.2 


7 

6515 

660.8 

663.1 

665.3 

667.6 

669.9 

6712 

674.5 

6718 

679.2 

23 

8 

681.5 

683.8 

686.1 

688.5 

69a( 

6937 

695.5 

697.9 

700.2 

7016 

24 

5 

705.0 

707.3 

7W,7 

7113 

7I4J 

7119 

719J 

721.7 

724.2 

726,6 


1.0 

729.Q. 

731,4 

733.9 

7313 

7318 

7417 

743.7 

746.1 

7416 

751.1 

25 

) 

753.6 

756.1- 

758.6 

761,0 

763.6 

766.1 

769.6 

771.1 

773.6 

776,2 


2 

778.7 

781.2 

783.B 

786.3 

7819 

791.5 

794.0 

796.6 

799,2 

801,8 

26 

3 

804.4 

607.0 

609,6 

6112 

814.8 

817.1 

’’ 820.0 

8217 

825.3 

827.9 


4 

630,6 

833.2 

835.9 

838.6 

84U 

843.9 

546.6 

849.3 

8510 

854,7 

27 

0.6 

657!4 

860.1 

fi«,8 

885,5 

8613 

, 871.0 

B73.7 

•876.5 

879.2 

8810 


, 6 

884.7 

687,5 

890.3 

693.1 

6950 

8916 

901.4 

904.2 

907.0 

909.9 

28 

7 

9117 

915,5 

918.3 

921.2 

9240 

926.9 

929.7 

9316 

935,4 

938,3 


8 

941.2 

944,1 

947.0 

949.9 

9518 

9557 

953.6 

961.5 

964,4 

967.4 

29 

’ 9 

9703 

973,2 

976.1 

979.1 

9811 

985.1 

988.0 

991.0 

994,0 

997.0 



10.0 lOQO.O 


T«-ai.OQei$ . IM«0, 0522615+ 

taW^BMp °10) ^ WqtiKW moviai^ it TkltE£ pltocs lu body'of 


12 MATHEUATICAL TABLES 


SQUABE BOOTS OF KUM6EBS 



This taWe eives the value* of Vif for -values of If from 1 to 100, correot to four figures. 
(Interpolated values may In in error by 1 in the fowth figure.) 

To find the square root of a cumber N outside ^e range trom 1 to 100, divide 
the digits of the Dumber into blocks of two (be^mng with the deeimol point), and note 
that moving the decimal p^t two places in J/is eijuivaJcnt to moving it oae plaue is 
the square root of N. For esamjde; 

VaHs - 1.948; Vml m 16.48; VO.WOZTIS - 0.01948; 

Vaus 8513; Vim -.52.13; V0.002718 - 0.05213. 
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6.0 i 
I: 

2.E6 

2J3S 

2241 

2243 

2245 

2158 

2251 

2263 

2265 

2267 

2i 

I2E0 

1253 

2285 

128? 

2281 

3 

1302 

2301 

2307 

2309 

2311 

4. 

1324 

2326 

2328 

2330 

2332 

6.5 1 

1345 

2347 

2349 

2352 

2354 

6 

1366 

2369 

2371 

2373 

2375 

7 

1357 

1390 

2392 

2,394 

2396 

S 

1408 

2410 

2.412 

2415 

2417 

9 

1429 

1431 

2433 

2435 

2437 

6.0 

1449 

2452 

2454 

2455 

2453 

1 

1470 

2472 

2474 

2476 

2478 

2 

1490 

2492 

2494 

2495 

24)3 

J 

LSW 

1512 

2514 

2516 

1513 

4 

1530 

2532 

2534 

15)6 

2538 

6.6 

1550 

2551 

2553 

2555 

2557 

6 

1'69 

257! 

1573 

2,575 

2577 

7 

1555 

2SM 

1592 

3i94 

25% 

8 

1605 

2610 

1612 

1613 

2615 

9 

1627 

2629 

1631 

2632 

2634 

7.0 

1646 

2648 

1650 

1651 

265) 

1 

1665 

2666 

1663 

2670 

2672 

2 

1683 

2685 

1(57 

2689 

2691 

3 

1702 

2704 

1706 

2707 

17W 

4 

1720 

1712 

1714 

1716 

1723 

7.6 

1739 

2.740 

1742 

2744 

1746 

6 

1757 

2759 

1760 

2762 

2764 

: 

1775 

2777 

1778 

1780 

1781 

8 

1793 

2795 

17% 

2798 

2803 

9 

1811 

2612 

1814 

2816 

2618 

8.0 

1828 

2630 

2.832 

2854 

2835 

) 

1846 

2616 

1850 

1851 

2853 

2 

1864 

2565 

1867 

2669 

2871 

3 

1651 

2633 

1684 

2856 

1868 


1893 

2900 

1902 

2903 

2905 

8.6 

1915 

2917 

1919 

2921 

2922 

6 

1933 

2934 

1936 

2938 

2939 

7 

1950 

2951 

1953 

2955 

2956 

8 

1966 

1968 

1970 

1971 

19B 

9 

1983 

2985 

29S7 

1968 

2990 

9.0 

3.000 

3.002 

3.003 

3.005 

3.007 

1 

3.017 

3.016 

3,020 

3.022 

3.023 

2 

3.033 

3.035 

3.036 

3.038 

3.0» 

3 

3.050 

3.051 

3.053 

33155 

32156 

4 

iow 

3.068 

3.069 

3.071 

3.072 

9.6 

3082 

3.0M 

3.0S5 

3.087 

3.M9 

6 

3.098 

3.100 

3,102 

3.103 

3.105 

7 

3.114 

3.116 

3.118 

3.119 

3.121 

8 

3.130 

3.132 

3.154 

3.135 

3.137 

9 

3.W6 

3.148 

3.150 

3.151 

3.ia 


TlVOpbctaiBATicquittainomeit ONE plocuiii body 
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SQUAM boots (conitnti^if) 


10. 

7.D71 ' 

7.078 

7.055 

7.092 

7.099 

1. 

7,141 

7.148 

7.155 

7.162 

7.169 

r 

7.ZI1 

7.218 

7.225 

7,232 

7,239 

3, 

7760 ' 

' 7.287 

7.294 

7.301 

7.3W 

A- 

7348 

7355 

7352 

7.369 

7J76 

S5.- 

7.418 

7.4B 

7.430 

7.435 

7.443 

6.' 

7.483 

■ 7.490 

7.497 

7.503 

7310 

7.' 

7.350 

7.556 

7.563 

7370 

7.576 

8.' 

7.616 

7.622'. 

7.629 

7.635 

7.M2 

9. 

7.681 

7.68S 

7.694 

7.701 

7.707 

50.’ 

7.746 

7,752‘ 

7.759 

7,765 

7.772 

i; 

7.810 

7.817 

7.623 

7.829 

7.836 

1 

: 7.874 

7.8SQ 

7.687 

7.693 

7.699 

3.', 

7,937 

7.944 

7.950 

7,936 

7.962 

^,- 

: 8,000 ■ 

8006 

8012 

8019 

8025 

(G.'' 

6,U7 

8068' 

8.075 

805! 

8057 

6.' 

8,124 ' 

8130 

8136 

8142 

8149 

7-1 

8185 

8191 

8193 

8204 

8JI0 

8;l 

m 

8.252 

8.258 

8164 

8.270 

9. 

8307 

8313 

8.319 

8325 

8331 

«; 

8367 

8373 

8379 

8385 

8390 

'• 

8426 

8.432 

8.43S 

8444 

8450 

1 

8485 

8.491 

8.497 

8.503 

8509 

3. 

8544 

8550 

6.536 

8.562 

8.567 

4.' 

8602 

8608 

8614 

8620 

8626 

75. 

866Q 

8.666 

8,672 

im 

8653 

6. 

8718 

' 8724 . 

8,729 

8.735 

8741 

7. 

8775 

. 8.761 

8,786 

8,792 

8.793 

8.' 

6.632 

8837 

8.643 

8.649 

8654 

9. 

8856 

6.894 

8899 

8905 

8911 

BO. 

8944 

8.950 

8.955 

8.961 

8967 

1.' 

9, MO 

9.006 

9.011 

9.017 

9.022 

i: 

9,055 

9,061 

9.066 

9.072 

9.077 

3. 

9.410 

9.446 

9,421 

9.417 

9.132 

4. 

9.165 

9.171 

9.176 

9,182 

9.187 

85, 

9.220 

9.225 

9.230 

9.236 

9.241 

6. 

9374 

9.279 

9.284 

9,290 

9.295 

7. 

9.327 

9.333 

9.338 

9.343 

9.349 

8; 

938! 

9.385 

9.391 

9.397 

9.402 

9; 

9.434 

■ 9.439 

9.445 

9.450 

9.455 

'9o; 

9.457 

■ 9.492 

9.497 

9,503 

9305 

1 . 

9339 

9.545 

9,550 

9.555 

9.560 

' 7. 

9.592 

9.597 

9.602 

9,607 

9.612 

3. 

9.644 

9,649 

9.654 

'9.659 

9.664 

. 4. 

9,695 

9.701 

9.706 

9.71! 

9.716 

96. 

9.747 

9.752 

9.757 

9,762 

9.767 

' 6. 

■ 9.798' 

' 9.803 

9.603 

9313 

9A18 

' 7. 

9.649 

9.854 

9.659 

9,864 

9A69 

8, 

. 9.899 

1 9.905 

9.910 

9.915 

9.920 

9, 

, 9.950 ' 

9.955 

9.960 

9.965 

9.970 


V^°1.7724.54-.' l/V^»0.5flm • Vr/2t>U5351 v7»L6^S72 

TWO places in if nqnirca moving it ONE place in body of 
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CUBE ROOTS OP KUMBEE5 


N 

0 

, 1 



4 


C 



• |i 




l«W7- 

imn 

1.0B 

1J016 

mo -1.023 -1.026 

1079 






MM7 

1.045 

12148 

1.051 

1.054 

1057 

1 11611 




1.066 

1(114) 

\m 

U174 

iJffJ 



1,(186 

11189 





I.D97 

lino 

1.102 

1.105 


1,111 

1115 

1.116 


4 

1.119 • 

. 1.12!-- 

1.124 

1.12/ 

1.129 

1.132 

1.134 

1.137 

1.140 

1.142 




1147 

1158 

1157 

W5S 

I.I5T 

I.I60 

M67 

1165 

1,167 




\\n 

1.174 

i.m 

1.179 

.1.102 

. I.IS4 

1.186 

1,189 

1,191 




im 

1.198. 

l.'8MI 

IJQ 

1305 

IM7 

17111 

Iil2 

1714 




1219 

1.771 

1-m 

I.22S 

1378 

1.230 

I’lr 

’7t4 

1.736 


9 

1-.239 

U41 

U43 

1J4S 

U47 

1349 

1351 

1234 

1356 

1358 




1262 

17M 

1.766 

1.268 

1230 

1777 

1774 

1777 

1,779 




1.283 

1785 

1287 

.li89 

.1391 

1.293 

1 '/ev 

1707 

17,99 








1310 

1.112 

1,514 

1516 





1372 

M24 

IV6 

1,570 

1330 

1.151 

1,151 

1355 



4 

1J39 

IJ4I 

IJ43 

1.344 

1346 

1348 

■ 1350 

1352 

1354 

1355 




U59 

1.561 

1,565 

1,564 

1366 

1.568, 

1,570 

1,577 

1,575 



1,171 

1177 

1,579 

(.588 

1587 

1384 

1,586 

1,587 

1.389 

1.591 


7 

i,lV7 

1,194 

1.5% 

1.598 

1399 

1.401 

1,4115 

1,404 

1.4116 

1,488 


8 

1.4U9 

1.411 

1,415 

1.414 

I.4I6 

I.4IS 

1,419 

1.421 

1,47,3 

1,474 


9 

1.426 

1.428 

1.429 

1.411 

1.431 

1.434 

• 1,436 

1.437 

1,4/9 

1.441 



1.442 

1.444 

1.445 

1.447 

1.449 

1.450 

U52 

1,455 

455 

,457 



1,4« 

1,4« 

V4h1 

1.4K5 

1.464 

1.4t6 

1,467 

1,4W 

.471 

m 




I47S 

1.477 

1.478 

I.4BII 

l.48( 

1,481 

1.484 

,486 





1,490 

1,497 

1,495 

1.495 

1.496 

1.498 

1.499 

501 

,507 


4 

1.104 

1.595 

1307 

(308 

J3I0 

iJll 

1312 

1.514 

313 

317 




1320 

1.571 

1.575 

1324 

liB 

1327 

1.578 

153(1 

1,531 




bM 

1555 

1517 

1,518 

1340 

1341 

1,542 

1.544 




1147 

• 1548 

1549 

1.551 

155? 

1354 

1555 

1,556 

1558 





1862 

1,565 

-1565 

1.566 

1367 

1,569 

1,570 

1571 



9 

lii4 

O/i 

1377 

1378 

13/9 

1381 

1382 

1,583 

1385 

1386 



I.W 

1.589 

1,590 

1,591 

1.593 

1.394 

1,595 

1,597 

1598 





1.692 

1.6(15 

1604 

1606 

1.607 

1.608 

1,610 

1611 



7 


l.tt5 

1616 

1,617 

\.fcl9 

\620 

1.621 

\,M2 

1674 





1,627 

1629 

1.610 

i.»l 

1632 

1,634 

1,655 




4 

1.639 

1.640 

t.641 

>342 

1.644 

I.64S 

1.646 

1,(»47 

1.649 

1.650 



1,651 

li52 

U55 

1.6S5 

1656 

1657 

1.658 

U59 





1.663 

1.664 

(Mb 

166/ 

I.66B 

1.669 

1.670 

1671 




i 

1.675 

1.676 


1679 

1680 

1.681 

1.682 

1.683 





1.687 

1.638 


I6VII 

1.692 

1.693 

1.694 





V 

1.698 

1.700 

1.VU1 

UQ2 

1301 

1J04 

1.7D5 

1.707 

1.708 

1.709 



Vt =■ 1.46459 l/VTa 0.682784 


Explaaatioi!, of TaW« of Cub« Roots ^pp. 1(^21). 

This tshle gives the valnes of for ail values of if from 1 to 1000, correct to four 
figures, (Interpolated vainia may be itt error by I ia the fourth figure.) 

To find the cube root of a number K outside the range from 1 to 1000, divide 
the digits ol the number into blods of three (be&oniug vdth the decimal point), and 
note that moving the dermal point ttucee places in bolumn if is equivalent to moving 
it one'piace i n the cube root of i f. F< g esampie; 

■^2.^8 = 1.396; 1^2718 " = 13.96; ■^0.000002718 = 0.01395. 

= 3.007 1 1 ^27180^ = 30.07; c^!ciD00271S = 0.03007. 

•'J''27r8 = 5.477; lJ''27WM = 84.77; -^070002718 - 0,06477, 
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CUBE ROOTS 


N 

0 

1 

2 

3 

i 

C 

G 

7 

8 

9 

6.0 

1.7(0 

1.7(1 

1712 

1.7(3 

1.715 

17(6 

1.717 

1.718 

1.719 

1.720 

i 

1.721 

1.722 

1.724 

1,725 

1.726 

IJ27 

1.728 

1729 

1.730 

1.73! 

2 

1.732 

1.734 

1.735 

1.736 

IJ37 

1738 

1,739 

1.740 

1,741 

1.742 

3 

1J41 

1.745 

1,746 

1.747 

I.74B 

1749 

1750 

1,751 

1.752 

1.753 

4 

1.754 

JJ55 

iJ57 

1.758 

1759 

1760 

1.761 

1,762 

1.763 

1.764 

6.6 

6 

1.765 

1J66 

1.767 

1.768 

IJC9 

1771 

1.772 

1.773 

1774 

1,775 

1.776 

1,777 

1.778 

1,779 

1.780 

I.7SI 

1.762 

1,783 

1,784 

1.785 

7 

1.786 

1.787 

1.768 

1.789 

1.790 

1792 

1.793 

1.794 

1.795 

1.796 

8 

U97 

1.798 

1.799 

1.800 

1.801 

Ii02 

1,M3 

l.fO< 

I,f05 

1.806 

9 

1,607 

I.5M 

1,G09 

1.810 

I.81I 

1.612 

1.613 

1.614 

1.815 

1.816 

6.0 

1.817 

1.616 

1.819 

1.820 

1.821 

W22 

1J523 

1^24 

Ii2S 

1.B26 

1 

t.827 

1.826 

1.829 

1.830 

U3I 

1.832 

IB33 

I.B34 

I.S3S 

1.636 

2 

1837 

1.838 

1.839 

1.840 

1.841 

1.842 

1.843 

1.844 

1.645 

1.846 

3 

1.847 

1.846 

1.849 

1,850 

1.851 

1.852 

Ii53 

1.854 

1.855 

1.856 

4 

1,857 

1.658 

1.859 

1.860 

1.860 

1.86) 

1.862 

1.863 

1.864 

1.865 

6.6 

,1866 

1.867 

1,868 

1.869 

1.870 

1i71 

1.672 

1,873 

1.874 

1.875 

6 

i 1.876 

1.877 

1.878 

1.879 

im 

i.8sr 

IJiSI 

1.832 

I.MJ 

I,?84 

7 

11.865 

1.686 

1,887 

1.658 

1.889 

1.690 

1,891 

1.8)2 

1,693 

1.894 

8 

^ 1.895 

1.695 

1,896 

1.897 

i.698 

Ii99 

1.9M 

1,901 

1.902 

1.903 

9 

; 1.904 

1.905 

1.W6 

1.907 

1.907 

1.903 

1.90) 

1.910 

1.911 

1.912 

7.0 

i 1.913 

1.914 

1,915 

1.916 

1.917 

1.917 

1,918 

1.919 

1.920 

1.921 

1 

1.922 

1.923 

1.924 

1.925 

1.926 

1.926 

1.927 

1,928 

1.929 

1.930 

2 

1.931 

1.932 

1.933 

1.934 

1.935 

1.935 

1.936 

1.937 

1.938 

1,939 

3 

11.940 

1.941 

1.942 

1.943 

1.943 

1.944 

1.945 

1.946 

1,947 

1.946 

4 

1.949 

1.950 

(.950 

1.951 

1.952 

1.953 

1.954 

I.9S5 

1.956 

1.957 

7.8 

1.957 

1.958 

1.959 

1,960 

1.961 

1.962 

1.963 

1,964 

1.964 

1.965 

6 

1.966 

1.967 

1.963 

1,969 

1.970 

1.970 

1.971 

1.972 

1,973 

1.974 

7 

1.975 

1.976 

1976 

1.977 

1.97B 

1.979 

1.950 

1.981 

1,981 

1.952 

a 

1.983 

1,984 

1985 

1.986 

1.987 

I.9S7 

m 

!,9.'i9 

1.990 

1.991 

9 

1.992 

1992 

1.993 

1.994 

1.995 

1.996 

1.997 

1.997 

1.998 

1.999 

Q.0 

2.000 

2 001 

2.002 

2.002 

2m) 

2.004 

2.005 

2.006 

2,007 

2,007 ' 

1 

2.008 

2.009 

2.010 

2.01 1 

1012 

1012 

2,013 

2.014 

2.015 

1016 

2 

2.017 

2,017 

2.018 

Z0I9 

2.020 

2.02( 

1021 

2.022 

2.023 

2.024 

3 

2,025 

2.026 

2.026 

2.027 

2.028 

7.029 

2.030 

2,030 

1031 

2.0)2 

4 

2.033 

1034 

1034 

1035 

1036 

1037 

1033 

2.038 

2,039 

2.040 

0.6 

3.041 

2.042 

2,042 

2.043 

2.044 

1045 

2.046 

2,046 

2,047 

2,048 

( 

2.049 

2.050 

2.050 

2,051 

23)52 

2.053 

2.054 

2,054 

2.055 

2,056 

7 

2.057 

2,057 

2.058 

2.059 

1060 

2.D6I 

2,061 

2.062 

2,063 

2.064 

8 

2.065 

2.065 

2.066 

2.067 

2.068 

2.068 

2.069 

2,070 

2.071 

2,072 

9 

2.072 

2,073 ‘ 

2.074 

2.075 

1075 

1076 

2.077 

2.078 

2.079 

2.079 

9.0 

2,080 

2.081 

1082 

2,032 

1083 

2.034 

1CS5 

2.0S5 

2.0S6 

2.057 

1 

2.0S3 

2.089 

2.089 

2.090 

23)91 

1092 

2.092 

2,093 

2,094 

2.095 

2 

2.095 

2.096 

2.097 

2.098 

23)93 

1099 

2.100 

1101 

1101 

1102 

3 

2.903 

2.104 

2.104 

2,105 

2.106 

2.W7 

1107 

2.(08 

1109 

1110 

4 

2.110 

2.111 

2.112 

1113 

1113 

1114 

1115 

1116 

1116 

1117 

9.5 

2,118 

2.119 

2,119 

1120 

1121 

' 1122 

1122 

1123 

1124 

2.125 

6 

2,125 

2.126 

1127 

2.128 

1128 

1129 

1130 

1130 

1131 

1132 

7 

2.133 

2.133 

1134 

2.135 

2.136 

1136 

2.137 

1138 

1139 

2.139 

6 

2.140 

1)4J 

2.141 

2.142 

2.143 

2.(44 

2.144 

1145 

2.146 

2.147 

9 

2,147 

2.148 

2.149 

1149 

1150 

list 

1152 

1152 

1153 

1154 


Moving tiio decimal point THREE places' in N requires tno'ving it ONE ■ place 
W of table facfl n. im. , . • « 
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CUBE BOOTS 


it.' 

1\54 



V>% 

X.VB 

I. 

2224 

2231 

2237 

1244 

1251 

2. 

2289 

2296 

1302. 

2303 

1315* 

3. 

2.351, 

, . 2357 

1363. 

1369 

2375 

4. 

2.410 

1416 

2,422; 

2.427 

1433 

15. 

1466 

2.472 

1477 

1483 

2.488 

6. 

2520 

2325 

1530 . 

1535 

1541 

7. 

2571, 

2376 

138< 

1586 

1591 

8. 

2.621 

2.626 

2.630 

105 

1640 

9. 1 

2.668, 

im 

167» 

1602 

7^, 

20. 

2.7N 

.2219 

2Jn 

1728 

2232. 

1, 

2.759, 

2.763 

1768 

1772 

1776’ 

2. 

2,602 

■2,806 

IBli 

1815 

1819, 

3. 

2.844 

2-848 

1852 

2.856 

2.860- 

4, 

2.884 

2.888 

1692 

1696 

2500 

25. 

2.924 

2.928 

2.^2 

2.936 

1940. 

6. 

2.962 

2.966 

1970 

1974 

1978 

7. 

3.000 

, 3X04 

3X07' 

3X11 

3X15, 

6. 

3,037, 

3,040 

3W4 

3X47 

3X51' 

9, 

3.072' 

3.076 

3.079 

3.083 

3.086 

30. 

3,107 

3.111 

3.114 

3.118 

3.121 

1, 

3.141 

3.U5 

3.148 

3.151 

3.155. 

1 

3.175, 

3,178 

3.101 • 

3.105 

3.188, 

3. 

3208' 

, 3211 

3214 

3217 

3220' 

4. 

3240 

3243 

3246 

3249 

3252 

85. 

3271 

3274 

3277 

3280 

3283 

6, 

3302 

33t6 

3303 

3311 

3314 

7. 

3332' 

3335 

3338 

3341 

3344 

8. 

3.362, 

3365 

3368 

3371 

3374 

9, 

3391' 

' 3394 

3397 

3.400 

3.40) 

40. 

3.420 

3.423 

3.426 

3.428 

3.431 


3.448 

3.451 

3.454 

3.457 

3.459 

i 

3.476 

3.479 

3.402 

3:484 

3.487 

6, 

3553 

3SM. 


3.541 

3SM 

4. 

3330 

3333 

3336 

3358 

3341 

46. 

3.557 

3360 

3362 

3365 

330 

6. 

3383 

3356 

3383 

3391 

339) 

7. 

3.609 

3.611 

3.614 

3X16 

3.619 

8. 

3.634 

3.637 

3.09 

3X42 

3.644 

9, 

3,659. 

3,662 

3664- 

3X67 

3.669 



-im 2.750 2.755 

2.7S5 2.789 Z794 2,798 
2.827 2,831 . 2.836 2,840' 
2.858 2,872 2,876 2.880. 
2.908 2.912 2.916 2.920' 

2.947 2.951 2,955 2,959 
2.985 2 989 2.993 2.996 
3.022 3,026 ,3.029 3.033 
3056 3,062 3.0» 3,0W 
3.093 3.097 3.100 3.104 

3.128 3.131 3.135 3.138 
3.162 3.165 3.168 3.171 
3.195 8.19 8 3 201 3204 
3227 3230 3.233 3Z36 
3259 3 262 3 265 3268 

3290 3293 3296 3299 
3320 3.323 3 326 3 329 
3350 3333 3 356 3 359 
3380 3382 3385 3388 
3.409 3.411 3.414 3.417 

3.437 3.440 3.443 3.445 
3.465 3.468 3,471 3.473 
3,493 3,495 3,498 3301 
65m 6511 6515 6516 
3346 3349 3352 3354 

33B 3375 3378 3.580 
.3399 3.601 3.604 3.606 
3.624 3327 3.629 3.632 
3.649 3.652 3.654 3,65? 
3.674 3,877 3.679 3.682 


CUBE BOOTS OP CESTAIM PBACTIONS 


TV ; -^2? 'I 27 


H ' 2937' .0434' 

56 '^934 '46 .9283' 

: 3736 56 = 5503 

34 3300 46 ■;.94l0 

94 : .9056 H J228 

36 ’5848 H .3586 

H ■ 2368 ■ 44 7539 



N 


JL 


N 


y> 

% 

« 

96 

56 

96 

941 

.4807 

X057 

201 

3221 

.9196 

.9615 

.4368 

Ma 

Ma 

Ms 
.946 
54 a 
T4e 

.2469 
3355 
.9714 
3959 
3724 
■ .6786 
2591 

?4fl 

'Ms 

% 

>546 

Ma 

iU 

Ms 

3255 

3825 

,9331 

.9787 

3150 

2500 

2714 
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CUBE BOOTS (continued) 


0 


2 

3 

i 

S 

G 

7 

a 

0 

<■9 



37M 

3691 

3.694 

3396 

3.699 

3.701 

3.704 

3.706 

2 



1713 

3716 

3.7ia 

3321 

3.725 

5,(25 

5./28 

5.(30 



3.735 

3 717 

374(1 

3742 

3J44 

3.747 

5.;<9 


5254 




3 761 

3 763 

3.766 

3.768 

3.770 

57/5 

3.//) 

3.777 


3,783 

3382 

3J64 

3787 

3JW 

3.791 

3.794 

5./V6 


3801 



3.805 

3808 

3810 

3812 

3.814 

3.817 

3.819 

3.821 

3824 



3i28 

3830 

3 813 

3837 

3i37 

3.839 

5.842 

3,W4 

3.846 



3.851 

3 853 

3 855 

3.857 


3.862 

5.864 


5,869 



3.873 

3875 

3 878 

3.650 

3862 

3,884 

1856 

5.W9 

5ii91 


3^93 

3.695 

3.897 

3,9(KJ 

3.902 

3.9(M 

3,905 

5.905 

3.911 

3.915 


3.915 

3.917 

3919 

39?f 

3.924 

3.926 

3.928 

3.930 

3.932 

3.9W 


3.936 

3.939 

3941 

3943 

3945 

3.947 

3.94? 

5.9j1 


'5.956 


195B 


3 96? 

39M 

3.9^ 

3.968 

3.971 

5.9;) 


3,977 


2.979 

3981 

3983 

3985 

3.937 


1.992 

5.994 


5,W3 


f039 

mi 

4.(W 

4,006 

4.003 

4.010 

4.0I2 

4.U15 

4.01/ 

4.UI9 


V321 

4073 

4073 

4077 

4029 

4.031 

4W3 

4,0D 

4,0)7 

4,019 


4.041 

4043 

4,045' 

4017 

4.019 

4.031 

4,05) 

4.0J5 

4,038 

4.0(0 


4(15? 

4W.4 

4066 

4IV41 

4 071) 

4.072 

4,074 

4,076 

4.018 

4,080 


4.032 

4084 

4036 

4 018 

4.090 

4.072 

4.074 

4 0V/. 

4,0/8 

4.100 


4.131 

3.104 

4. 106 

4,10S 

4109 

4.m 

4.U3 

4.115 

4.112 

4.110 


4121 

4,173 

4175 

4,127 

4.129 

4.131 

4, ID 

4,135 

4,1)7 

4.1)9 


4.MI 

4,143 

4143 

4,147 

4,149 

4.151 

4.152 

4,194 

4.156 

4.1 3S 


4.163 

4,167 

4164 

4 HA 

4.I6B 

4,170 

4.172 

4.174 

41/6 

4,177 


4.179 

4181 

4183 

4183 

4.107 

4.169 

4.191 

4,191 

4195 

4.196 


4.I9S 

4JD0 

4702 

4i04 

4J06 

4J03 

4210 

4212 

421) 

4215 


4,717 

4719 

4 771 

4 771 

4725 

4,227 

4.228 

4,710 

47)2 

4714 


4.236 

4,718 

4,240 

4,741 

4.243 

4.245 

4747 

4,749 

4 751 

4'/57 


4 254 

4718 

4 768 

4 760 

4.262 

4264 

4265 

4,267 

4 769 

4/71 


4i73 

4 774 

4 776 

4 778 

A2Sn 

4.2S2 

4234 

4,785 

478/ 

4 m 


4.291 

4i93 

4J94 

4296 

4J9B 

4J00 

4302 

4303 

430j 

4307 


4.309 

4,311 

4317 

4314 

4J16 

4318 

4320 

4,171 

41?) 

4175 


4.327 

4,329 

4.1(0 

4 33? 

4314 

4336 

4.337 

4,139 

4141 

4141 


4344 

4 346 

4,148 

4 3511 

4372 

435) 

4355 

4,39/ 

4159 

4160 


4.361 

4,364 

41Wi 

4,367 

43W 

4371 

4.373 

4.V/4 

4176 

4 '176 


4380 

4JSi 

4383 

4J85 

4JB6 

4358 

4390 

4392 

4395 

4395 


4397 

4,399 

4.400 

4,4(12 

4404 

4.405 

4407 

4.409 

4411 

441? 


4.414 

4,416 

4,41'/ 

4.419 

4.421 

4.4U 

4.424 

4.425 

44/H 

4479 


4.431 

4.433 

4.414 

4416 

4.438 

4.440 

4.441 

4 441 

4445 

4 446 



4,4111 

4471 

4453 

4.455 

4.456 

4.458 

4,4MI 

4461 

4461 


4.465 

4.466 

4.468 

4.471) 

4.471 

.. 4.473 

4.475 

4.4/6 

4.4/8 

4.460 


4.481 

4,483 

4 485 

4436 

4.488 

4.490 

4,491 

4,491 

'4495 

4,496 



■ 4.10U 

.4.7111 

4 503 

4.505 

4305 

4,503 

4,9(19 

4511 

4,511 


4314 

4il6 

4,718 

4,5)9 

4.521 

431) 

4.524 

41/6 

45// 

4 579 



4.632 

4714 

4,536 

4j37 

43)9 

4.540 

454/ 

4 544 

4545 


4.547 

4-648 

4.571) 

4.552 

4353 

4355 

■ 4356 

4.558 

4.56U 

4361 


4.563 

4.565 

4,566 

4,568 

4569 

4371 

4,572 

4,574 

4 576 

4 577 



4.580 

4,787 

4784 

4385 

4.587 

4388 

4,V8I 

4 5‘t? 

4501 


4395 

4,596 

4,SW 

459') 

4«ll 

430) 

4.604 

4,m 

4 MV/ 

A.ffiO 



4.612 

4,614 

4,617 

4.617 

4318 

4.520 

4,67,1 

4671 

4 675 



4,628 

4.629 

4.631 

4.632 

4334 

4.635 

4.637 

4A3a 

4.640 



niOvinE it ONE place in body 
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CUBE BOOTS (contiTiHcd) 


K 

0. 

1. 

a. 

3, 

i. 

0. 

C. 

7. 

e. 

9. 

eti 


7%7 

7W 

7053 

7958 

7.%1 

7,%9 

7.074 

7.979 

7.964 


7 995 

8 000 

8005 

83)10 

0.016 

8(1?l 

8,026 

8,031 

8.036 


fifMI 

8047 

805? 

8057 

8062 

8X167 

8.0/2 

8,0// 

8.082 

8.058 

3 

-i 

RWi 

8098 

8,103 

8HW 

8.111 

8.118 

8.12) 

8.178 

8.133 

8.138 

8.14} 

6.148 

6.1 S3 

6.156 

8.161 

8.166 

8.173 

8.1/8 

8.183 

8188 

5S 

6 

fiioi 

fim 

8,703 

8 706 

8713 

8316 

8,773 


8,2)3 

8238 

fi?44 

0 747 

8,757 

8757 

8i62 

8367 

H.772 

«i;/ 

BJ8/ 

8.786 

7 

fi?91 

8,2% 

8301 

8«tt 

8311 

8-316 

«17il 

8,1/5 

8..31U 

8.335 

fl 

fl}4f| 

8344 

8349 

8 454 

8359 

6.363 


8,3/3 

8..3;8 

8352 

9 

8.5B7 

8.392 

8J57 

6.401 

8.406 

8.411 

0.41b 

8/1/0 

8,4/5 

8.430 


8434 

8439 

8444 

8443 

8453 

8.458 

8,46? 

8467 

8.47? 

8.476 

i 


84% 

y,.m 

h4‘1S 

8.499 

8.504 

K,Si») 

8,513 

8.M8 

8.S22 

7 

8 977 

8S37 

8 536 

8 541 

6345 

8350 

8,S54 

8359 

8.5(r4 

SJ68 

3 

«474 

8 57/ 

8,587 

K58A 

8391 

6.595- 

OMNI 

8(414 

H.fxr) 

6.613 

4 

8.418 

8672 

8,627 

8.611 

8.636 

8.640 

m'i 

m) 

6.653 

SXiS 

nis 

fiW 

8,087 

8071 

8676 

8.6S0 

8655 

Rffi? 

8,693 

8.698 

8.HI2 

fi 

8707 

8711 

8715 

8770 

8.724 

8779 

871) 

8737 

8747 

8,746 

7 

«7in 

8755 

8759 

8 763 

87W 

8.772 

87/6 

8781 

8,7113 

8.789 

fi 

fi794 

8798 

8 807 

8 807 

8.611 

8815 

8819 

fi,«24 

8,8711 

8.832 

5 

6,837 

8.641 

6,845 

6.649 

8^54 

6.856 

b.W2 

8.866 

8.871 

6,573 

n 

8,879 

8 803 

8 887 

8897 

8696 

&90Q 

ROM 

8,W 

8,913 

8,917 

1 

8971 

8,975 

8 97V 

8,944 

8938 

8.942 

8W 

8 950 

8,953 

8.959 

2 

R%} 

8%7 

«,971 

8075 

8.979 

8.984 

89% 

R.y)? 

8,9% 

9 MO 

■i 

9804 

9(818 

y.(ii/ 

9016 

9.021 

9.025 

9079 

91131 

9,037 

9.041 


9.W5 

9.049 

9.033 

9J>>7 

9061 

9.065 

9.069 

90/3 

9.073 

9,032 

75 

90% 

9090 

9094 

9 098 

9107 

9.106 

9110 

9114 

9118 

9.122 

6 

9.1 70 

9,11(1 

9,134 

9,448 

9.142 

9.146 

9)50 

9,154 

9.158 

9.162 

7 

V,(% 

9170 

9174 

9 478 

9.182 

9.185 

y.ifi? 

9,193 

9197 

9701 

8 

9,209 

9,7(19 

9,714 

9717 

9.221 

9325 

"779 

9 733 

9 737 

9 740 

9 

9J44 

9i48 

yj52 

9J56 

m 

9364 

W68 

9i72 

m 

9.279 ■ 

80 

9.280 

9,707 

9291 

9.795 

9399 

W02 

9307, 

9310 

9314 

WIB 


9.372 

9 '426 

9 379 

9,333 

9337 

9341 

9)45 

9 348 

9 357 

9.356 

2 

9.3MI 

9,3M 

9,'4(i1 

9.4/1 

9,3/5 

9.379 

9 381 

9,586 

M9D 

9.394 


9,W« 

9,4«? 

V,4\h 

9,44H 

9.411 

9.417 

94/11 

9,474 

9478 

9.432 


9.4}} 

9,439 

9.443 

9.447 

9.450 

9.454 

9.438 

9.462 

9.465 

9.469 

85 

9,478 

9,476 

94M3 

9,4M 

9.468 

9.491 

94% 

9 499 

9 50? 

9.506 

6 

WIU 

9,513 

9,517 

9,5/1 

9.524 

9328 

95)7 

9515 

9 5)9 

9.543 


9.M6 

9,550 

9 554 

9557 

9SM 

9365 

9 568 

9 5// 

9 5/6 

9.579 


9.J83 

V,5W, 

9,5911 

9 594 

9.597 

9.601 

96115 

9.608 

9.612 

9.615 


wiy 

y,bU 

9.626 

9A3U 

9A31 

9317 

9, Ml 

9,644 

9.648 

9,651 

90 

9,655 

9,658 

9667 

9,6W 

9.669 

9373 

9676 

96W) 

9 7/13 

9.687 



9,694 

y,696 

9./(l| 

9.705 

9.708 

9/17 

9,715 

9.719 

9.722 



9.729 

y,/43 

9746 

9.740 

9.743 

9/4/ 

97511 

9 734 

9.758 


9.;oi 

9,/M 

y./6a 

9.7/1 

9.775 

9.778 

9,787 

9,783 

9 789 

9.792 

4 


9,799 

y,6U3 

9.Ub 

9.810 

9ai3 

9.817 

9.821) 

9.824 

9,827 

95 

9.830 

9.834 

9,837 

9 841 

9.B44 

■ 9.848 

91131 

9833 

98311 

9:851 



9.668 

9.8/2 

9A/5 

9W9 

9.882 

9,885 

9,889 

9897 

9.8')& 

7 


9.9112 

y.yi)6 

9,91N 

9.913 

9.916 

9919 

9,973 

9976 

9,930 



y.94h 

9.940 

9.943 

9946 

9.950 

9933 

9,936 


9.963 

100 

10.00 

y.y/(j 

9.9/3 

9.9/7 

9.980 

9.903 

9.987 

9.990 

9.993 

9.997 


oi kblo'*fse^o'p THREE placca in N requires moving it ONE pkeo in body 
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TEBEB-HALVES POWERS OP NUMBERS (see also p. 20), 


?if. 


1 

.: 8 

. 3 


6 

6 

7 


9 

MB 

1. 

1.000 

-1.154 

13)5 

1487 


1737 

7 074 

1217 

2415 

2,619 

183 

'2. 

2.B23 

• ' 3.043 

3,763 

3411H 

3716 

• 3.953 

4.192 

4.4-V/ 

4685 

4 939 

732 

3, 

5.196 

■' 5.458 

5774 

•5995 

'6269 

•6548 

6.831 

7117 

7.408 

7.702 

7WI 

4. 

aooo 

,8.302 

&607 

6912 



9.866 

10190 



313 

1 







1D.I9 

10,52 

10.85 

33 

G. 

1I.IB 

•1102 

im 



1190 

13.25 

13,61 

13,97 

14,33 

35 

f> 

14.7D 

. 15.07 

15.44 



. 1677 

1696 

1734 

1773 

181'/ 

'5H 

7. 

I8i2 

18.92 

19,37 



ai.54 

20.95 

7137 

71 78 

77711 

41 

R 

2163 

■ 23.05 

7348 


2475 

24.78 

25.22 

75 66 

7611 

76 56 

44 

9. 

27.00 

: ,27.45 

27.90 

2876 

28i2 

• 2928 

29.74 

30,21 

30.68 

31.15 

46 

10. 

31.62 

• 3110 

37 3R 

'3306 

33J4 

34.02 

34.51 

35 00 

3549 

3599 

49 

1, 

36.48 

36,98 

37.48 

37.99 

38.49 

39.00 

39,51 

40.02 

40 53 

41 05 

51 

2, 

41,57 

42.09 

4161 

4314 

43.66 

'44.19 

44,7-1 

45 76 

4579 

4633 

5'5 

3, 

46,87 

1. 47.41 

47.% 


49.05 

^ 49.M 

50,15 

50.71 

51 76 

51 82 

55 

4. 

523B 

■ 52.95 

53Jil 

54210 

54M 

552! 

55.W 

5676 

56.94 

52,51 

52 

IB. 

58.09 

' 58,68 

5976 

59 85 

60.43 

61.02 

61.62 

62,21 

67 80 

63 40 

59 


64.00 

64.60 

6570 

65il 

6641 

am 

67.63 

6825 

6886 

6948 

61 


7Gm 

70.71 

;i.J3 


7158 , 

73,21 

73.84 

744/ 

25.111 

7573 

64 


76,37 

77.00 

77.64 


78.93 

79.57 

80,72 

(«),87 

81.51 

82.12 

65 

9. 

8132 

•• 83.47 

04.13 

84JV 

8S.4S 

86.11 ' 

86,77 

8M4 

88.10 

88.77 

.66 

:o. 

89.44 

M.f( 

W,79 

91,46 

9114 

9272 

W,5. 

W.18 

94,86 

95.55 

,•68 

i. 

9613 

96.92 

97A1 

9870 

99.00 

99.69 

10078 



69 

1 





1004 

101.1 

101.8 

102.S 

7 

7 

103i 

1C3.9 

1M6 

1053 

1060 

1062 

1014 

1082 

1118.9 

109.6 

7 

3.' 

IIOJ 

ni.e 

1117 

1125 

UM ' 

113.9 

114,6 

115,4 

116,1 

11621 

7 

4. 

117.6 

1183 

im 

11921 

1205 

1217 

122.0 

122.8 

1237 

124.3 

7 

SB. 

1750 

115 8 

1765 

1273 

1282) 

128J 

129,5 

130,3 

151.(1 

131,8 

ft 

6, 

132.6 

1333 

1341 



1364 

137,1 

138,0 

138,2 

139.S 

ft 

7,' 

140.3 

141.1 

1419 

1426 

143.4 

1442 

1450 

145.8 

146.6 

147.4 

ft 

«. 

1482 

149,0 

H98 

1505 

1517 

1511 

153,0 

I5-J.8 

154 6 

1554 

ft 

9.' 

1567 

157,0 

J52A 

I5I12> 

159.4 

1602 

161.9 

161.9 

162J 

I6'3.5 

B 

80.' 

1643 

165.1 

166.(1 

166ft 

167A 

168.4 

1697 

170,1 

170,9 

17I.R 

8 



173.4 

1743 

1751 


176.8 

1776 

178,5 

129,3 

180.2 

8 

2. 


181.9 

1677 

IH36 

184.4 

.1857 

mi 

187,0 

182,9 

18H7 

9 

3. 


190.4 

1913 

1972 

19321 

193.9 

194,8 

195.6 

196,5 

197.4 

9 

4,- 

1983 

199.1 

20U.0 

200.9 

2017 

2816 

2037 

201.4 

2057 

206.2 

9 


207.1 

208.0 

708ft 

7097 

2107 

2117 

717 4 

713,3 

2142 

715,1 

9 


216.0 

216.9 

2170 

216/ 

2197 

Z2(L5 

7214 

272.3 

223 2 

224.2 

9 


225.1 

226.0 

226.9 

27721 

22SJ 

2297 

230.6 

231,5 

2'i7,4 

2'33.'4 

9 


2347 

2357 

•7161 

7370 

238X1 

238.9 

239.8 

7411, « 

741,7 

742.6 

9 

9,'. 

24}i 

2443 

245.4 

246.4 

2477 

2487 

2491 

250.1 

251.1 

252,0 

9 

40.; 


233.9 

7.54,9 

755 ft 

2568 

257.7 

7.58,7 

259,7 

260.6 

7616 

10 


263.5 

■/M,5 

265.4 

266.4 

267.3 

263.3 

269, -3 

•221)'/ 

7712 

III 



273.2 

774,1 

275.1 


277.1 

278.0 

2/9,0 

280.0 

281.0 




• 283.0 

7839 


285.9 

2B&9 

287.9 

•m9 

V8U9 

290,9 


4.' 

291.9 

■ 2919 

293.9 

294.9 

W.9 

296.9 

297.9 

298.9 

299.9 

300.9 

lU 


301.9 , 

302.9 

3039 

3049 

305.9 

306.9 

307.9 

3nfi9 

3100 

3110 

10 


312,0 , 

3130 

•314, « 

31511 

3161 

3171 

318.1 

3191 

3'/ft7 

•521 2 

lU 


3227 

3237 

•374.3 

375 3 

3263 

327.4 

328.4 

3794 

330 5 

•531 5 


8.' 

3315 

3333 

3'M6 

,435.7 

336J . 

3377 

338.8 

3399 

340.9 

•342(1 


V.' 

3430 

344.0 

345.1 

3462 

3427 - 

3487 

3497 

350.4 

351.4 

3527 

11 


This tablo gives from if «> 1 to if " 100. Moving the decimal point TWO 
places ia N require moving it 'i ri Ttti'-R places ia body' of table. Thus: 

; (7.23)5^ = 194€; (723.)5i = 19440; (0.0723)^* ■» 0.01944 

(72.3)^.^ = 614.8; _ (7^?t“JIU8OT; _(072_3)?^=0,G148 

DsedSnTenely.iablQjpvesJtf^from'iif-* ltoif=1000. Thus: ,(0.6148)^ = 6.7230. 











THRES-HALVES powers (continued) (SconUop. 20) 
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SECIPBOCALS {coniimcd) 


N 

0 

1 


3 

4 


C 



9 

1,5Q 


.M,62 

,(A5R 

6651 

.6649 

m 

3640 


,W.11 

.mi 

.6623 

.6618 

,6614 

.66W 

.6605 

m 

.6595 

m. 

,6)83 

.6533 


.6579 

.6575 

.6571) 

,6566 

.6562 

3557 

.6551 

,(.549 

,6145 

.6540 


.6536 

.6532 

657/ 

65/1 

.6519 

3515 

.0510 

.CWl. 

.611(2 

.6475 

4 

.6494 

.W69 

.6431 

.6481 

.6477 

A472 

.6463 

.6464 

,64UJ 

.6456 

1.65 

645? 

.6447 

,6441 

6419 

.6435 

A4}i 

.6427 

,f>471 

.6418 

.6)414 

.6410 

.6406 

6411/ 

61‘/.5 

.6394 

A390 

.6186 

,M,S7 

,61/8 

.6373 

1 

6169 

.6365 

6161 

6157 

.6353 

AJ49 

.6345 

.6141 

,611? 

6?1) 

e 

6179 

.6325 

,61,'l 

6117 

.6313 

3307 

.610) 

,611)1 

,6297 

.6273 

9 

.6289 

A28S 

.6281 

.62/7 

.6274 

3270 

3266 

.62ti2 

.6234 

A154 

1.60 

6?5n 

.6246 

,674? 

6’1S 

.6234 

.6231 

.6227 

,6771 

,6719 

,6715 

1 

6711 

.6207 

,6/111 

67t«> 

.6196 

.6192 

.6158 

,6IH4 

,618/1 

,617/ 

2 

61/1 

.6169 

6165 

.6161 

.6158 

.6154 

.6150 

.6146 

,6141 

61V) 

3 

6135 

Am 

MV 

.6124 

.6120 

.6U6 

.6112 

6117) 

,6I0> 

.6K11 

A 

.6098 

.6094 

.m 

.6086 

.6083 

m 

.6075 

.611/2 

.6069 

,6I>^ 

1.66 

W)61 

.6057 

.6020 

M151 

rm 

.6046 

.(4M2 

.«19 


.fJlII 

6/178 

ft 

,60/4 

Ml 

//111 

.6010 

.m 

3*52 

,S'iW 

.V^ll 

,6^)2 

7 

m 

3984 

,5981 

59/7 

.5974 

.5970 

.5967 


,5919 

,5'116 

R 

,5952 

3949 

.5945 

5947 

3938 

3935 

.59)1 

,50?R 

3924 

3921 

9 

iiu 

3914 

3910 

m 

3903 

3900 

3876 

389) 

38S'/ 

3886 

1.70 

.m 

3879 

,5875 

5S7? 

.5869 

3834 

.5865 

.5862 

,5818 

5855 

5851 

1 

,5848 

3345 

,5841 

6(t1H 

.58)1 

.5828 

,'.874 

,5871 

,5817 

7 

.5814 

38(1 

5WI7 

V4>4 

3800 

3797 

3794 

,57'H) 

,5787 

57M 

3 

5780 

,5777 

,5'//4 

57/il 

3767 

.5764 

,5?f/i 

,5717 

,5754 

.5750 

4 

j747 

3744 

.5741 

3737 

3734 

37)1 

3727 

3724 

3721 

3718 

1.76 

.5714 

3711 

,5708 

5705 

3701 

3699 

3695 

869? 

,568.8 

.5685 

6 

,5602 

3679 

.5675 

567/ 

.5669 

3666 

.m 

W> 

,56W. 

.5651 

7 

.5650 

.5647 

,5641 

5640 

3637 

3634 

3611 

,5677 

,1674 

.56-21 

8 

.5618 

3615 

,‘4.1? 

5/4Vt 

3605 

.544)2 

3597 

SS% 

5591 

,51911 

9 

.5587 

.5553 

3580 

3577 

3574 

3571 

.5568 

3565 

.5562 

3559 

1.60 

.5556 

,555? 

,5549 

5546 

5543 

3549 

,5517 

,5514 

551! 

,5578 

1 

.5525 

,5577 

,5519 

5516 

,5511 

3510 

.5507 

,58IM 

.561)1 

,549.8 

2 

i495 

.5491 

S4KS 

54H5 

3482 

3479 

3476 

.5471 

,54/0 

.5467 

■i 

.5464 

3461 

.54VI 

5456 

,5451 

.5450 

5447 

3444 

,5441 

.5438 

4 

Mii 

3432 

.5429 

3426 

3423 

3420 

.5417 

.5414 

.5411 

3404 

1.85 

.5405 

.5402 

,5400 

5197 

3394 

3)91 

51M 

5185 

.518? 

,5179 

6 

.51/6 

3373 

,51/1 

5V41 

3365 

3362 

3359 

,5116 

,6161 

,5310 

7 

J348 

3345 

,514/ 

*.119 

3336 

333) 

3330 

,51/H 

,6in 

.51?? 


3319 

3316 

5111 

51H 

3309 

3305 

3302 

,5/W 

,6W 

3294 

9 

3291 

3255 

.5285 

3283 

3280 

3277 

.5274 

3271 

,526V 

3266 

1.90 

3263 

,5260 

,5258 

.5755 

3252 

3249 

3247 

,5744 

,5741 

5718 


.5236 

3233 

,52111 

577/ 

3225 

3222 

.5219 

,6716 

6/14 

3211 



3206 

.5/111 

,57IHI 

3193 

3195 

3192 

6189 

.618/ 

3164 


3131 

3179 

.51/6 

5171 

3171 

3169 

3165 

,6163 

.51f41 

3157 


3155 

3152 

3149 

314/ 

3H4 

3141 

3139 

3136 

313) 

3131 

1.S5 

3128 

3126 

,5171 

,5I7[1 

5118 

3115 

3112 

,6iin 

5107 

.5105 

6 

3102 

,5099 

,51N/ 

.5094 

3092 

3089 

.5036 

,50,44 

3031 

.5079 


3076 

3074 

,5071 

M)I41 

3066 

3063 

.5061 

,51168 

,61)66 

.505) 



.5048 

,51145 

5041 

3040 

.50)8 

.5035 

.1011 

,600) 



3025 

.5023 

.5t)2U 

.5018 

3015 

3013 

.5010 

.5003 

31X15 

3003 


the decimal point in dthcr ^ccctioa in If tcciuirca mo^K it la the OPPO* 
oilii dimction in body of table (sco p. 2iQ. 





^6 UATBEUATICAL TABLES 


BiBCIPBOCALS (coRttnvoO 


N' 

0 

: 1 

. 


4 


6 

7 


9 

Uilj 

,<■3 



.4975 

4951) 

4976 

.4902 

.4878 

.4854 

,4811 

,4808 

,4785 

-24 




.4/12 

.4695 

3673 

.4651 

/463D 

4608 

4587 

4566 

-71 



.4525 

4505 

.4484 

.4464 

.4444 

.4425 

.4405 

4W 

,4167 

-'70 

3 



4110 

,4792 

.4274 

.4255 

.4237 

,4219 

,4707 

.4184 

-18 

4 

.4167 

.4149 

.4Ui 

.4115 

.4098 

.4082 

.4065 

.4049 

.4032 

.4016 

- 17 




WiO 

.1951 

3937 

3922 

3906 

3891 

3876 

3861 

-15 



3831 

.3817 

3802 

3788 

3774 

.3759 

,1745 

1711 

,'1/(7 

-(4 



.3690 

,1676 

.1661 

3650 

3616 

3623 

1611) 

1597 

,'1584 

-t'l 



3559 

1546 

3534 

3521 

3509 

3497 

,1484 

14/7 

3460 

- I'2 

9 

J448 

3435 

3425 

3413 

3401 

3390 

3378 

336/ 

3356 

3344 

- 12 



3322 

nil 

.iKin 

3289 

3279 

3268 

,1757 

1747 

,1716 

-M 



3215 

1706 

,1195 

3185 

3175 

.3165 

,1155 

3145 

,1115 

- Ill 



3115 

3106 

3096 

3086 

3077 

3067 

3058 

1049 

,li)4(l 

- Ill 




3012 

3001 

2994 

2985 

2976- 

.2967 

7959 

7950 

-9 


i94l 

2933 

2924 

291S 

2907 

2899 

2890 

2882 

2874 

2365 

-8 



2849 

.2841 

7*11 

2815 

2817 

.2809 

,7801 

.7.791 

7786 

-8 




.7762 

,7755 

2747 

2740 

2732 

.7.725 

.7/17 

7710 

-8 




,7M» 

7681 

2674 

.2667 

.7560 

,7h51 

.1646 

7619 

-1 



.2625 

,7618 

.2611 

2604 

2597 

.2591 

.2584 

7577 

2571 

-7 

9 

0364 

2558 

2551 

2545 

2538 

2532 

.2525 

2519 

2513 

2506 

-6 


.lino 

2494 

.7488 

,2481 

2475 

2469 

,7461 

,2457 

,2451 

2445 

-6 

1 


,7411 

,2427 

.2421 

2415 

2430 

2404 

7198 

719/ 

,'2187 

- 

7, 

,?1SI 

.2375 

.7170 

7164 

2358 

2353 

2347 

,2342 

7116 

,7,11! 

-6 


,2176 

2320 

,7115 

,2109 

,2104 

2299 

2294 

7788 

7781 

7778 

-5 

4 

.2273 

.1268 

2161 

2257 

2252 

iQ« 

22« 

,'223'/ 

2232 

,2222 

-5 

4.6 

2222 

2217 

,7712 

m 

2203 

2198 

.2193 

2188 

.2181 

,2179 

-5 

A' 

.2174 

.ll» 

,2165 

.2I6U 

2155 

2151 

2146 

7141 

,2117 

.2112 

-S 

7 

.212S 

.1121 

,2119 

7114 

2110 

2105 

2101 

.2096 

21192 

.2088 

-4 


,2IW1 

.2079 

,70/5 

.20/U 

2066 

2062 

.2058 

'2051 

7IM9 

7045 

-4 

9 

.2041 

2037 

2033 

2U28 

2024 

2020 

.2016 

2012 

.2008 

.2004 

-4 


l/t * 0.318310 l/« * aS67870 


Ezplaaa.tion of T&ble of Bociprocals (pp. 24-27). 

ThU table gives the values of 1/W for values of ^ from Ito 10, eorreet to four fieures. 
(Interpolated values may be in error by I io the fourth SgureO 
To find the reciprocal of & number N outside the range from 1 to 10, note 
that moving the decimal point any number of places in either direction in column N 
(s equivalent to moving it the same number of places in the opposite direction in the 
oody of the table. For example: 

siii ■ ^ mm “ 
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RKCIPROCAIS (coflimuffO 



' 0 ' 

1 



4 

5 

6 


8 

9 



.1996 

1997 

19S8 

.1984 

.1980 

.1976 

,197? 

.1969 

.1965 



.1957 

1951 

1949 

.1946 

.1942 

.1938 

.1914 

.19/1 

.192/ 



. .1919 

,1916 

1917 

.1903 

.190$ 

.1901 

.1898 

.1894 

.I8“0 


.1687 

;1883 

.IhKl 

.m 

.1073 

.1809 

.1868 

.1882 

.1859 

.1855 

.4 

.1852 

.IS4S 

.1845 

.1842 

.1833 

.183$ 

.1832 

.18/8 

.1825 

.1621 



.1615 

.1817 

mi 

.1805 

,1802 

.1799 

,1795 

.1792 

,1769 


.1766 

.1783 

,1779 

tV/6 

.1773 

.1770 

.1767 

,i;m 

.1/61 

,1757 


.1754 

.1751 

1/48 

1745 

-1742 

,1739 

,1736 

.l/,U 

.I//U 

.1//7 


.1724 

.1721 

i;iH 

,1715 

.1712 

.1709 

.1705 

,17114 

.l/UI 

.1698 

.9 

.1655 

.1692 

.1689 

.1636 

.1634 

.1681 

.1675 

.18/5 

.1672 

.1669 


1W7 

.1664 

1W,1 

16M 

.1656 

.1653 

.1650 

,1M7 

.1645 

.1642 

,1 

.1639 

.1637 

.1614 

,1631 

.1629 

.1626 

.1623 

.1871 

.IMfi 

.1616 


.1613 

.1610 

,lWiH 

1«15 

.1603 

.1600 

.1597 

1595 

,1597 

,IVi) 

J 

.1587 

.1555 

158? 


.1577 

.1575 

.157/ 

,I5?|1 

,1567 

.1565 

.4 

.1563 

.1560 

:I558 

.1555 

.1553 

.1550 

.1545 

.1546 

.1543 

.1541 

(.B 

.1538 

,1536 

.1514 

,1531 

.1529 

.1527 

.1574 

157? 

,1570 

,1517 

f, 

1516 

,1511 

.15U 

m 

.1505 

.1501 

.1502 

.UM 

,U9? 

.1495 

,7 

.1493 

.1490 

.1413 

I486 

.1464 

.1481 

.1479 

,1477 

,1475 

.1471 


.1471 

.1463 

,146,6 

,14(4 

.1462 

.1450 

.1455 

.145/. 

,1453 

,1451 

.9 

.1449 

.1447 

.1445 

.1443 

.1441 

.1439 

.1437 

.1435 

.1433 

.1431 

T.O 

.1429 

.1427 

,1475 

1472 

.1420 

.1418 

.1416 

.1414 

.1412 

1410 


,1 411.5 

.1406 

,1404 

1401 

.1401 

.1399 

.1397 

,1195 

,1195 

.1191 

,? 

.1369 

.1387 

,1185 

,1183 

.1381 

.1379 

.1377 

,1178 

1174 

.1172 

A 

.117(1 

.1368 

,IV>6 

1164 

.1362 

.1361 

,IW 

1157 

,1355 

,1151 

A 

.1351 

.1350 

.1348 

.1348 

.1344 

.1342 

.1340 

.1539 

.1337 

.1335 

7.6 

.1333 

,1332 

,1110 

,1128 

.1326 

.1325 

.1171 

1171 

1119 

,1118 

.6 

.1316 

,1314 

.111? 

,1111 

.1309 

.1307 

.1101 

.I’M 

,1102 

,1100 

.7 

.IW 

,1297 

1795 

1794 

.1292 

.1290 

.1289 

,1/87 

l/Kl 

,1764 

.K 

.1267 

.1260 

,1?7'l 

177/ 

.1276 

.1274 

.1272 

1771 

1769 

,1767 

.9 

'.1266 

.1264 

.1263 

.1281 

.1259 

.1253 

.1256 

.1255 

.1253 

.1252 

6.0 

.1250 

J248 

1747 

1245 

.1244 

.1242 

;1241 

1719 

1711 

.1236 

.1 

.1235 

.1233 

,1717 

1230 

.1229 

.1227 

.1225 

1/74 

P7? 

1771 


.1229 

.1216 

.1717 

1715 

.1214 

.1212 

.1211 

1709 

17(H 

.1206 

.3 

.1205 

.1203 

.1711? 


.1199 

.1193 

.1196 

,1195 

1191 

,119? 

.4 


.1189. 

.1188 

.1186 

.lies 

.1183 

.1182 

.1181 

.11/9 

.1178 

8.6 

•.1176 

.1175 

,1174 

,1172 

.1171 

.1170 

;1I6S 

1167 

1165 

.1164 

.6 

.1163 

.1161 

.11611 

,1159 

.1157 

.1156 

.1155 

,1153 

1157 

,1151 

.7 

.1149 

.1148 

.1147 

1148 

.1144 

.1143 

.1142 

1)411 

' ll'!9 

.1135 


.1135 

.1135 

,1114 

.1133 

.nil 

.1130 

.1129 

.117/ 

11/8 

,1178 

.9 

.1124 

.1122 

.1121 

.1120 

.1119 

..1117 

.1116 

.1115 

.1114 

.1112 

6.0 

.1111 

.1110 

1109 

1107 

.1106 

.nos 

.1104 

.1103 

1101 

.1100 

. 1 . 

.1099 

.1098 

1(1% 

\m 

.1094 

.1093 

.1092 

,1091 

,1(W9 

.1053 


.1087 

.1086 

11185 

1I1H4 

-.1082 - 

'•.lost 

.1030 

1079 

1()'/H 

.1076 


.1075 

.1074 

,111/4 

10/2 

.1071 

.1070 

.1068 

.mi 

,11)88 

1065 


.1064, _ 

.1%3 

.1082 

.1080 

.1059 

.1058 

.1057 

.11/58 

,lU5i 

.1054 

6.6 

.1053 

.1052 

,1050 

1049 

.1048 

,1047 

'.1046 

1045 

1044 

,1041 

' .6 

.1042 • 

.1041 

.111411 

KMK 

.1037 

.1036 

- .1035 

1014 

mil 

III)? 

.7 


.1030 

,H)79 

I07« 

.1027 

.1026 

.1025 

,11)74 

11!// 

.10/1 



.1019 

.lUIH 

■1017 

.1016 

- .1015 

.1014 

.11111 

11)1? 

,1(11) 


.1010 

,1009 

.1008 

.100/ 

.1006 

.1005 

.1004 

.iWi 

.100? 

.1001 


Moving the decimal pointin either direction requires moving it in the OPPOSITE 
Quection m body of table (aco p. 26 ). 






28 UATSEMATICAL TABLES 

CIECUMFEEENCES 0? CIECIES Bt HtJNDBBDTHS 


(Fn cbcmsfcRaces byejgbtbs, sec p, 32) • 


D 

0 

1 


3 

4 


6 



9 



3.173 

37W 

3756 

3367 

•3399 

3530 

3,367 

3,393 

3474 






3JBI 

3iI3 

3.644 

3676 

3'/l); 

3738 


3.770 

3.801 

3H33 

3864 

3.096 

3.927 

3.958 

3.99D 

41171 

41153 


4.094 

4.115 

41*7 

4178 

4310 

4341 

4.273 

4.3IM 

4335 

4367 

.4 

4.393 

4,430 

4.461 

4.492 

4J24 

4555 

4.387 

4.618 

4.650 

4.681 



4744 

4.773 

4807 

4J38 

4369 

. 4.901 

4.932 

'4964 

4.995 




51189 

5171 

5.152 

5.184 

5,;i5 

5 ’46 

5278 

6,3119 




5.41)4 

5 435 

5.466 

5.498 

5529 

5 561 

5592 

■5 623 



5.686 

5.711 

5749 

5381 

S3(2 

5.843 

5875 

5,906 

6,938 

.9 

5.569 

6.0D0 

6.032 

61163 

6.095 

6.126 

6.158 

6.189 

6.22D 

6.232 


6.2fl3 

6,315 

6346 

6377 

6.409 

6.44(2 

6.472 

6,503 

6 335 

6566 


6.597 

6.629 

6 660 

669? 

6.723 

6354 

6.786 

6817 

6.849 

6.880 


6.912 

6.943 

6W 

7IUI6 

,7.037 

7.069 

7,1(«) 

7.131 

7163 

7 m 


7.126 

7,257 

7788 

7 3711 

7351 

7583 

7,414 

7446 

7 4'// 

7 6118 

.4 

7J40 

7571 

7.603 

m 

7.66$ 

7397 

7.728 

■/M 

7.791 

7.823 


7.854 

7,885 

7,917 

7,948 

7.980 

0.011 

e.D42 

8074 

8,10$ 

8137 


S.168 

R?m 

8,731 

8,267 

8.294 

8525 

m 

8388 

8419 

8451 


6.432 

8il4 

8.545 

H.577 

8.608 

8339 

8.6; 1 

8,71)2 

H,/'34 

8,765 


6.796 

8H7R 

8,859 

K.H9I 

8.922 

8.954 

8.985 

9,016 

9,U4B 

9,1)79 

.9 

9.111 

9.142 

9.173 

9.2()5 

9336 

9.^ 

9.299 

9,331 

9562 

9J93 


9.425 

9456 

9,488 

9,519 

9i50 

9582 

9313 

9645 

9 676 

9.7tW 


9.739 

9,770 

9.802 

9^33 

9365 

9396 

9.927 

9.959 

9.990 

10022 


(C,0S 

10.08 

tO.ll 

10.15 

(0.18 

1031 

10,24 

111 77 

10.30 

10:54 


1037 


10.43 

1046 


1052 

10.56 

10 59 

1062 

Il).6$ 

.4 

10.68 

l(J.7l 

10.74 

10.78 

mi 

1034 

10.87 

10.90 

10.93 

IU.96 

3.6 

11.00 

11.03 

11,06 

11.09 

11.12 

11.1$ 

11.18 

11.22 

11,2$ 

11,28 


11.31 

1134 

11,57 

i1.4U 

11.44 

11.47 

11.51) 

11.33 

II.$6 

1159 


11.62 

11.66 

11,69 

1132 

1135 

1138 

(1.81 

11.84 

1I.KH 

11.91 


11.94 

11.97 

U4K( 

12.03 

1206 

1310 

12.13 

1216 

12.19 

1222 

.9 

12.25 

12.28 

1232 

1235 

1236 

1141 

1144 

12.47 

12.50 

12.53 


12.57 

12.60 

1765 

12.66 

1269 

1232 

1275 

17,79 

17,82 

12,85 


12.68 

12.91 

1794 

12,97 

13.01 

13.04 

1307 

13.10 

I'3.I3 

13.16 


13.19 

13.23 

13 76 

n,?9 

1332 

1355 

1338 

13.41 

134$ 



13.51 

rv54 

1157 

1560 

13-63 

1337 

1370 

13 73 

13 76 


A 

IW 

}W 

m 

fXfS 

ms 

23.M 

U.0/ 

14, W 

/4W 

14.11 


ilU 

U.I7 

14.20 

f473 

2436 

14.29 

743? 

14.36 



.6 

14.45 

14.48 

1451 

1455 

14.58 

14.61 

14.64 

14.67 

1471) 

M/3 

,7 

14.77 

14.80 

1483 

I486 

14^9 

14.92 

14.95 

14.99 

l$l)2 

15i)5 

.5 

15.08 

15.11 

h,l4 

1517 

15.21 

1534 

1577 

15.311 

1$'33 

1536 

.9 

15.39 

15>3 

15.46 

15.49 

1552 

1552 

1558 

15.61 

15.65 

15.68 


Explanation of Table of CircumfOTences (pp. 28-29} 

Th'S tabk giTcs tbeprodnetofi times any ugmbcrX) from I to 10; tbatisi it is a tabls 
oi multiples of T. {D « diflioeter.) 

bloviag the decimal point ons place in column D b equivalent to tBoviog it od* 
place in the body of the table. 

Ciroumference X diam. ■ 3.141593 X diam. 

Conversely, ' ' ' ' 



MATHEMATICAL TABLES 


29' 


CIRCUMnRENCES BT HUNDREDTHS (coii^mwccO 


D- 

0 

1 

2 

3 

< 

8 

0 

7 

8 

0 




15.74 

1577 

1580 

15.83 

15.87 

15,90 

15.93 

I5,% 

15,99 

3 



16.05 

16(13 

161? 

16.15 

16.18 

1611 

16.24 

16,27 





' (637 

1640 

(643 

16.46 

(6.49 

(6,52 

(6.56 

M59 

(6.62 




16.68 

1671 

1674 

16.78 

16.81 

16.84 

16.87 

16.91) 

16,93 


A 

16.96 

17.00 

17.03 

17.06 

17.09 

17.12 

17.15 

17.18 

1712 

1215 




1731 

1734 

173? 

1740 

17.44 

17.47 

17.50 

17.53 

17.56 




17.62 

1766 

1269 

1712 

1775 

17.78 

17.HI 

17 H4 

12, W 




17.94 

17,97 

1800 

18.03 

16416 

I8.ID 

IK.I3 

1816 

18.19 




1615 

IH7H 

1837 

I83S 

1858 

18.41 

1844 

1847 

18.50 


.9 

1834 

1837 

18.60 

15.63 

18.66 

18^9 

18.72 

18.;6 

18./ 9 

18.82 



13.85 

18.88 

1891 

1894 

18.93 

19.01 

19,04 

19.07 

19.10 

19.13 




19.20 

1971 

1976 

1919 

19.32 

19.35 

19, 3H 

19.42 

19.45 



19.48 

1931 

19 54 

19 57 

19.60 

19.63 

19.67 

19, ,1) 

|9/J 

I9./6 




19,82 

(985 

(989 

(9.92 

19.95 

19.98 

79(11 

7/1 (M 

mi/ 


■A 

20.11 

20.14 

20.i; 

20.20 

2013 

20.26 

20.29 

20.33 

20.36 

20.39 


6.S 

20.42 

20.45 

20.43 

70 51 

70 55 

20.58 

20.61 

71) M 

7067 

20,70 



20 73 

20,77 

70 W1 

70 81 

20.86 

20.89 

20,92 

7(1,95 

'7I)W 

71.02 


,7 

?Ifl5 

21.08 

71.11 

7114 

71 17 

2111 

21.24 

71,77 

71 V) 

7,1.33 



71% 

2139 

71,43 

21,46 

21,49 

21.52 

21,55 

21,58 

7161 

7.1,65 


.9 

21.68 

21.71 

21,74 

21.77 

2li<l 

21.8) 

21.67 

21.90 

21,93 

21.96 


7.0 

71 W 

7?fi? 

7705 

7707 

77,1? 

22.15 

22.16 

7771 

77, 74 

??,?7 


.1 

7731 

2234 

77 37 

77 40 

22.43 

22.46 

22.49 

n 53 

• 7? 56 

22,59 


.2 

77,6? 

22.65 

77 6H 

27 71 

72,75 

2278 

22,61 

??,84 

?(K7 

:7,'((1 


3 

77 93 

7797 

71,111) 

73(13 

7306 

23.09 

23.12 

•73,15. 

7118 

23,77. 


.4 

2315 

2318 

23.31 

2334 

mi 

23.40 

23,44 

23.47 

2330 

mi 


7.6 

■ 23,56 

73 59 

736?' 

73 M 

23.69 

23.72 

23,75 

7378 

7381 

7384 


.6 

73 68 

23.91 

71 94 

7197 

244)0 

24.03 

24.06 

7410 

7413 

74,16 


.7 

74 19 

24,2? 

24,25 

74,28 

24,32 

2435 

24.38 

7441 

74 44 

74,47 



74 3(1 

24,54 

74 57 

7474) 

24.65 

24.66 

24.69 

747? 

7476 

74 79 


.9 

24.82 

24.65 

,24.88. 

24,91 

24.94 

24.98 

25.01 

25.04 

25,07 

25.10 


8.0 

75 13 

.25.16 

752(1 

7573 

25.26 

25.29 

25.52 

7535 

7538 

754? 


•'i 

7745 

25,45 

?5,5I 

74,54 

75,57 

25.60 

23.64 

7567 

75?(J 

?V7) 1 


2' 

7776 

25.79 

25,87 

75,86 

25.89 

25.92 

• 25.95 

75 9K 

76 01 

7604 1 


3 

■tm 

.26,11 

76.14 

7(.17 

26.20 

2613 

26.26 

76 311 

763'3 

7636 


A 

2639 

26.42 

26.45 

26.48 

2632 

26.55 

2638 

26.61 

26.64 

76.6/ 


8.6 

7670 

26.73 

26,77 

7680 

26.85 

26.86 

' 26.89 

769? 

7695 

7699 



27.02' 

27.05 

'77 (W 

2/.tl 

27.14 

27.17 

2711' 

'// 74 

77 77 

77 311 ' 


V 

'//,33 

2736 

77,39 

77.43 

27.46 

27.49 

■ 27.52 

77 55 

-77 58 

?761'| 


3 

27.65 

, ' 27.68 

7;,/l 

77,74 

27.77 

27.80 

27,83 

7787 

77 911 

7793 ' 


.9 

27.96 

27.99 

28.02 

28,05 

28419 

20.12 

28.15 

28.18 

•2811 

7814 


9.0 

16,27 

28.31 . 

78,34 

7837 

28.40 

28.43' 

28,46 

7849 

78 53 

7856 



2839 

28.62 

2«,<.S 

28 6H 

2871 

28.75 

28.78 

7KKI 

?«,K4 

78 8/ 



28,90 

28.93- 

- 789/ 

29(10 

294)3 

29.06 

•29.09 

79,17 

7915 

■(9 16 


3 

29.22 

29.25 

7.9.28 

'/9 31 

2934 

-2937 

• 29.41 

■79 44 

79 47 

79 5(1 


.4 

29.53 

2936 

2939 

292,3 

29.66 

29.69 

29.72 

29,75 

29.78 

29.81 


9.6 

29.85 

29.88 

29.91 

79 94 

29.97 

■ ’304)8 

' '30,03 

3007 

3010 

3013 


.6 

30.16 

30.19 

■W,27 

31)25 

5018 

■ 3032 

30.35 

•3(1 •(« 

3041 

'5(144 



30.47 

3030 

3(1,54 

3i),s; 

30i0 

.3863 

30,66 

■31)69 

3(172 

3076 



m 

30.82 

3(1,85 

' 3(1,88 

3a9l 

30.94 

30.98 

31,01 

31 (M 

3107 



31.10 

31.13 

31.16 

3110 

5113 

3116 

3119 

31J2 

3135 

3138 


10.0 

31,42 












MoTinRthcdeolmal point ONE place in J> requires raovinE it ONE place in body of 
table (boo p. 28). 



iTATHBlIATICAL. TABLES 


A^AS OF CIRCLES BT BimC&SDTES - 


(For ere&S'lv dshths, Ees p: 32) ' 


d; 

0 

1 

a 

S , 

4_ 

S 

6 

_7 

,8. 

9 

'<:’9 

1.0 

0.785 

0.80! 

0817 

0833 

0.819 

0^ 

0.8S2 

11899 

0916 

0933' 

16 

.1 

0.930 

' 0,958 

U,9«S 

1.003 

lAZI 

Iil39 

. . 1.057 

1.0/5 ■ 

1.094 

1 117 

18 


I.13I 

1.150 

1.169 

IIKK 

120S 

1227 

1247 


1287 

1307 

70 


U27 

' 1346 

1388' 

1389 

1.410 

1.431 

1.453 

• 1,474 

1,496 

131/ 

21 

A 

1J39 

1561 

1384. 

.1.606 

I.^ 

IASI 

1.674 

1.697 

I.72U 

1.744, 

23 


1.767 

1,791 

1.815 

1.839 

1.863 

1887 

1.91 1- 

• 1236' 

1961 

|3S6 

24 

A 

2.011 

2.036 

2(181 

7087 

1112 

1138 

, 1164 

7,|0fl 

2,717 

2.243, 

26 

,7 

2.270 

.'••2.297 

7 374- 

7 351 

1378 

1405 

■ 2,433 

7.4M 

2.488 

7516' 

71 


1545 

2J73 

2.802 

2630 

1659 

1688 

2.717 

7746 

2776 

2.806 

29 

5 

2.835. 

2.865., 

2.K95 

1926 

1956 

1966 

3.017 

3.048 

3.079 

3.IIU 

31 


3.142 

3.173 

3.705 

3737 

3269 

3201 

3333 

3565 

■339R 

3 431 

32 

.1 

3.464 

3.497 

•iSIfl 

3563 

3.597 

3.63( 

3.664 

3.698 

3,733 

3,767 

34 

.2 

3.801 

3.836 

3871 

■im 

3.941 

3.976 

4.011 

4.047,. 4X133 

4119 

35 


4.155 

4.191 

4,777 

4.264 

4201 

4237 

4274 

4417 

4.449 

4.486 

37 

A 

4.524 

4J62 

4.UIU 

4.63U 

4.676 

4JH 

4253 

4292. 

.4.831 

4.871) 

38 


4.909 

4,948 

4,988 

5,027 

5067 

5.107 

5.147, 

•5,187' 

’5 778 

5,269 

40 

.6 

5,309 

5350 

5,391 

5 433 

5.474 

5315 

5557 

'5,699 

5 641 

5,684 

42 

,7 

5.726 

5.768 

i.8ll 

5853 

5.896 

S.940 

5.983 

6,(t?6 

6,0711 

6,114 

43 


6.158 

6,702 

6.246 

6790 

6335 

6279 

6.424 

6,469 

6,514 

6,5M) 

45 

.9 

6.605 

6.651 

6.697 

6243 

6289 

6335 

6.881 

6.928 

6,925 

7.022 

4b 

8.0 

7,069 

7.116 

7.183 

7.211 

7,2'^ 

7206 

7354 

7.402 

7;451 

7,499 1 

48 


7J48 

7396 

7.645 

7W4 

7244 

7293 

7343 

7.B92 

7,942 

7,992 ' 

49 

.2 

8.042 

8JJ93 

8,143 

8194 

824S 

8296 

8347 

K.iW 

8.45U 

8 501 

51 


8,553 

8.603 

«,657 

81119 

8.7^ 

8314 

8.867 

K,9?l) 

8,973 

9.026 

5'3 

.4. 

9,079 

9.133 

9.186 

, 9240 

9294 

9348 

9.402 

9.457 

9311 

9366 

54^ 

8.B 

9.621 

9.676 

9.731 

928? 

9A42 

9A98 

9.954 

10 mo 



56 









1001 

1007 

10,12 

1ft 



1024 

• 1079 

1035 

10.41 

10.46 

1032 

10 5H 

111,64 

10,69- 

6 


(0.75 

tCAf- 

(087 

• 1(1,93 

(0.99 

trJM 

II.IO 

I(,I6 

(1,22 

l(,?K- 



1 11i4 

11.40 

1146 

11,52 

1138 

tlA4 

1170 

1176 

1182 

1188 


.9 

, 11.95 

12111. 

12.07- 

ilU 

1119 

1125 

12.32 

12.38 

12.44 

1230 


iO 

; 12J7 

' 12.63 

1289 

1276 

1232 

1188 

1795 

13(11 

1307 

1314- 

7 


1 13.20 

13,27 

1333 

1340 

13.46 

1333 

1339 

1366 

13 7? 

1379 



13.63 

13.92 

1399 

14,115 

14.12 

14.19 

1425 

H.'iZ 

14,39 

14.45 




.UAO 

.'4,88 

.'A’? 

■A'"* 


.'O.V 

,1.5.111' 

.'JiSli 

, 


A 

1521 

. 1527 

1534 

15.41 

15.48 

1535 

15.62 

15.69 

15.76 

1533 


4.B 

15.90 

15.98’ 

1605 

16.12 

lAlO 

1626 

16.33 

16 40 

1647 

16 55 



1662- • 

16.69 

1676 

1684 

16.91 

16.98 

17.06 

17.13 

17.2U 

1778 



1735 

17.42 

17 5(1 

1757 

I7A5 

1722 

17.80 

17.87 17.95 

18.02 



IS.10 

18.17 

1«75 

1837 

18.40 

18.47 

18.55 

18.63 .18.70 

1878 

8, 

.9 

18.86 

18.93 

19.01 

19J)9 

19.17 

1924 

19.32 

19.40 ' 

19.48 

19,56 



Explanation of Table of Areas - 61 Circles (pp. 30-31} 


MoTiDg the decimnl poist one pbee hi oolunn D is equivalent .to moving it two 
placM in' the body of the table.' CD “ iameter.) f , ‘I ' “ 

, ; Area bf^ circle ^ X “ o!TO 5308 X (diaia.*) \ 

Converedy, ' 'J. - '' ' ' 


,.-Vi 


X -^area ~ 1.128379 X Varea 




MATHEMATICAL TABLES 


31 


iMiS or CIECLIS BY HUNDBIDTHS (wnf/nufd) 


D 

0 

1 

2 

3 

i 

8 

6 

7 

8 

9 





1979' 

19 87 

1995- 

'20.03 

20.11 

70,19 

20.27 

20.35 

6 




7059 

10 M 

20J5 

20.63 

20,91 

im 

11.0/ 

21,16 





71,40 

71,48 

21.57 

21.65 

21.73 

21.81 

21.90 

21.98 




22.15 

77 7,3 

7731 

22.40 

2148 

2236 

72,66 

22.74 

22,82 


.4 

22.90 

2199 

23,07 

23.16 

23.24 

1333 

23,41 

2430 

2439 

2J.67 

9 


23J6 

25,84 

7393 

740? 

74 II. 

24.19 

2438 

24.37 

24,45 

24.54 


fi 

24.65 • 

24,72 

74 81 

7489 

24.95 

2557 

25.16 

25.26 

26.34 



.7 

25J2 

25.61 

7570 

7579 

25.05 

25.97 

26.06 

76.16 

7(1,24 

21.33 


R 

26,42 

26il 

76f-n 

7669 

26.79 

26.83 

26,97 

27.06 

27.15 

22.25 


.9 

2734 

27.43 

2733 

27.62 

27J1 

27J1 

27,90 

27.9-7 

28,07 

28.18 


6.0 

1537 

2837 

784fi 

7856 

28.«. 

28.75 

28.84 

78.94 

2901 

29.13 

10 

.1 

29J2 

»32 

W4Z 

7951 

29.61 ‘ 

29.71 

29.50 

29,5H1 

10 IK) 

;0.(19 


■ .2 

3019 

'30J9 

•1059 

304K 

30.58 

30.68 

3038 • 

302/5 

30.07 

41.07 


.3 

31 17 

31.27 

31 3/ 

314/ 

31i7 

31.67 

31.77 

31,87 

11,9/ 

12(17 


.4 

3117 

32^ 

3137 

3147 

3257 

3167 - 

3238 

32.BS 

42.94 

44.08 


6.6 

3318 

35.29 

3339 

3349 

3359 

3330 

31,80 

33.90 

34,00 

34,11 


,A 

3471 

34.32 ■ 

34 47 

3452 

34.63 

3433 

31.84 

34 94 

36 111 

3615 


.,7 

m 

3536 

35 47 

355? 

35.69 

. 3536 

3589 

36 in 

1610 

'36 71 

11 


•m 

V.4? 

3653 

3684 

3675 

36.85 

36.96 

3) ,1)7 

31,15 

37,78 


.9 

im 

3730 

37.61 

37;2 

37.83 

37.94 

38.05 

38.16 

3836 

38.47 


7,0 

38,48' 

38,39 

1870 

3882 

3893 

39.04 

39.15 

3936 

39,17 

31,48 


.1 

39,39 

39,70 

1932 

3993 

40.04, 

40.15 

4036 

41) 18 

4049 

40,W 


J. 

4(1,7? 

40.83 

4094 

4I<V» 

41.17 

4136 

41.40 

41.51 

416? 

41,74 



41,83 

41.97 

4?fl,4 

4770 

4231 

4143 

42 54 

4?W. 

47 78 

42.M 

12 

A 

; 43,01 

43.12 

43J4 

4336 

43.47 

4339 

4331 

44.83 

43.94 

44,06 


7.8 

44,18 

44.30 

44 41 

4453 

44 65 

44.77 

44,59 

45111 

45,13 

«35 


.6! 

43,36 

45.48 

45 (4J 

4572 

45.84 

45.96 

46.03 

46.70 

463? 

4645 


•h 

4697 

46,69 

46 M 

4693 

47.05 

47.17 

4/39 

47,42 

4/,54 

47 W. 


.6 

47.78 

47.91 

4801 

4815 

4937 

49.40 

4832 

48 65 

4877 

4689 


.9l 

4W1. 

49,14 

4907 

4VJ9 

4951. 

49.64 

49.76 

47.59 

50.01 

50.U 


9.01 

30,77 

5039 

'5057 

5064 

5077 

50.90 

51.02 

51,15 

51 18 

fun 

13 

.1 

il.S} 

5I.(» 

3r/H 

5191 

5104 

5117 

52.30 

5242 

5?S6 

52M 


2 

32,61 

52.94 

5311/ 

53/(» 

5333 

53.46 

53.59 

53, /2 

6385 

53 9R 


' 3 

M.M 

54i4 

541/ 

54 5(1 

54.63 

54.76 

54.69 

5611/ 

6615 

55 79 


.4 

ii.42 

5535 

55,68 

65211 

55.95 

564)8 

5631 

5636 

66.48 

56,61 i 


8.6 

56,73 

56.85 

5701 

5715 

5738 

57.41 

57,55 

5765 

5787 

57,95 1 



58.09 

5812 

SKUi 

5R4'1 

58.63. 

5837 

55,90 

571)4 

6917 


14 


59.45 

5938 

59,72 

59 IK. 

59.99 

60.13 

60,27 

ftl4l 

6055 

60.63 



6002 

60.96 

6Mli 

61 

6I3S 

6131 

61.65 

61,/9 

61 93 

6207 



6121 

62.35 

62.49 

62.63 

027. 

6191 

63.05 

64.19 

63J4 

64.48 


9.0 

63i2 

63.76 

6390 

6404 

64.18 

6433 

64,47 

M6t 

M75 

64 90 



65.04 

65.16 

65, ri 

654/ 

65.61' 

65.76 

6S.9Q 

W.()4 

f/il<> 

6633 

15 

2 


66.62 

66,7/ 

«,4I 

67i}6 

6730 

6735 

67 49 

67, M 

67,78 



67.95 , 

63.03 

f41,'22 

Mti; 

6851 

68.66 

. 68,81 

(41,96 

6910 

69 75 



69.40 

6935 

69,W 


69S9 

70.14 

70.29 

70.44 

70,55 

70.73 


9.6 

70,88 

.71,03 

71 1ft 

7133 

7148' 

- 31^5 ' 

71.75 

71 'll 

7108 

7713 



/2.3J 

7235 

72,68 

■I7M 

7199- 

' 73.14 

73.29 

71,44 

75 59 

73 75 


,7 


74.05 

• 74 7U 

7438 

7451 

74.66 

; '74.82 

74,9V 

751? 

7578 



75.45 

7538 

. 75.74 

7569 

76j05' 

7630 

76.36 

76,51 

76 67 

7687 




, 77.13 . 7739 

77.44 

7750, 

• 7736' 

77,91 

70,07 

7833 

78.38 

16 


Movme thd decimal polat ONE place ia B tcqwta momg il TWO places la body 
o! table (bco p. 30). ‘ i ; ; . , . 








34 VATSSMATICAZ TABLES 

SIGMINTS or CIECLES, OWES h/c , 

- ■ • Given: \ *» height; e - chord." (For esplanatioa of tbis table, ace p. 38) ' 





MAri/EjfAriCAi TACtES 


35 


SEGMENTS or CIRCLES, GIVEK li/D . , . 

Given: h “ licight; J) *> dinincterofdrclc. (Forciplnnfltion of tTihtnWo.feop.SS) - 


h 

Arc ti 

Area ti 

Cebtml ta 

Chonl t 

Arc d 

Arm d 

D 

■ D Q 

23’ D 

nnslc, P p 

V Q 

Girciimf. p ■ 

Circle p 

M 

1 

2 

3 

4 

"SS) 

ss 1 

.m 

.0000 ,, 
.0013 S 
.0037 ;1 
.0069 a 
.0105 ^ 

22% 2296 
*956 

39.90 

4t15 

^ *i9?CI 

S 'S'O 

m 

.0008 

,0-538.. 

.090) . S 
.1103 45 
.1717 .jll 

.0000 .,7 

.0017 1{ 
.0043 ! si 
.oa!7 i, 
.0134 

.05 

b 

7 

B 

9 

.^510 .iw 

j’» -IS 

,0147 

.0192 !l 
.0242 g 
.0294 I* 
.0350 f. 

51.68* .-ft, 
61.37 455 

6SJ2 4ii 
MB .j;i 

.4359 

•A7S0 4 
.510) 45 

im 

i<24 *276 

.1436 

.1575 . ij 
.1705 J 

.1876 fl 

■'■>«> Iro 

.0187 „ 

.0245 5t 
.0303 ll 
.0)75 f, 
.QV16 ]\ 

.10 

1 

2 

3 

4 

;S}Ii 

™ 402 

.0409 
.0470 V 
.0634 

.0600 S 

.0663 ^ 

73.74’ 

77.48 .y.\ 
81.0? .5”, 
WA4 Jii 
W9 

ISIII 

5?ii 111) 
zi '« 

.2345 l\ 

.0520 7, 

•0593 S§ 
.Oi^i ®* 
•0761 ! 

•0851 g 

.16 

6 

7 

& 

9 

-ill! 

.8500 

.870) SI 
.9021 ™ 

.0739 7, 
,031! Yi 
.0385 i: 
.0161 ]l 
.1039 jl 

51,15“ 

9«i 555 
57,<i) Jj; 

i».« 5SI 

mj; 

7332 

S ™' 
« !5i| 

' “15)2 M 
m s5 

.7789 

“2871 || 

.0941 «, 

.10)) S 

.1127 3r 
.1224 3' 

iS; 

.ao 

1 

2 

3 

4 

0.9273 ,.5 
0.9521 ?! 
0,9764 1 
1,0004 S! 
,1.0239 

, <Ut8 «, 
.1199 11 

.1281 g 

.1365 S 

•H« 86 

t06J6« 

109.10 

111.89 y,i 
114.63 ?4 
11734 171 
IIU4 2^^ 

m ,,8 1 

li« 

.2952 ,, 
.3031 g 
3108 'ii 
.3184 51 

.5259 ]\ 

! m 10) 

■ ‘ 63! 

; • SH ' 107 

‘sif. 1^8 
.1846 ,5j 

.S 5 

6l 

7 

8 
9 

1.0472 

IJ17Q1 

1.0928 iii 
1.1152 S; 
■1.1374 5” 

.1535 « 1 

.1623 S ' 
.1711 S 
.1800 ^ 
.1890 

no.oo* ,,, 
nia 20 
12573 ^5 
127.79 , 

I50J3 g| 

i660 

S 

s 1 

3333 ,, 

.3406 ,1 

.3478 g 
3550 il ■ 

•3820 jo' 

,1955 

.2292 

im ||s 

.so 

! 

2 

3 

4 

1.1593 ,,, 
1.1810 Si 
1.2015 2,1 
1.2239 S, 
1J2451 2j2 

.1982 „ 
.2074 li 
1167 U 

.2260 f. 

IH.M' 

H5J) 5J’ 
H7.«0 

HIU5 

i« 

.9165 R, 

.m SI 

.93)11 

-.9404 74 

,9.74 11 

■«;? 65 

3575 ,7 

»3 g 

.2523 ',,7 

iSsS \\i 

s i 

.35 

6 

7 

8 
9 

ISs 

IS 1 

l.3« ™ 

.7450 n, 

.2642 

.1739 S 

.28)6 jg 

H5.ro’ 

H7.41 » 
H5JK, 

15JB 2». 
154 58 139 
i>4.)0 235 

5539 ,, 

<m 5 

.9656 56 

• .9708 IS 

.9755 ■« 

.4030' „ 
.4097 ff 
.4163 5? 

,4219 li 

■«W I 5 

3119 ,,, 
'.3241 “ 

3364 S 
34S7 

,3611 |« 

.40 

1 

2 

3 

4 

1.389B 

1.4101 

i;4303 III 

1 itfit 202 
\Am 201 

.2934 •« 
.3032 3? 
.3130 35 
.3229 33 

■5M« Z- 

156.93“ 

IXM ™ 
IHJ9 5® 
163.90 55' 

'6632 

.9798 „ 

.9337 Ij 

.9371 i? 

.9902 ]} 

.m ■ fy. 

.4359 , 

.4424 

.4439 - 5 
.4553 5j 
». M, 

.3735 , 7 , 
35f,0 , “ 
3936 SS 
.4112 26 
.4238 jfg 

.46 

6 

7 

8 
9 

1,4706 ,,, 
1.4907 20 
1.5105 O' 
13308 5J0 
1JS08 f« 

S IQU 

■M 100 

.3127 ijj 

'68,52* 

'70J1Z 8 “ 

m.i 2 ■ 55 ;' 

'25.4' 5S 
'27J' g 

.9950 

.9968 ■ ■ ?• 
.9982 \i 

.9992 ‘P 

■ .9998 J 

.4681 ,, 

.4745 g 

,4873 ii 

.4364 

.4491 ?; 
.4610 " 
.4745 27 
.4573 ||» 

.60 

■ 13708 

3927 

160.000 

1.0000 

3000 

, JDOO . , 


* Interpolation may bo iaaoewato'-stt these pwats: 



MATnESIATICAL TABLES 


VOLUMES OF SPHERES BY HUNDREDTHS 


D 

0. 

1 • 

2 

3 

4 

6 

6 

7 

B 

9 



i236 

J395 

3556 

,5777 

3890 

3061 

.6236 

64H 

6596 

.6781 

173 


.6969 

J161 

7356 

,7555 

J757 

1%3 

.8173 

.8186 

.861)3 

.BBB 

:208 


.9948 

.9276 

.9503 

.9743 

.9983 

13)227 





736 







1.023 

1047 

1073 

107S 

1.124 

1 75 


1.130 

1.177 

1104 

1732 

IKO 

ijta 

1.317 

1345 

1.176 

1.406 

79 

A 

l.«7 

•1,463 

1.499 

1331 

1363 

1396 

1.630 

1363 

1,697 

1132 

1 


1.767 

1003 

1.S39 

1875 

1.912 

1.950 • 

IW 

7076 

7 065 

2.1Q5 

1 38 


2 M3 

2.185 

1226 

7768 

1310 

1352 

2.395 

7430 

7483 

2.527 

41 



• 1618 

7664 

2'/ll 

2158 

1606 

78^5 

791)3 

7 993 

3.003 

■ 48 



■■1,105 

3.157 

3109 

3162 

3315 

3,369 

3 474 

3 479 

3.535 

54 

.9 

3i91 

3.648 

3306 

3154 

3323 

3i62 

3,942 

48U3 

4.064 

4.126 

1 60 


4.189 

• 4.252 

4316 

430(1 

4.445 

4311 

4 577 

4 644 

4717 

4.780 

' 66 



4.919 

4.989 

5(I6(> 

5,111 

5104 

S';.;7 

5 '350 

5 475 

5.500 

1 73 


5.575 


V729 


5385 

5.964 

6.044 

6175 

6 7116 

6.268 

88 


6.37! 


65't« 


6KN 

6.795 

6.882 

6.971) 

71159 

7.148 

1 8/ 

A 

7038 

7329 

V.42I 

7313 

73U6 

7.700 

7.795 

789U 

7.986 

8.0S3 

» 


8.ISI 

8280 

8 379 

0478 

8300 

0.602 

8.785 

8RWt 

8 99? 

9,097 

102 

.6 

9.203 

9309 

9.417 

9325 

9.634 

9144 

9855 

9.966 

10 079 


11(1 

,6 









I6.W 

10,19 

11 

.7 

lOil 

10.42 

10.54 

10,65 

1077 

1089 

11.01 

11.13 

11.25 

11,37 

12 


11,49 

11.62 

1174 

1107 

11.99 

1112 

1215 

12.18 

12.51 

12.64 

13 

.9 

12.77 

12.90 

11-04 

11.17 

I3il 

13.44 

1138 

11.72 

11.86 

I4.(IU 

14 


14.14 

14.28 

1447 

14,57 

14,71 

1486 

15,00 

15,15 

15,30 

15,45 

15 


13.60 

I5.7S 

15,911 

>6.«I6 

16 21 

1637 

16.52 

16,68 

16,84 

1700 

16 


17.16 

17, '12 

• 17.48 

1764 

1781 

1737 

18.14 

18.31 

18,48 

1865 

17 


18.82 

18,99 

14 16 

14.13 

19.51 

1968 

19.86 

20.(14 

20 22 

20.40 

. 18 

A 

20.58 

20,76 

20.94 

21.13 

2131 

2130 

21.69 

21.88 

22.07 

2216 

19 

8.6 

2145 

22.64 

77.M 

73,03 

23.S 

23.43 

23.62 

73 8? 

7402 

74,73 

70 

fi 

24,43 

24.61 

74, M 

25.04 

25;a 

25.46 

25.67 

25,88 

2609 

26.31 

21 


26J2 

26,74 

76.45 

27.1/ 

27.39 

27.61 

2783 

■28.06 

28.70 




28.73 

28.96 

74,19 

74,47, 

29.65 

2988 

'3U,11 

■10 35 

1U58 


73 

.9 

i 31.06 

31.30 

3134 

3U8 

3102 

3127 

3232 

32.76 

31.01 

33.26 

1 25 

40 

3331 

33,76 

34.02 

34,27 

34,53 

3418 

3504 

35,30 

35 56 

35,82 

76 


36.09 

36,39 

36,62 

36,08 

17,15 

37.42 

37,69 

3797 

38 74 

18,52 


,7 

, 38.79 

39,07 

34,35 

34,6'1 

W,41 

40.19 

41)48 

40.76 

41 115 

41,34 



V.<ib 



V.';. 

v.im, 




16i911p 



A 

44.60 

44.91 

4511 

4532 

45.83 

46.14 

46,45 

46.77 

47.08 

47.40 

31 


47,71 

43.03 

4835 

4867 

49JKI 

49.32 

49.65 

49,97 

5(1.30 

50.63 

33 


50.97 

5130 

5163 

5147 

5131 

5265 

52.99 

51,11 

5367 



,7 

5436 

54.71 

5506 

5541 

5516 

56.12 

5647 

56 83 

57 19 



.8 

57.91 

5817 

58 M 

54110 

59.37 

5913 

60.10 

61148 

60.85 

61.22 


■ .9 

6100 

61.93 

6136 

6174 

63.12 

6331 

63.89 

64.28 

64.6/ 

65.06 

38 


ExpIaJia,tioix o! Tabid of Volomos of Spheres (pp. 36-37} 


Moving the decimal p<M o&e place in caluota D is equivalent to moving it three 
places in the body of the table. (D a diaoteter.} 

- ' Volume'of6ph«e°^X (diaia.») » 0.523599 X (<liain.‘) 


Conversely, 
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VOLTJMES Of SPHERES (contfniifJ) 


■D 

0 

. 1. 

2 

3 

4 

S 

6 

7 

8 

fi 

*fd 


65.45 

65 84 

66 74 

66 64 

6703 

67.4j‘ 

67.B1 

M.24 

68.64 

69.05 

40 


69.46 

69.87 

71178 

7069 

71,10 

71 J2 

71,94 

12,36 

72,18 

73.20 

42 


73.62 

74,05 

74,47 

74,90 

7533 

7577 

7670 

■16.M 

71.01 

11.51 




7839 

78 84 

7978 

7973 

88.18 

1061 

til. OS 

KI.54 

81.99 


.4 

62.45 

82.91 

8337 

83.83 

84.29 

‘ 8476 

5573 

85.70 

86.17 

86.64 

47 

6.B 

87.11 

87,59 

88 07 

8835 

8903 

69.51 

»,00 

90.43 

90,97 

91.49 

48 

,6 

91.95 

92,45 

9794 

9144 

9194 

94.44 

94.94 

95.44 

95.95 

96.46 

50 

7 

96,97 

97.48 

9/.99 

W.5I 

992)2 

9934 

100.05 




52 







IDO.I 

100.6 

101 I 

101.6 

5 

.8 

102J 

102.7 

101,7 

1018 

1043 

104.8 

105.4 

10>9 

106.4 

107.0 

6 

.9 

t07J 

103.1 

1 08.6 

itriJ 

109.7 

1103 

110,9 

111.4 

lau 

II2J 

6 

6.0 

113.1 

111,7 

114? 

1148 

1154 

115.9 

116.5 

117.1 

II7.I 

118.1 

6 

,1 

118,8 

M9.4 

1700 

1706 

171,7 

121.8 

172.4 

1710 

121.1) 

1242 


.2 

124.8 

125.4 

176 0 

lllth 

171? 

127.8 

128.4 

12'), 1 

129.7 

1J0.5 


J 

130.9 

111,5 

117? 

1178 

1334 

134.1 

1347 

115.1 

116.0 

136.6 


.4 

1373 

137.9 

1383 

I39J 

139.8 

1403 

1417 

141.8 

142.5 

141.1 

7 

f.R 

143.8 

144J 

1451 

1458 

1465 

147.1 

147.8 

1453 

149.2 

149.8 


.fi 

t50i 

151.2 

IM9 

l'.?6 

1533 

154.0 

154,7 

155,4 

156.1 

156.8 


:i 

1373 

156.2 

1589 

1596 

1603 

161.0 

161,7 

162,5 

161.2 

1(.1.9 


.ft 

164.6 

165.4 

1661 

IM8 

167,6 

1683 

169,0 

J69.fl 

J70.5 

I7J.3 


.9 

172,0 

172.8 

1733 

\m 

175.0 

1758 

1763 

177.3 

178,1 

1788 

8 

7.0 

179,6 

180.4 

181 1 

181,9 

1877 

183.S 

164.3 

1550 

185,8 

186.6 


.1 

187.4 

168.2 

189 0 

1898 

1906 

191.4 

P2,7 

1910 

I9J.S 

1946 1 


.7. 

195.4 

1967 

1971 

197,9 

1987 

1993 

200.4 

201,2 

202,0 

2112.9 


.3 

203,7 

204,5 

705 4 

706? 

707,1 

207.9 

203.8 

705,6 

2II),6 

211.3 


.4 

2122 

213.0 

213.9 

214.8 

215.6 

2163 

217.4 

2IB.3 

2I9.I 

220.0 

9 

7.8 

220,9 

7718 

???7 

7716 

7744 

225.3 

• 276,2 

777.1 

2280 

??8.9 


.li 

229.8 

230.6 

7117 

717,6 

731,5 

234.4 

215,3 

2)6,1 

217,2 

218,1 


.7 

239.0 

240.0 

741)9 

7418 

7478 

243.7 

2447 

745.6 

246.6 

247.5 


.fi 

248i 

249,4 

7504 

7514 

757,3 

2533 , 

254.3 

755,2 

756,7 

257,7 

10 

.y 

2582 

259.1 

26U.I 

261.1 

262.1 

263.1 

264.1 

265.1 

266.1 

267.1 

S.0 

268.1 

269,1 

770 1 

771,1 

7771 

273.1 

774.2 

775,2 

276.2 

277.7 


.1 

278J 

279.3 

7811 3 

'181 4 

7K74 

285.4 

284.5 

2H5,5 

7W.6 

287.6 

II 

.2 

288.7 

289.8 

2908 

WB 

W9 

294.0 

295.1 

296.7 

791.2 

79X;i 

.3 

299.4 

300.5 

31116 

1016 

301,7 

304.8 

305.9 

101.0 

108.1 

109.2 


.4 

3103 

311.4 

3116 

313.7 

31433 

315.9 

317.0 

l\U 

3W3 

320.4 


8.6 

321,6 

322.7 

3718 

3750 

3761 

3273 , 

178,4 

1796 

110,7 • 

111,9 


.6 

333.0 

334.2 

315 4 

•H(.S 

337,7 

3)8.9 

. 340.1 

141,7 

147,4 

1416 



344.B 

346.0 

1417 

3484 

349 6 

350,8 

352.0 

153,7 

1544 

1556 



355.8 

358.0 

169 3 

3606 

31.17 

362.9 

' 3647 

165.4 

366.6 

367.9 



369.1 

370,4 

371.6 

372.9 

374.1 

375.4 

376.6 

311.9 

319.2 

380,4 

13 

9.0 

381.7 

363.0 

1843 

3855 

31168 

388.1 , ■ 

389.4 

190,7 

1970 

191,1 


.1 

394,6 

395,9 


398 5 

3998 

401.1 

402.4 

4017 

405 1 

406.4 



407.7 

409,1 

4104 

411/ 

4131 

414.4 

415,7 

417,1 

41H,4 

4198 

y 

.3 

421.2 

422J 

4119 

4/5 7 

476 6 

428.0 - 

429.4 

4311/ 

411,1 

4333 

H 

..4 

.434.9 

436.3 

431.7 

439.1 

44DJ 

■ 441.9' 

4433 

444.7 

446,1. 

44/3 


9.6 

448.9 

4503 

4518 

4537 

4546 

456.0 

. 457,5 

4589 

460 4 

, 461 R 


.6 

463,2 

464.7 

4681 

4616 

4691 

4703 

472.0 

4115 

4/4 9 

4764 

15 

J 

477.9 

479.4 

ma' 

487 3 

4»3« 

4853 

486.8 

4««1 

4«9H 

491,1 

.8 

492.8 

494.3 

4958 

491,3 

4989 

500.4 

501.9 

5(114 

505(1 

506 5 

16 

•9 

508.0 

509.6. 

511.1 

512.7 

514.2 

, 515.8, 

517.3 

518.9 

520.5 

522,0 

10.0 

523.6 











Moving tlie decimal point ONE plncoin 
01 table (Beep. 35). 

i> requires 

moving i 

ii THREE places ini 

>ody 



Eipknation of Table oa this page, . 
Givea, h = height of segment,, , , 

. i. D =;diiiin,'ot’8phor6,-.:- | 

To find the, volume of the aegcueat, 
form the i'stio h/D and find from' the 
. table the ■value of (vol./D^i theOi by 
a simple multiplication, ’ '■ " 

vol. aegment » D* X (vol./D*) , 
The table gives ’also the ratio of 'the 
•'volume of the segment to ‘the entire 
volume of the aphere. ‘ ? 

-Note. ■ Area of tone => r X h' X' P- 
• (Ose^Table of Multiples of T,pjS8) 
Explanation of Table on p; 84 ' 
Gives, fi <• height, of segment, 

79 ‘ • < « eborci. i ■ ■ ■■)!,; 

To find the diam.' pf ths ’oirclsi’the 
A< length of a;c‘, or the area of the ^eg* 
meet, form the ratio h/e, and find 
from the table the value of (diass</°}« 
(arc/c) , or (oKs/hc) ; then, by n aimplu 
multiplication, 
diam. ^ e'x (diam./o); 




IM. area = h X fl X (area/ftol. 

The table gives also the angle sub* 
122 tended at the center, and tho ratio of 
12$ AtoD. Seep. 106. 

127 Explanation of Table on p. 35 
Given, A » height of segment, ■ 

134 . ’ D ® diam. of circle. 

'ff> 'I'o hnh tne daorh, tae 'leagfn o1 arc, 
or the area of tho segment, form tho 
I3P raUo A/2), and find from tho table the 

141 value of (chord/2)l, (urb/D), or 

(arcn/2)*); then, by a simple multi- 
plication,, 

14$ chord => 2) X (chord/D), ' < 

iS are ^ = 2) X (arc/2)),' - 

fiy' ^area '= 2)» X (area/23*). . 

146 The table gives also the angle sub* 
tended at the center, the ratio of- the 
Ijg arc of the'segment to the whole. ^ 

149- cumference, and the ratio of the area 

}m' '’f segment to the area of the 

whole circle. See p. 106. , , , 
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MGULAE POLYGONS - < : 

n number of sides; , ■ 

f * 300Vn * subtended aI uio center b>* one side; 

a »• lcnt;th of one side ■ R ^2 sin " r^2 Inn ; 
li •• radius of circumscribed cireJo « n^JSesoy^ *• r^seo 
r rndius of inscribed circle « R ^cos " o cot I") I 

Aren - o’^M n cot !■) -R’^Jinslnr^ -f‘^ninn“^. 




Aren 

o» 

Aren 

Area 

r* 

R . 

a 

n 

a 

n 1 

<1 

r 

n 

r 

n 

3 


O. 4330 I 

i.m 

S.l« 

0.5774 

2.«» 

1.732 

3.464 1 

0.5000 

0.2557 

< 

90“ 

I.OOQ 

2.000 

4.000 : 

0.7071 

1.414 ! 

1.414 

2.000 . 

0.7071' 

0.5000 

5 

72“ 

1.721 

2.378 

3.633 

0.6507 

1.236 i 

1.176 

1.453 

0.6090 

0.68.52 

6 

60* 

2.598 

2.598 

3.464 

i.oooo 

1.155 

I.DOO 

1.155 

0.8660 

0.8660 

7 

51‘.43 

3,634 

7,736 

3 371 

1.152 

1.110 

O.M78 

0.«63t 

0.9010 

1.033 

K 

45“ 

4.826 

2.828 

3,3H 

1.307 

1.082 

0,7M< 

0.8284 

0.9239 

1.207 

1 

411“ 

6.182 

2.893 

3.276 

1.462 

1.064 

0.6S40 

0.727? 

0.9397 

1.374 

10 

36‘ 

7.694 

2.93V 

3.249 

1.618 

1.052 

0.6160 

0.64?S 

0.9511 ^ 

1.539 

P 

30* 

11.20 

3.000 

3,713 

1.932 

1.035 

0.5176 

0,3359 

0.9659 

1.866 

t? 

74* 

17,64 

3,(1SI 

3,1WI 

2.405 

1.022 

0.4155 

0,4751 

0.9781 . 

2.352 

16 

22“.M 

20.11 

3,fV.2 

3,183 

2.563 

1.070 

0.3902 

0.3978 

0.0803 

2.514 

20 

18* , 

31.57 

3.090 

3.168 

3.196 : 

i.OI3 

0,3179 

0.3168 

0,9877 

3.157 


13’ 

45.58 

3,[M 

3.1(0 

3.831 

1.009 

0,2611 

0.2633 

0.9914 

3.798 

V. 

11* ?3 

fll,?3 

3,121 

3,132 

5.101 

1.005 

0,19(0 

0.1970 

0.9952 

5.077 

48 

•7*.3fl 

IB3.I 

3,133 

3.146 

7.645 

1.002 

0.)303 

o.nii 

0.9979 

7.629 

64 

5’, 625 

325,7 

3.137 

3.144 

10.19 

I.OOl 

0.0931 

0.0983 

0.99M 

ID.I8 


BINOMIAL COEFFICIENTS ‘ 

(For table glring binom'iftl coefSclcnls lor ImcUonnl values ol n, see p. 110), 

, N ... . . n(n - 1) , , n(n “ l)(n - 2 ) , . 

; (o)t “ l;(nh » ft; (n)i - x 2 '* " — 1 X '* x ' 3 — Kcneriu,i 
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COMMON logarithms {special {(AU, conihincd) 


eT 

0 

1 

a 

3 

i 

6 

6 

7 

8 

9 


0,1761 

1764 

1767 

1770 

1772 

1775 

1778 

1701 

1784 

1787 


[790 

1793 

1796 

1798 

1801 

1801 

1507 

1810 


1616 


. I8[8 

1821 

lft?4 

4H?/ 

1830 

1833 

1836 

1810 

1841 

IW4 

[.53 

' 1E47 

1850 

1833 

185) 

1853 

1861 

I.'W 

187.7 

18/0 

1872 

134 

[875 

1676 

1831 

1884 

1586 

1669 

1592 

1895 

1898 

1901 


1903 

1906 

1909 

19t2 

1915 

1917 

1920 

1921 

1925 

1970 

[36 

1931 

1934 

1917 

194(1 

1942 

1945 

1915 

19)1 

1951 

1935 

1.57 

1939 

1962 

1965 

1967 

1970 

1973 

1976 

1978 

)9.S1 

1984 

[5a 

[937 

1939 

W? 

199) 

1993 

2000 

2003 

Tins 

7007 

2011 

[.59 

.2014 

2017 

2019 

2022 

2025 

7073 

2010 

Till) 

20)5 

2U18 


03041 

7044 

7047 

7049 

2052 

2055 

7037 

20'41 

7051 

2a'6 

IM 

i 2K)8 

m 

71);4 

TttTl. 

»79 

2081 

2051 

mi 

m 

•lO'i 

[ft? 

2025 

2098 

71(11 

?I(H 

2106 

2109 

7111 

2114 

7117 

2119 

[63 

2122 

?1?5 

7177 

7110 

2133 

21)5 

7118 

7)40 

7141 

7146 

[.64 

2148 

2151 

2154 

2156 

2159 

2162 

2164 

2167 

21/U 

2172 

165 

2175 

?m 

7180 

71M 

2485 

2188 

7191 

1191 

'2196 

2190 

166 

2201 

7704 

7707, 

im 

2212 

2214 

7717 

7ilO 

7222 

227) 

[67': 

2227 

??vi 

771? 

??15 

2233 

2240 

7/41 

2245 

7248 

2251 

[.68 ' 

.2233 

7756 

2258 

7761 

2263 

2266 

2769 

2271 

7274 

7776 

1.69 

2279 

2281 

2284 

2257 

2269 

2292 

2294 

mi 

22'// 

2102 

i,7n' 

02304 

7307 

7310 

7312 

7115 

2317 

2370 

2122 

7125 

7177 

i,7l 

2330 

7333 

7335 

73V1 

2340 

2)43 

?341> 

2140 

7150 

7151 

[.72 1 

2355 

2358 

?lfJ5 

7363 

2365 

2)68 

2170 

7171 

7175 

2170 

1,73 

2380 

73M 

7181 

?3i3a 

2390 

239) 

2395 

7 19,0 

?40fl 

24(11 

1.74 

2405 

2403 

2410 

2413 

2415 

2418 

7470 

2423 

2425 

2428 

1.75 

■2430 

7433 

7435 

7438 

7440 

2443 

7445 

7440 

7450 

2451 

[.76 : 

2453 

7458 

m 

7463 

2455 

2467 

2470 

747? 

7475 

2477 

[.7/ i 

2480 

2482 

74S5 

7487 

2490 

2492 

2494 

749? 

?4'n 

2502 

l.7« 1 

2304 

75117 

750) 

7512 

2514 

2516 

2519 

2571 

7574 

7576 

1.29 1 

2519 

1531 

1533 

1536 

2538 

2541 

1)45 

1545 

254K 

m 

1.80 

02553 

2555 

7558 

75(41 

2562 

2565 

7367 

7570 

7572 

7574 

l.ltl 

2577 

7579 

758? 

7584 

2586 

2589 

759! 

759.1 

7596 

7590 

I.W 

2601 

2603 

761b 

7(>OK 

2610 

2613 

7615 

761/ 

76/1) 

767/ 


2625 

2627 

7679 

7612 

2634 

2636 

7619 

7M1 

7M1 

7W6 


2648 

2651 

2653 

2655 

2658 

2660 

2662 

21/A 

265/ 

2659 

1.85 

2672 

2674 

2676 

7679 

2681 

2683 

26% 

2m 

7690 

7691 

I.Ob 

2695 

2697 

7/011 

7711/ 

2704 

2707 

2709 

7/11 

7714 

7/16 


2718 

7/71 

7/71 

7775 

2728 

27)0 

773/ 

7/15 

771/ 

v;i9 


2742 

7/44 

7746 

7749 

2731 

275) 

2755 

7/58 

77IJ) 

7/6/ 


2765 

2767 

2769 

2771 

2774 

2776 

2778 

2/01 

2/83 

2/05 

1.90 

0.2788 

2790 

779? 

7794 

2797 

2799 

2801 

7004 

7806 

78a0 



78IH 

7HI5 

2817 

2819 

2822 

7824 

2076 

7878 

7811 


2833 

VBS 

7S13« 

9840 

1842 

1844 

754/ 

7K49 

78M 

/I16-1 


2856 

2858 

7HWI 

7862 

2865 

2867 

2869 

78/1 

78/4 

7876 


2870 

2880 

2882 

2885 

2887 

2889 

2591 

2894 

2895. 

2098 

!.95 

2900 

2903 

7905 

7007 

2909 

.2911 

2914 

7916 

7910 

7970 



7975 

7977 

■m 

2931 

2934 - 

2936 

7918 

2940 

7947 

I.V7 

2945 

7947 

794<l 

T-iai 

2953 

2956 . 

, 2958 

79(4) 

7967 

79M 



2969 

79/1 

Wi 

2975 

2978 

2980 

7987 

7984 

2955 



2991 

2993 


1997 

2999 

3002 

3004 

3005 

3003 
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*67 

!■“ 


1 

2 

3 



S 

7 

8 

9 

1.00 

0.0000 

0004 

0009 

0013 

0017 

0022 

0926 

0030 

0033 

0039 

1.01 


0043 

0037 

mVrfi 

0060 

0065 

. 0069 

0073 

1)077 

0082 

1.(1/ 


0090 

IW93 

mm 

0103 

0107 

OKI 

llllh 

(1170 

0124 

f.03 

01^ 

0133 

013/ 

0(41 

0(-€ 

0(49 

0(54 

0158 

(i(ft7 

0(66 

1.04 

0170 

0175 

1)179 

m 

0187 

0191 

0195 

0199 


0208 

lOi 

0212 

0216 

0220 

0774 

022S 

0233 

0B7 

024( 

0243 

0249 

I.Ofi 

0253 

0257 

1061 

0265 

0269 

0273 

0278 

0282 

ll/J(ft 

0290 

1.07 

0294 . 

0298 

(I3IIJ 

0306 

0310 

0314 

0)18 

0322 

l)3?ft 

0330 

i.rw 

0334 

(R'« 

034/ 

m> 

0350 

0354 

0358 

0362 

II3M> 

0370 

l.l» 

0374 

0378 

0382 

0386 

0390 

0394 

0598 

0402 

0406 

0410 

1.70 

0.0414 

0418 

m?7 

0476 

two 

-0434 

0438 

mi 

0443 

0449 

I.U 

W53 

0457 

04hl 

0465 

0469 

0473 

0477 

0481 

(1484 

0488 

1.12 

0492. 

0496 

0300 

OVM 

O50S 

0512 


«jl9 

(I3?4 

0527 

i.n 

0531 

0535 

0338 

034? 

0546 

0550 

0554 

0338 


0565 

1.14 

0569 

0573 

DiJJ 

050) 

0584 

0588 

0392 

0>96 

0)99 

0603 

1.14 

0607 

061 T 

0615 

06)8 

0677. 

0626 

0650 

0S33 

0637 

0641 

l.lfi 

0643 

(I64K 

0667 

0.33ft 

0660 

0665 

0667 

(Wl 

0674 

0678 

1.17 

0662 ' 

11686 

m 

0691 

0697 

0700 

0704 

(HIW 

0711 

07)5 

1;1R 

0719 

117/2 

07/6 

0730 

0794 

0737 

11741 



0732 

1.19 

0753 

07W 

0763 

0766 

0770 

0774 

0777 

0781 

0785 

0788 

140 

0.0792 

0795 

0799 

0803 

OSOft 

0810 

m 

0317 

087! 

0324 

1.71 

0323 

0331 

0835 

«!t39 

0842 

0846 

0849 


0S3ft 

0860 

IJ7 

0364 

0867 

l«7f 

(IW 

0378 

osai 





144 

0399 

0903 

11906 

0410 

0919 

0917 

IW'21) 




144 

0934 

0938 

0441 

0945 

0’448 

0952 

W55 

0959 

0962 

0966 

1.7S 

. 0969 

0973 

0976 

0980 

0989 

0986 

rwi 

0993 

1)997 

1000 

U 

lOW • 

IlKV 


(0(-( 

1017 

m 

1024 

low 

imi 


1.77 

1033 

1041 

1043 

1048 

1052 

1055 

11139 

inft '2 

KlftS 

1069 

1.7R 

1072 

1075 

iU/9 

1087 

1086 

1089 

1092 




149 

1106 

1109 

1113 

1116 

1119 

1123 

1126 

1129. 

1133 

1136 

1.S0 

0.1139 

1143 

1146 

1149 

1139 

1156 

1139 




1.41 

1)73 

1176 


MH3 

1186 

11^ 

nv) 




147 

1206 

ITtW 

1217 

121(3 

1719 

1222 

1K5 




144 

129 

• 174? 

1243 

1748 

m7 

1255 





144 

1271 

1274 

12/8 

1281 

1284 

1287 

1290 

1294 

1297 

)3C0 

144 

1303 

1307 

1310 

m 

1316 

1319 

1373 




14fi 

.,1335 . 

1339 

1342 

1345 

1348 

1351 

1335 

1338 



147 

1367 





1383 

1586 




I.Vf 

1399 



J4ftS 

nil 

1414 

1418 




U9 

1430 




1443 

1446 

1449 

1452 

1455 

[458 

1.4(1 

0.1461 

. 1464 

1467 

(471 

1474 

1477 

1480 




1.41 

1492 

1495 

I49« 

1301 

1504 






1.42 

(523 

(526 

1529 

13T2 

1335 

1538 

1541 





1553 

1556 




1569 

1572 




1.44 

1584 

15S7 



1596 

1599 

I6U2 

1605 

1608 . 

1611 

1.44 

1614 . 

1617 

1620 

1679 

1676 

1629 

lfi3? 




1.4ft 

1644 

1647 

(649 

\iol 

1655 

1658 

1661 





1673 

• 1676 

1679 

1687 

1685 

' 16% 

1691 




.i.4a. 

•1703; 

1706 

I/m 

1711 

1714 

1717 

1720 




1.49 

1732 ; 

1735 

1738 

1741 

1744 

1746 

1749 

1752 

1755 

1758 


Moving the dedmelprat niilaces-totberi^tlorleftliQ thenomberreotiires addiitg+ n 
lor- n5intliel)od7.clibetalJB^p.fi). , _ . 
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COMMON LOGARITHMS {special table, continued) ‘ 




1.62 1 

.2095 

,2098 

2101 

2103 

2106 

1,63 I 

'2122 

■2125 

2127 

2130 

2133 

1.64 

2I4B 

2151 

2154 

2156 

2159 

1.65 ! 

2175 

2177 

2180 

2183 

2165 

1.66 

2201 

2204 

2206 

2209 

2212 

1.67' 1 

2227 

2230 

2232 

2235 

2236 

1.68 

2253 

2256 

2258 

2261 

2263 

1,69 

2279 

2281 

2284. 

2287 

2289 

1,70 

02304 

2307 

2310 

2312 

2315 

I.7I.I 

2330 

2333 

2335 

2338 

2340 

1.71' 

2355 

1358 

2300 

2363 

2365 

1,73 

2380 

2383 

2385 

2388 

2390 

1.74 

2405 

2408 

2410 

2413 

2415 

us! 

2430 

2433 

2435 

2438 

2440 

1.76 

2455 

2458 

2460 

2463 

2465 

1,77 

.2480 

2482 

2485 

2487 

2490 

1.78 

2504 

2507 

2509 

2512 

2514 

1.79^ 

2529 

2531 

2533 

2536 

2538 

1.80 

0,2553 

■ 2555 

2558 

2560 

2562 

I.8I 

2577 

2579 

2582 

2584 

2586 

1.82 • 

2601 

.2603 

2605 

2608 

2610 

I.S3 

.•2625 

2627 

2629 

2632 

2634 

1.64 

2646 

. 2651 

2653 

2655 

2656 

r.S5 

2672 

2674 

2676 

2679 

2661 

1.86 

2695 

2697 

2700 

2702 

2704 

1.87 

2718 

• 2721 

2723 

2725 

2728 

1.88 

2742 

2744 

2746 

2749 

2751 

1.89 

2765 

2767 

2769 

2772 

2774 

1.90 

0,2788 

2790 

2792 

2794 

no? 

1.91 

2810 

2813 

2815 . 

2817 

2619 

1.92 

2833 

2835 

2838 

2840 

2842 

i.93 1 

2856 

' 2858 

2860 

2862 

2865 

J.94 

2878 

2880 

2882 

2885 

m 

1.95 

'2900 

2903 '■ 

2905 

2907 

2909 

1.96 ■ 

2923 

2925 

2927 

2929 

2931 

1.97 

2945 

2947 

2949 

2951 

2953 

1.98 

2967 

2969 

2971 

2973 

2975 

1.99 

2989 

2991 

2993 

2995 

. 2997 


1778- 

1781 

1784 

■ 1787 

■1807 

1810 

1813 

1816 

•1636 

•1838 

1841 

1844 

.'1864 

1867 

1870 

1872 

. 1892 

1895 ■ 

1895 

:mi 

1920 

1923 

1926 

1928 

1948 

.1951 

1953 

1956 

• 1976 

1978 

1981 

1984 

2003 

2006 

2009 

2011 

•2030 

2033 

2036 

•2038 

2057 

2060 

2063 

2066 

2084 

2087 

. 2090 

•2092 

2111 

2114 

2117 

2119 

2138 

2)40 

■2143 

2146 

2164 

2167 

2170 

2172 

•2191- 

2193 

■2196 

•■2198 

2217 

2219 

2121 

2225 

2243 

:2245 

2248 

2251 

•2269 : 

' 2271 

2274 

2276 

2294 

2297 

2299 

2302 

2320 

2322 

2325 

2327 

•2345- 

2348 

2350 

2353 

2370 

2373 

2375 

2376 

2395 

2598 

2400 

2403 

2420 

2423 

2425 

2428 

2445 

2448 

2450 

2453 

2470 

2472 

■2475 

2477 

2494 

2497 

2499 

2502 

2519 

2521 

2524 

2526 

2543 

2545 

2548 

2550 

2567 

■2570 

2572 

2574 

2591 

2594 

2596 

2598 

2615 

•2617 

2620 

2622 

,2639 

2641' 

2543 

•2646 

2662 

2665 

• 2667 

■2669 

• 2686 

2688 

2690 

2693 

•2709 

2711 

2714 

2716 

2732 

; 2735 

273? 

,2739 

2755 

2758 

2760 

■2762 

2778 

2781, 

, 2783 

2785 

2501 

2854 

2836 

2808- 

2824 

2826 

2828' 

283! 

2847 

2849 

2851 ■ 

2853 

2869 

. 2871 

2874 

'2876 

2891 

2894- 

2896' 

'2898 

2914 

2916 

■2918 

' 2920 

2936 

2938 

2940. 

' 2942 

, 2958 

2960 

. 2962 

2964 

2980 

2952 

■ 2954 

2986 

3002 

3004 

3006 

3008 
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COMMON LOGAEITEMS ' 


”1^ 




3 

■i 

5 

6 ^ 

7 

S 

9 

ti 

















0I7R 

0170 

0212 

0253 

07,94 . 

0134 

0574 






11531 

0569 

0607 

0645 








<m4 

ivm 

1I9M 

m 

1004 

1038 

10/2 

1106 




1173 

1706 

1739 

1171 

1303 

1335' 

rih/ 



T 

l.t 

■M61 ; 

:K92 

I5£l 

.1555 

‘1584 

(614 

1644 

l6/i 

l/Oi 





'1790 

laio 

■1847 

1875 

■1903 

1931 

1959 

1987 

7014 


1.6 


.2068 

71195 

mi 

•7148 

2175 

22D1 

>777'/ 


nn 



'2330 

■2355 

'iriKli 

m 

2430 ■ 

■2455 

74W) 

75(14 

2529 




1577 

M\ 

2635 

IMft 

7672 

•2695 

17W 

7,747, 

2768 


1.9 

27S8 

' 2310 

.2833' 

2856 

'2878 

2900 

2923 

2945 

2967 

2989 




3032 

3054 

3075 

3096 

3118 

3139' 

3160 

3181 

3701 

' 71' 




•3763 

37K4 

■3'MH 

3324 

3345 

3365 

'H«5 

3404 



1 3424 ■ 

'. 3444 

•54M 

■m 

•3501 

3511 

3541 

m\ 

3479 

3593 

19 


3617 . 

I' 3636 

•3655 


3692 

3711 

3729 

3747 

3766 

3784 


2.4| 

3802 • 

' : 3820 

3838- 

3856 

3»4 

3892 

3909 

W 

3945 

3962 

17 


3979 

■''3997 

4014 

4011 

4043 

4065 

4082 

4099 

4116 

4135 



■4150 

4166 

4IK5 

47110 

4716 

4232 

4249 

4'/h5 

47M 

4298 



'4314 

4330 

4346 

4367 

4378 

4393 

4409 

4425 

4441) 

4446 



4472 

'. 4487 

4'iir; 

4518 

4533 

4548 

4564 

4179 

4594 

4609 


2.9' 

4624 

4639 

4654 

4669 

4683 

4»8 

4713 

4728 

4742 

4757 

IS 


0.4771 

4786 

4800 

4814 

4879 

4843 

4857 

4871 

4886 

4900 



4914 

4928 

4947- 

4955 

4W 

4983 

4997 

5011 

5074 



3.2 

5051 

5065 

51179 

5092 

5105 

5119 

5132 

4145 

4149 

5172 1 


.3.1 

51B5 

5198 

5211 

5224 

5737 

5250 

5263 

5776 

4789 

51112 


3.4 

5313 

5328 

5340 

5355 

5366 

m 

5391 

5403 

5416 

5428 1 

13 

3,5 

5441 

5453 

5465 

5478 

5490 

5502 

5514 

4527 


4441 


4 6' 

5563 

5575 

5587 

5599 

5611 

5623 

5835 

4647 




3,7 

5682 

5694 

5705 

5/17 

V/79 

5740 

5752 

4765 




U 

5798 

5609 

5871 

5K3? 

5m 

5855 

5866 

4877 




3.9 

5911 

. 5922 

5Wi- 

5944 

5955 

5966 

5977 

5988 

5999 

6010 

1 

4.0' 

0.6021 

6031 

6042 

6053 

6064 

6075 

6085 

6096 




4.11 

6128 

6138 

6149 

616(1 

6170 

6180 

6191 

6701 

671? 



4.1 

'6252 




6224 

6284 

6294 





4.31 

6335 

■ 6345 

6355 


6375 

6385 

6395 

6405 




4.4) 

6435 




6474 

6454 

6493 

6303 

6513 

6522 

10 

4,5' 

6532 

6542 

6551 

6561 

6571 

6580 

6590 





4, 4.' 

. 6628 

6637 



6665 

m 

6684 





4,7' 

6721 

6739 

6/39 

6/49 

6/58 

6767 

6ng 




n 

4.a 

, 6812 

> 6821 

6830 


6848 

6857 

6866 




4,9 

6902 

69ir 



6937 

6946 

• 6955 

6964 

6972 

698] 

9 

{Of 

lot 

! * = 0,497t log t/ 2 0.1961 log t* = 

f < •= 0.4343' log (0.4543) = a6.378 - 1 

0.0913 

log = 

0.2486 



Thwa two pages ©to the oonunon logaiithma of aumbere between I and 10, correct 
to foM places. MoviusthndwvmalpmntftplMestPtbeTigUloTleitlintboBumberig 
equivalent to adding nlor -n] to the loguUhm. Thus, log 0.017463 = 02419 - 2 
which may also be wriltra 2.2419 or 8.2419 -10. Seep. 91. Grapba, p. 174 . ' 

j , • -^gfab) “logo + log's ; _ ]Dg(8^> = ;Vloga 

l 1. logiy^-^lagB 
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COMMON tOGAEITHMS {coniimie^, ‘ 



o: 

Ir 

. 

. s 

V , 

. 

e 

T 


9 

to 

0.6990 

6998 

7007 

701ft 

7024 ' 

■;7033 

mi 

:7050 

7059 

70fi- 

<>1 

7076 

7084 

7094 

/lOf 

7(10 

71(6 

•7!'76 

. 7135 

'/I43 

715' 

•s? 

7(60 

7(68 

7(7/ 

7(85 

7(93 

7202 

mw 

7^IH 

/lift 

7H‘ 


7243 

7251 

rm 

7'rt.7 

7775 

, 7284 

.7792' 

/31NI 

73(18 

1311 

5.4 

7324 

7332 

7340 

7348 

7356 

7364 

■/y/2 

73W) 

7388 

'/39t 

55 

7404 

7412 

7419 

7477 

7435 ' 

7443 

.745i 

7459 

7466 

747i 

5ft 

7482 

7490 

749/ 

m 

7513 

' 7520 

■m 

■7336 

'1543, 

755 

57 

‘ 7559 

7566 

7574 

mi 

7589 

7597 

m 

7617 

7619 

7ft’7 

5fi 

7634 

7642 

7649 

/ft5/ 

/ftft4 ' 

7672 

7679 

'7685 

7694 

770 

5.9, 

7709 

7716 

7723 

7731 

//38 ■, 

; 7745' 

7752 

7760 

7767 

777- 

fi,n 

0,7782 • 

7789 

779ft 

■7803 

7810 

7818 

.7825 

783? 

7839 

7R4( 

fti 

7853 • 

7860 

7868 

/H75 

7882 

, 7889 

■7H96' 

''/9I)3 

191(1 

•191 

ft2 

;92( 

7931 

7918 

/945 

7952 

7959 

79ft6 

'1973 

198(1 

798 

ft, 5 

■7993 

m 

m/ 

WIN 

m . 

m 


«(M( 

WM8 

m‘ 

6.4 

8062 

8069 

8075 

.8082 

8089 

8096 

8102 

8109 

8116 

8(2: 

6.5 

8129. 

8136 

8147 

8(49 

8(56 

. 8(62 

:R169 

'8176 

8182. 

818= 

6ft 

8195 

6202 

8709 

8715 

877/ 

8228 

8735 

.8741 

8748 

8'75> 

67 

..'8261 

8267 

8774 

8780 

8787 , 

8293 

'H299' 

; 831)6 

8317 

H31‘ 

6R 

, 8325 

8331 

8338 

8344 

8351 

. 8357: 

!83fi3 

8370 

8376 

838', 

6.9 

8388 

■ 8395 

8401 

840/ 

8414 ' 

;■ 8420 

8426 

.6432 

8439 

644! 

70 

0.8451 

8457 

8463 

8470 

8476 

8482 

m 

■ 8494 

8500 

8501 

•7,1 

8513 

85(9 

8575 

853( 

8537 

. 8543 : 

■8549' 

!85ft5 

8561 

85ft‘ 

7? 

8573 

8579 

8585 

8591 

8597 

8603' 

8609' 

'8615 

8671 

867; 

75 

6633 

«ft39 

8645 

8ft5| 

8657 

8663 

8669 

8675 

8681 

Kft8 

;.4 

m 

. 8698 

m 

m 

8716 

8722, 

8727, 

■mi 

8759 

mi 

75 

8751 

8756 

8767 

8768 

8774 , 

'8779 

8785 

8791 


•8805 

7ft 

6803 ' 

8314 

887(1 

8875 

8831 

8837 

'8842 

8848 

K854, 

•8855 

77 

■ 8665 

8871 

887ft 

8887 

m • 

8893 

■8899 

8904 

8910- 

8915 

78 

8921 

8927 

8932 

8938 

8943 

8949 

8954 

89611 

8%5 

897 : 

.7.9 

8976 

6962 

898/ 

8993 

8998 . 

.,9004 

'WUV 

9015 

9020 

,9025 

8.0 

0.9031'. 

9036 

9047 

9(H7 

9053 

, 9058 

9063 

9069 

9074 

9075 

8,1 

. 9085 • 

9090 

90% 

9|0( 

9(06 • 

9(12.. 

,9117 

9122 

91 ‘18 

913- 

8? 

■ 9138 ’ 

9143 

9149 

9154 

9IW 

9165 

'9170 

9175 

918(1 

9181 

5:1. 

'iW ■ ' 

. m 

■5m 

m. 

mi 

■ 

• m 



mil 

«.4 

9243 . 

; 9248 

92>i 

9258 

9263 

. 9269 

9274 

19219 

9284 

,928 

•85 

9294. 

9299 

9304 

9309 

9315 

9320 

9325 

9330 

9335 

.9340 

,Rfi 

•9345 

9350 

9355 

V3M» 

9365 

.9370’ 

9375 

93811 

9389 

9391 

iH7 

■ •9395 

9400 

9405 

941(1 

9415 

9420 

'9425 

■94'31l 

9435 

•9441 

«« 

9445 

9450 

9455 

9460 

9465 

•• 9469, 

.94/4 

■9479 

94(34 

948* 

•8.9 

' 9494 

, 9499 

9504 

,9509 

9313 .• 

, 9518 ■ 

:952i 

9528 

9533 

,-9538 

:9.0 

0.9542 

9547 

9552 

9557 

95^ 

'9566 

9571 

9576 

9581- 

9586 

9.1 

9590 ■ 

9595 

960U 

96115 

9609 

9614 

9619 

9624 

96'7H 

9h3 

9;/ 

;.9638 

■ 9543' 

9ft47 

965?' 

%5/ 

9661' 

'9666' 

9671 

9h75- 

9hKl 

■9,5 

''9685 

9689 

9h94 

9699 

9703 

9708 

9713 

'971'/ 

9/22 

972/ 

'9.4 

' 9731 

9736 

y/41 

9745 

9750 

'• 9754 

,9759' 

.9163 

9168, 

97/3 

95 

9777 

9782 

9786 

9791 

9795 ' 

9800 

9805 

■9809 

9814 

9818 

9, ft 

9823 

9827 

9837 

9836 

9841 

- 9845 

,9850 

•9854 

9859 

98ft'- 

:9,7 

' 9868 

9872 

987/ 

9881 

9886 , 

■■ 9890,' 

,9894 

'9899 

99113 

9910 

98 

9912 


99';r 

997A 

993(1 > 

' 9934 

9939 

.9943 

9948- 

995'/ 

'.9,9 

9956 

9961 

m 

9969 

W/4 

•.! 9978 

.9983, 

'9987 

9991- 

■9996 



44 MATBBliATlGAL TABLES 

DEGREES AND MINUTES EXPRESSED IN RADIANS (See;alsq.p..69) 




■ Degrees ' 


— 

Hundredths' ' ' ' | 

Minutes ' 




11»47 

121“ 

11118 

(f.oi 

.0002 

0®.B1 

3089 

1' 

.0001 



■1. 

- \m.\ 

1 

11293 

1 











I146S 

3 

.0005 

3 

.0093 



4 

.0698 

■ 4 

1.U70, 

4 

11642 

4 

'.0007 •' 

4 

.0094 

4' 




68° 

1.1345^ 

ISO® 

11817 

'.OB 

'.0009 

.55 

.0096 

5' 

.0015 





6 

11991 



6 


6' 




7 

1.1694 

7 

12166 

7 

.0012 

7 

.0099 





8 

1.1868 

8 

12340 

8 

.0014 

8 

.0101 



9 

.1571 

9 

1.2043 

9 

12515 

9 


.9 

.0103 



. 16 “ 


70“ 

1.22i7 

130“ 

12689 

0«.10 

.0017, 

>*.60 

.0105 

10' 

.0029 



-1.2392 

1 





.0106 






im 

2 


2 

.0021 

2 

3103 





3 

1.2741 

3 


3 

.0023 

3 

3110 

\V 


4 

.2443 

4 

1^915 

4 

13387 

4 

3024 

4 

.0112 

14' 

.0041 




1.3090 

138* 


AS 

0026 

.65 

.0113 

15' 

0044 

6 


6 

13265. 

6 

23736 

6 

3028 

6 

.0115 

1ft' 

.IHM7 

7 



13439 

7 

13911 

7 



.0117 






13614 

n 


8 

3031 

8 

.0119 

18' 

(ins^2 

- 9 

3316 

9 

13788 

9 

14260 

9 

.0033 

9 

.0120 

19' 

3055 

20“ 

1 


80“ 

1390 

140“ 

1 


0*AO 

.0035 

)*.7(» 

.0122 

20' 

3058 

.3665 

1 

1.4137 

14609 

1 

3037 

1 

.0124 

•21' 

.OUhl 

2 

. .3840' 

2 

1.4312 

2 

14784 

7 


2 

3126 

22' 

nnA4 

3 


3 

1.4486 

3 

14958 

; 3 

.0040 

3 

.0127 

25' 

mi 

4 

.4189 

4 

'I.466I 

4 

15133 

. 4 

.0042 

4 

3129 

24' 

Jim 

28* 

.4363 

85“ 

1.405 


23307 


,0044 

.76 

.0131 

25' 

0073 

fi 

.4338 

6 

13010 

6 

15482 

6 

.0045 

6 

.0133 

2ft' 

I1i)7ft 

7 

.4712 

7 

13184 

7 

15656 

7 


7 

.0134 

•27' 

2H)'79 

« 

.488? 

6 

1.3359 

8 

2301 

% 


8 

.0136 

■28' 

.111181 

9 

ilMl 

9 

13533 

9 

16005 

9 

.0031 

9 

3138 

29' 

0084 

•30* 

.5D6 

90* 

1.5708 

lOO* 

2.6180 

0*.80 

.Wll? 

0*30 

3140 

30' 


1 

.5411 

1 

1.5882 

1 

2.6354 

1 

,01134 

1 

3141 

3i' 


7, 

.5585 

2 

1.6057 

2 

2.6529 

2 

.0056 

2 

.0143 

V.' 


3 

.5760 

3 

1.6252 

3 

2.6704 

3 


8 

,(1145 

35' 


4 

A934 

4 

IA406 

4 

16876 

4 

,0059 

4 

3147 

34' 

.0099 

88* 

.6109 

95* 

1.6581 

165* 

27053 

86 

.0051 

.65 

,0148 

35' 


0 


6 

1.6755 

6 

2.7227 

6 

.0063 

6 

.0150 
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NATURAL SINES AND COSINES 


Natural Sines at intervals of 0 *.lvor 6 ^.- • (Fot lO'iQtervais, sea pp; 62^6) 
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NATUEAL SINES AND -COSINES (conftnucd) : 

Natural Sines at iotervala of 0".l, or 6'. (Far lO'intorrals, bm pp. 52-56) 
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NATURAL TANGENTS AND COTANGENTS - 

Natural Tangents atinteTrals of 0“.l, W 6'. (T« lO' intervals, see pp. 52-56} 
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NATURAL TANGENTS AND COTANGENTS {coniimcd) 

Natural Tangentsatiot6rval8of0°.l,or6'. (ForlO'intomlB.seopp. 52-56) 
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ZIATBSXATICAL TABLES 


NATUBAL SECANTS, AND OOSBCANTS 
Natural Secants at intervals of 0®.lj‘or 6'. 
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MATnEUATICAl TABLES 

NATUEAL SECANTS AND COSECANTS (continuedl 
Natural SecantsatintervalsofOM.orS'. 


(60 (120 (180 (240 W (360 <420 (480 (540 
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4422 4448 4474 4501 
4690 47)8 4746 4774 
4974 5003 5032 5052 
5273 5304 5335 5366 

5590 5622 5655 '5688 
5925 5959 5994 6029 
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'6655 6694 6733 6772 
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2.00'5 2.012 2.018 2,025 
■im 2.076 2.082 2.089 
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2.996 3811 3826 3.041 3.056 3.072 19 IS 
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1638 1686 1737 17.91 18.49 19.11 3 
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' MATHEMATICAL TABLES 66 

TEIQONOMETRIC, FUNCTIONS 

■ ^Aniiex -10 in columna marked*. (For 0®.l intervals, bm pp, 4W1) 
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3169 

,7(14 

1,914/ 

.2866 

1.0937 

40 

■- 10' 
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,461/ 

.6644 

88 /(I 

.9479 

3706 

.7165 

I.9/1H 

,'/81S' 

1.0903 

■' 30 

40 

1H«74 
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,8857 

.9473 

3741 

,7(96 

l,'ll)/4 

,7H(W 

1.0B79. 

20 

3U 

0.4858 ■ 

.4669 
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.8843 

.9466 

J»2li0 

-J226 

‘1.8940 

.27/4 
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10 
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<1,6716 

,8879 

<19459 
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1 8807 

17741 
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3m 
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20 
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4746 
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9446 
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1 8546 

,'/6H5 

1,0763 

40 
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0.49'M 

,4777 

.678/ 

,8788 

9419 

.5410 
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1.841H 
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1,07341 

30 

*• 40' 
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4797 

6810 

8774 

.9432 

,3467 
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,767/ 
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.4823 

.6833 

.8760 
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1.0163 
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9.6856 
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,5541 
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3S81 

7467 
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,4899 
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,8718 

.9404 

3619 
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,7501 
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10 
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,4974 
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.8704 
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1.0443 

. 50 

20 
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0.5440 

,5175 

,/l'19 

,833/ 

.9323 

.6018 

,7816 

1,6314 

.2104 
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1.0007 
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' 10 

32* 00’ 
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.10/(1 
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0.9483 

- 20 



‘J854 

J6/3 

.8107 

.9089 

J22I 

.0306 

13840 

'.Ht4 
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1 .0.6429 • 

J955 

jm 

41004 

.9033 

jm 

4)74) 

U3SI .1255 



37* DO' 
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HYPEEBOLIC LOGARITHMS 



. 

n (2.3026) 

1 n (0.6974-3) 

These two pages pve'the natural (hyper* ! 

) 1 

2.3026 

0.6974-3 . 

bolis, or jNapieiian] logarithrae Qogf) of 




numbers between l-and 10, ccffrcct to four 

4l 

9.2103 

1 0.7897-10 

places. Moving the dedmal point n plaeea i 

5| 

11J129 

0,4871-12 

to the right [or left) in the number is eqmva- ! 



0.1845-14 

lent to adding n times 2.S026 [or n times 


It.l IB) 


3.6974] to the logarithm. Base e=2.71828+ 

9 

20,7233 

' 02767-21 ' 
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8 
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0198 
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95 

1.1 
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1.2 
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2469 
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69 
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.4121 
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4318 
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4874 
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9083 
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9478 
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%7(J 
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9871 




2,7 

0.9933 
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3.1 1 
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1506 
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29 

3.5 
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2641 
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2698 
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3.7 
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20 


loE,s = {2.302^1 oe»* log,,* « (0.4343)los.a 
vrIiere2.302G = log,10imd 0.4343 -lopw (6fiSp.62) For graphs, see p. 174- 
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6390 
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■ .'6505 

6525 
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19 

53 
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6752 

6771 

6790' 

6808 ' 

6827 

6845 

18 

3,f 

6864 • 

,6882 

6901' 

6919 

693B- 

6956 

,6974 

6993 , 

7011 

7029 

18 

5,5 

1.7047 

7066, 

7084 

7102 

7120 

7138 

7156 

7174 

7192 

7210 

18, 

5.6' 

7228 

7246 ' 

7263' 

7281 

7299 

7317 


7352 

7370 

7387 

18 

5.1 

7405 

7422 

7440 ' 

7457 

7475 

7492 


7527 

7544 

7561 

17 

■ 5.8 

7579 

7596 

7613 

7630 

7647 

7664 

7^. 

7699 ' 

7716 

7733 

17 

5,9. 

7750 

7766 

7783 

7800 

7817 

7834 

7S5I 

7867 

,7884 

7901 

17 

6.0 

1.79(8 

7934 

7951 

7967 

7984 

8001 

8017 

8034 

.8050 

8066 

16 

6.1 ■ 

8083 

8099 

8116 

8132 

8148 

8165 

6181 

8197 

8213 

8229 

16 

hi. 

-8245 

8262 

8278 

8294 

8310 

8326 


8358 ■ 

8374 

8390 

16 

6,3 

. 8405 , 

8421 

8437 

8453 

8469 

6485 

8500 

6316 

8532 

8547 

16 

6 , 4 ; 

; 8563 

8579 

8594 

8610 

8625 

8641 

8656 

8672 

. 8687 

8703 

15 

63 

1.8718 

8733 

8749 

8764 

8779. 

8795 

8810 

,8825 

8840 

8856 

15 

6.6 

8871 

8886 

8901 

8916 

8931 

8946 


8976 

8991 

9006 

15 

6,7 

9021 ' 

9036 

9051 

9066 

9081 

9095 

Olio 

9125, , 

9140 

9155 • 

15 

6,8’ 

9169 

9184 

9199 

9213 

9228 

9242 

9257 ■ 

■9272 

9286 

9301 

15 

6,9 

.. 9315 

9330 

9344 

9359 

9373 

9387 

9402. 

'9416: 

' 9430 

9445 

14 

7.0 i 

1.9459 

9473 

9488 

9502 

9516 

9530 


9559 

9573 

9587 

14. 

7,1. 

, 9601 , 

9615 

9629 

9643 

9657 

9671 


9699 

,.9713 

9727 

14 

73' 

• 9741 

9755 

9769 

9782 

9796 

9810 

9824 

9838 

-’9851 

9865' 

14 

7,3: 

1.9879 

9892 

9906 

9920 

9933 

9947 


9974 

9988 

'ooor 

13 

7,4' 

2.0015 

0028 

0042 

0055 

0069 

0082 

0096 

0109 

0122 

0136 

13 

7,5, 

10149 

0162 

0176 

0189 

0202 

0215 


.0242 

0255 

0268 

13, 

7,61 

02SI 

0295 

0308 

0321 

0334 

0347 

060 

0373 

•'.0386 

0399 

13 

7,7, 

0412 . 

0425 

0438 

0451 

0464* 

0477 

0490 

0503 

',‘0516 

0528 

13 

7.8. 

, 0541 

0554 

0567 

0560 

0592 

0665 : 

0616 

0631“ 

' 0643 

0656 

13 

7,9. 

,0669 

0681 

0694 

0707 

0719 

0732 

0744. 

■ 075? . 

,',0769 

0782 

12 

8,0 

2.0794 

. 0807 

0819 

0832 

0844 

0857 

0869 

0882 

. 0894 

0906 

12. 

8,1 • 

0919 

0931 

0943 

0956 

0968 

0980 

0992. 

1005, 

'1017 

1029 

12 

8 . 2 : 

1041 

,1054 

1066 

1078 

1090 

1102 

> 

'1126 

' '1138 

1150 

12 

8 , 3 ; 

, 1163 

• 1175 

1187 

1199 

1211 

1223 

1235 

1247 

1258 

1270 

12 

8.4; 

. 1282 . 

1294 

1306 

1318 

1330 

1342 

1353 

1365 

; 1377 

1389 

12 

8.5 

2,1401 

■412 

1424 

1436 

1448 

1459 

,1471 

1483.. 

. 1494 

1506, 

12 

8,6' 

1518 

•1529 

1541 

1552 

1564 

1576 

• 1587 

1599 : 

1610 

1622 

12 

8,7, 

1633 

1645 

1655 

1668 

1679 

1691 

1702 

1713 

1725 

1736 

M 

8,8; 

1748 

1759 

1770 

1782 

1793 

1804 

]815 

,1827 ' 

•i838 

1849 

II 

8.9 

1861 

1872 

1883- 

1894 

1905 

1917 

.1928 

1939 

,.1950 

1961, 

11 

9.0' 

2.1972 

1983 

1994 

2006 

2017 

2028 

, 2039 

. 2050 

2061 

2072 

[I 

9.1 

;,2083 ■ 

2094 

' 2105' 

:2n6 

2127 

2136 

' 2148 

2159 

2170 

2181 ■ 

’ll’ 

9.2 

2192 

2203 

2214 

2225 

2Z35-. 

2246 

' ’ 2257 ' 

2268' 

2279 

2289 

11 

9.3, 

2300 ' 

2311 

2322", 

2332 

2343 

2354 

2364 

.2375’ 

.2386 

2396 

.11 

9.4 > 

, '2407 

■2418 

2428 . 

2439 

m 

2460 

;2471 

2481 : 

,■2492 

2502 

1l 

93 ' 

■ 2,2513 

2523 

2534 

2544 

2555 

2565 

, 2576, 

2586 

. 2597 

2607 

10 

9.6 

' . 2618 • 

, 2628 

2638: 

2649 

2659 

2670 

’2680' 

■2690’ 

■27QI 

2711 1 

10 

9.7 

i 2721 ' 

2732 

2742 ' 

2752 

2762. 

2773 

’ 2783 

2793 

2803 

2614 > 

10 

9.8 

1 2824 

, 2834 

2844 

2854 

2865 

2875 

2885, 

2895 

2905 

2915 

10 

99 

' 

• -•. .2935 

2946' 

2956 

2966 

2976 

' • 2985 . 

,2996 

•;3006 

3016 

10 

10.0 

! 2,3026 












60 MATBSMATICAL TABLES 

HYtEEBOLIO SINES Isinli *'= J5(e* ~ e"*)] ' 


X . 0 

I 

2 

3 

-4 

5 

6 

7 

8 

9 

•<■9 

o.b .flfloo 

.0100 

.0200 

.0300 


£980 

.0600 

.0701 

.0801 

,0901 

100 

1 .1002 

.1102 

.12(0 

.1304 

.1405 

.1506 

.1607 

.1708 

.1810 

-.1911 

101 

2 J0I3 

.2115 

.2218 

J!320 

2423 

.2526 

5629 

.2733 

,5837 

5941 

103 

3 .3045 

■ .3150 

.3255 

5360 

5466 

5572 

5678 

.3785 

5B92 

.4000 

106 

4 .4108 

.4216 

.4325 

.4434 

.450 

.4653 

.4764 

.4875 

.4986 

.5098 

110 

0.5 .5211 

.5324 

5438 

5552 

5666 

5782 

,5897 

.6014 

.6131 

.6248 

116 

6 .6367 

.6485 

.6605 

5725 

56(6 

i967 

,7090 

.7213 

5336 

.7461 

122 

7 .7586 

7712 

.7838 

5966 

5094 

5223 

6353 

5484 

5615 

.8748 

130 

8 .8881 

.9015 

,9150 

.9286 

.9C3 

.9561 

.9700 

,9840 

.9981 

1.012 

138 

9 1,027 

1.041 

1.055 

1.070 

1.065 

1099 

1.114 

1.129 

1.143 

1.160 

15 

1.0 1.175 

2.191 

1.206 

1522 

1238 

1554 

1.770 

1.286 

1503 

1.319 

16 

1 IJ36 

1.352 

1.369 

)JS6 

1.403 

1.421 

1.438 

1.456 

1.474 

1.49) 

77 

2 1.509 

1.528 

1.546 

1.564 

i.5» 

1002 

1.621 

1.640 

1.659 

1,679 

19 

3 1,698 

1.718 

1.738 

iJ38 

1.779 

1599 

1.820 

1.841 

1.862 

1.883 

21 

4 1,904 

1.926 

1.948 

1.970 

1.992 

2014 

2,037 

2,060 

2.083 

2.108 

22 

1.5 2.129 

2.153 

2177 

2201 

1225 

2550 

2574 

2.799 

2.324 

2550 

25 

6 2.376 

2.401 

2428 

2454 

2.481 

2507 

2535 

2.562 

2.590 

2.617 

27 

7 2,646 

2.674 

2703 

2732 

2561 

2.790 

2820 

2.850 

2.881 

2.911 

30 

8 2.942 

2.973 

3905 

3.037 

3iK9 

3.101 

3.134 

3.167 

3.200 

3534 

33 

9 3.268 

3.303 

3,337 

3572 

3.406 

3.443 

3.479 

3,516 

3552 

3,589 

36 

2.0 3.627 

3.665 

3.703 

3.741 

3.780 

3520 

3559 

3,899 

3.940 

3.981 

39 

1 4.022 

4.064 

4.106 

4.148 

4.191 

4534 

4578 

4522 

4.367 

4.412 

44 

2 4,457 

4,503 

4549 

4594 

4.643 

4691 

4539 

4.78$ 

4.837 

4.887 

48 

3 4,937 

4.988 

5.039 

5.090 

5.142 

5.195 

5.24$ 

5.302 

5.356 

5.411 

53 

4 5.466 

5522 

5578 

5.635 

5.693 

5551 

5510 

5569 

5.929 

5.989 

59 

2.6 6050 

6.112 

6174 

6537 

6500 

6565 

6.4» 

6.495 

6.561 

6.627 

64 

6 6695 

6.763 

6.831 

6.901 

6.971 

7.042 

7.113 

7.185 

7.258 

7532 

71 

7 7.406 

7.481 

7.557 

7.634 

7511 

7.789 

7568 

7.948 

8.028 

8.110 

79 

8 6.192 

tvs 

8559 

8.443 

8529 

8615 

8502 

8,790 

8.879 

8.969 

87 

9 9.060 

9.151 

9544 

9537 

9.431 

9527 

9.623 

9.720 

9519 

9.918 

96 

3.0 10.02 

10.12 

1022 

1052 

10.43 

1055 

10.64 

10.75 

10.86 

10.97 

1] 

1 11.08 

11.19 

11.30 

11.42 

1153 

11.65 

11.76 

11.88 

12,00 

12.12, 

12 

2 12,25 

12.37 

1249 

12« 

1255 

1268 

13.01 

13.14 

13,27 

13.40 

13 ' 

} 13,54 

13.67 

13.81 

13.95 

14.09 

H.23 

1458 

14,52 

14,67 

1452 

14 

4 14.97 

13.12 

ISi7 

15.42 

1556 

1553 

1559 

16.05 

1651 

1658 

16 

3.6 16.54 

16.71 

I68S 

1755 

1752 

1759 

1757 

17,74 

17.92 

IB.IO 

17 

6 18J9 

18.47 

1856 

18.64 

1953 

1952 

19.42 

19.61 

19.81 

20.01 

19 

7 20.21 

20.41 

20,62 

2053 

21JM 

2155 

21.46 

21,68 

21.90 

22.12 

21 

8 22J4 

22.56 

22.79 

23.02 

2355 

23.49 

23J2 

23.96 

24,20 

24,45 

24 

9 24.69 

24.94 

25.19 

V>M 

2550 

25.96 

26.22 

26,48 

26.75 

27.02 

26 

Id B.29 

2jX 

27.84 

28.12 

2S.40 

2869 

28.98 

29.27 

2956 

29.86 

29 

1 30.16 

30,47 

30.77 

3IH8 

3159 

3151 

32.03 

32,35 

3258 

33.00 

32 

2 33.34 

33,67 

-34.01 

34.35 

3450 

3565 

35.40 

35,75 

36.11 

36.48 

35 

3 36.84 

37,21 

37.59 

37.97 

3855 

3853 

39.12 

39,52 

39.91 

40.3! 

39 

4 40.72 

41.13 

4154 

41.96 

4238 

4261 

4354 

43,67 

44.11 

4456 

43 

4.6 45.00 

43.46 

45.91 

4657 

46.84 

4751 

■ 4759 

4857 

48,75 

4954 

47 

6 49.74 

5024 

50.74 

5155 

5157 

5159 

52.BI 

53.34 

53,88 

54,42 

■52 

7 54.97 

55.52 

5601 

5664 

5751 

57.79 

58,37 

58,96 

59.55 

60.15 

58 • 

5 60,75 

61.36 

61.98 

62.60 

&53 

6367 

64.51 

65.16 

65.81 

67.47 

64 

9 67.14 

67,82 

68.50 

69.19 

69.88 

7058 

7159 

7101 

72.73 

73.46 

71 

5.0 74JO 












If a: > 5, Binh x 
UCmficant figures. 


=« H(‘‘) ooi logM anh I « (0.43l3)i + 0.6990 - 1, correct to four 
'or table of muH^>les of 0.4343v see p. ^ 2. Graphs, p. 174. 
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loKu coslis»(0.4343)a: +0.6990-1, corroet to four siniia* 

int Ucurea. For table of multiples of 0.43«, see p. 62. Graphs, p. 174. 
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HYPERBOLIC TANGENTS [lanhjB=(c*-e“*)/(e*4e*:*)«’mn!ia:/c03li*] 



1.3029 

■\7sn 

2.1713 


0.0434 0.0869 tLlM 0.1737 
0.477 7 03212 03646 0.6030 
0.9120 09354 0.9989 |j04a 
13463 13697 I.43S 1.4766 
•0806 'im 'fm3 ■i:9[o» 
22149 Z2585 ’ 23018 23452 
' 2,6492 2m> 2.7361 2J795 
3.0B35 3.1269 3-17©' 32138 
33178 33612 3i046 36481 
3.9521 3.9955 4.(089 '4.0824 


02171 

03514 

1.^7 

1.5200 

■|S343 

23886 

ixaa 

3JS72 

3.6915 

4.iB8 


016D6 0.3D4D 
0.6949 0.7383 
1.1292 1.1726 
13635 1.6069 

'\ym 'iwrz 

2.4520 2.4755 
2.B663 2.9D9B 
33006 33441 
3,7349 3,7764 
4,1692 42127 


03474 0,3909 
0.7817 0.8252 
1.2160 1 2595 


2J1846 2.1280 
2.5189 2 3 623 
2.9532 2.9966 
33875 3.4309 
3.8218 3.8652 
42561 42995 
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UATSBMATICAL TABLSS 


COMPOUND INTEREST. AMODNT OF A GWEN PRINCIPAL . 

The amount A at -the end of njreais'.i^ a ^vea principal P placed at compound 
Jsteregt to-dap isA = PX*orA .■'•PXif'w A-'«P X i, accordiDg as iisjatstesi 
(at the rate of r per cent, per aonutti) ja compounded auMally, Botni-annually, or 
quarterly; the factor tot yaiz b^ng taken from the fdllomng tables. 

Values of 8. (Intacst'ccmponiided annually; A ° P X sQ 


Yeats 

■> = 2 

, 255 

■ 3 


4 

454 

' 5' 

6 

7 


I 

I.(}2Q0 

1.0290 

1.0300 

1.0350 

104011 

1.0450 

1.0500 

1.0600 

1.070Q 


2 

1.0404 

urn 

1.0609 

UI717 

IJ08I6 

13(9^ 

1.1025 

1.1236 

1.1449 


■i 

1.0tl2 

am 

I.C927 

t.lOH7 

1.1249 

1.1412 

1.1576 

1.1910 

1.2250 


4 

. 1.QB24 

1.1038 

1.I25S 

1.1475 

1.I&99 

1.1925 

12155 

11625 

1.3108 


5 

M«4f 

■ r;f9r4 

rtw 

flOTT 

f7f67 

r,74fi7 

1.2763 

USSl 

1.4026 1 

fi 

fi 

1.1262 

1.1597 

imi 

17293 

1:2653 

1.3024 

1.3401 

1.4185 

•1,5(107 1 


7 

1.1437 

I.IW 

17W 

1.2723 

1.31V) 

1.1609 

1.4071 

1.5036 

1.6058 ' 


S 

1.1717 

i7im 

l76fA 

13168 

136«> 


1.4775 





1.1951 

U4S9 

13048 

-B629 

14233 

L4S6I 

1J513 

' 1i895 

•‘1.8385 ! 


JO 

J.2)90 

3.2«)J 

13439 

7.4106 

74807 

75530 

7.6289 


1.9672 

H 

([ 

f.24J4 

I.3l2f 

f3M7 

7.46l»> 

l,5W5 


1.7103 

' 1.8983 

2.(049 


12 

1.2682 

\m 

1.4258 

I.5I1I 

16(110 


1.7959 

2.0122 

2.2522 

■ot 

n 

. 1.2936 

i.im 

!.4W(S 

1.5640 

16651 

i:nv 

1.8856 


2.4098 



13193 

1.4 130 

13126 

1.618/ 

U3I7 

I2»I9 

1.9799 

22609 

25785 

, 

(4 

! 13459 

].m 

ISWl 

1.6753 

18009 

1.9353 

10789 

73066 

2.7590 

as 

Ifi 

13725 

l,4M9 

1 6(147 

17140 

1 8731) 

231224 

2.1829 

23404 

2.9522 


17 

1.4002 

I.5VI6 

l,657H 

I./947 

IW 

2.1134 





IK 

' 1.4282 

1.5W7 

1.7024 

1.8575 

20258 






19 

1.4S68 

13987 

1JJ3$ 

1/7225 

2.1068 

24079 

25270 

313256 

3.6165 

2 

?n 

1 1.4859 

),63Wi 

18061 

1.9898 

71911 

14117 

2i53J 

3.2071 

im? 


?.f 

■ IM6 

i.m 

?.mt 

ZM2 

7, 6658 

mu 

3.3S64 


i.m 



I31I4 

•im 

2.4273 

22IU68 

3i434 

mi 

43219 

5J435 

7.6123 


<0 

2.2080 


3 7670 

3.9593 

48010 

5JII64 

7.0400 

10286 

14.974 



23916 

3,4471 

4im 

5,5849 

7.1(167 


11.467 


29,457 


6U 

32810 

4,3998 

331916 

;378l 

10520 

14.027 

18.679 

32.988 

57,946 



Vriluwoty. Gntcttstcompoapdcdacinj-aDaimUy; A eP X J.) 


Yeats 

2 

214 

• 3 

Hi 

4 

455 

5 

6 

7 


1 

i,n?oi 

l.n?57 

1.0302 

IJI343 

1.0404 

1.0455 

1,0406 




? 

MWVi 

1.(1509 

I.II6I4 

1.0719 

I.l>tl24 


VIII'W 




3 ' 

111614 

1.0/74 

10934 

1.1(197 

11262 

1.1428 

i,i5v; 

i.mi 

1.2293 


4 

‘ 1,0829 

I.IU45 

1.1265 

I.I4«) 

1.1717 

1.1948 

U1&4 

1.2668 

13168 


5 i 

11046 

inn 

11604 

1.1894 

12190 

1.2497, 

1,7801 




6 

1.1268 

1.1608 

1.1956 

1.2314 

12682 

1.3060 


1,4258 



■1 ■ 

1.1495 

1,1900 

12318 

U749 

1.3194 

1.4654 

1 41311 

15126 



1 8 

• 1,1776 

l.2f«) 

l.'M) 

1.4199 

11778 

1.4/76 

1.4845 




' 9 

1.1961 

1.2506 

1J)73 

Id()b5 

1.4282 

1.4926 

15597 

1.7024 

1,6575 1 


in 

i 1.7207, 

1.287(1 

1.3469 

1,4148 

1.4849 

1V4I4 

1.6386 

1.8061 

1.9898 ' 


11 

1 1,2447 

1,3143 

I3I176' 

IA647 

1 446)1 

1.6314 

1.7216 

I.9I61 

2.1315 ' 


12 

i 1,269/ 

I.M’M 

1 4294 

I.SI64 

1.6084 

I.705K. 

1,8037 

2.0328 

2,2633 ' 


n 

! ' mi 

4.WI2 

1 4777 

J.47))|J 

16744 

1.7834 



2.4460 

H 

14- 

, U213 

1.4160 

1.5172 

Ijh254 

U4IU 

I.B64S 

1.9965 

• 22879 

2.6202 

. 

15 

1 3478 

14516 

1,463V 

I.687R 

18114 

1.9494 

2.0976 

2,4273 

2.6066 


16 

I- 15749 

1.4881 

U)03 

I.V477 

IWM4 

2jmi 

2,2038 

23751 

3.0067 


1/ 

1 1.4026 

157V. 

1649(1 

1.11037 


2.1308 





18' 

1 1.4308 

,1.5613 

121)91 

I.Wi74 

2.0399 

2.2/7H 

24324 


3.4505 


19 

1.4595 

I.6U33 

I26UB 

Iim3 

‘2.(223 

13292 

2,555/ 

' 30748 

3.6960 


70 

1,4M9 

1.6416 

1.8140’ 241016 

2.2IH0 

14347 

2.6S51 

32620 

3.9593 





2.)052 

23808 

‘M9I6 

3.047(1. 



•53849 


iUr 

•U167 

•2.11172 

2.4432 ' 2.S318 

3JHIU 

3JJ001. 

43998 

58916 

7.8781 


■ 40 

i '7.2167 

'2.7014 

32907 

401)64 

48754 

593!)} 

7i096 

10,64! 

15.676 


511- 

-2.7048 

rt.4614 

4.4320 

46682 

7 7446 

9,7,440 

II.BI4 

19.219 

31.191 


6U 

33004. 

4A402 

i.m 

BOI92 

• 1IL765 

14.441 

19358 • 

-34.711- 

62864 
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Values of (Interest compounded quarterly; A •= P X r; boo opposite pngr) 


Years ^ 

r = 2 

236 

3 

3)6 

4 

;456 

5 ■ 

6 

7 1 


'1 

1.0202 

I07S7 

1,0303 

1 0353 

ID406 

IJK58 

1.0509 

1.0614 

1.0719 ' 


2 

1.0407 

llhll 

1.(I616 

1II//2 

1.0829 

IJ)936 

1.1045 

1,1265 

1.1489 


3 

1.0617 

1 ('7/6 

1 (193S 

1 1)117 

117MI 

1 1447 

U608' 

I.)956 

123)4 


i 

1.0331 

I.I048 

1.1270 

1.1496 

1.1726 

l.i%0 

12199 

1.2690 

13199 


5 

•1 1049 

i,n?7 

U6I? 

11903 

1770? 

ITSIM 

12820 

13469 

1.4148 


fi 

j 1.1272 

M6IS 

I,l%4 

1 7376 

1769/ 

13080 

13474 

1.4295 

13154 

(• 

7 

1.1499 

1.1906 

12327 

1 7763 

13213 

1.3679 

1.4160 

■ 1.5172 

1.6254 

SL, 

8 

1.1730 

1.2205 

12701 

1 3713 

1 3749 

1 4403 

1.4S8I 

I.6I03 

1.7422 

o 

9 

1 1.1967 

12514 

13086 

13684 

1.4308 

1.4959 

13639 

1.7091 

1.8674 

§ 

in 

12203 

17830 

1,3483 

14169 

I48R9 

IS644 

1.6436 

1.8140 

2.0016 


II 

12454 

IJ154 

1 'im 

1 4677 

1 3494 

1 646(1 

1.7274 

1.9253 

2.1454 


17 

1.2705 

1.3486 

1 4314 

1 3197 

1617/ 

1 7II» 

13154 

2.0435 

22996 


13 

1,2961 

1 3876 

1,4748 

1 3731 

1 677/ 

1 7891 

1.9078 

2.1689 

2.4648 


14 

, U222 

1.4175 

13196 

1.6288 

IJ458 

IJi/IO 

10050 

13020 

2.6420 

0 

IS 

134S9 


l,Sf)S7 


U167 

ym 

2.5072 

2.4432 

2.8316 

H 

Ih 

1.3760 

1.4900 

1.6137 

1 V4M 

1.8905 

2.0462 

22145 

23931 

3.0353 


1/ 

1.4038 

1.5276 

1,662! 

1.6083 

1.9572 

11398 

23274 

2.7523 

3.2534 

3! 

IK 1 

1.4320 

1.5661 

I.7I76 

1 8773 

7II47I 

774/H 

2.4459 

, 2.9212 

3.4872, ' 

H 

19 ! 

1.4609 

1.6056 

1.7645 

1.9389 

2.1302 

23402 

15705 

3.ID04 

3.7378 ' 

>- 

20 

1.4903 

IM67 

1.8180 

2.0076 

77I6? 

74473 

2.7015 

32907 • 

4.0064 ' 


25 ' 

1.6467 

1.8646 

7.I1II 

2.3898 

? 7(I4H 

3.0609 

3.4634 

4.4320 

5.6682 1 


3li 

1.8194 

2.1121 

2.4514 

2.W46 

33004 

33285 

4.4402 

5.9693 

8.0192 ; 


40 


77098 

3,30S3 

40306 

49138 

S9897 

72980 

I0.82B 

16,051 1 


50 

•UI15 

3,4768 

4,4567 

3,711(1 

7,316(1 

9,3693 

11.995 

19.643 ' 32,128 ! 


6(1 

3.3102 

4.4608 

6.0092 

8.0919 

10.893 

14.657 

19.715 

35.633 

64307 j 



AMOUNT OF AN ANNUITY 

The amount 5 accumulated at the end of n years by a given annua! payment T act 
aside at the end of each year is 5 « V X *1 Tflicto Iho factor o is to ho taken from tho 
foIloMsg table. (Interest at r per cent per annum, compounded annually.) 

_ Values of s 


Yeats 

. 2 

2)5 

3 

3)6 

4 

4)6 

5 

6 

7 


1 

,1,0000 

mono 

1.0000 

1.0000 

12)000 

10(100 

1.0000 

I.DOOO 

1.0000 




2.0200 

7(I7MI 

10300 

2.0350 

704IIII 

7(M50 

2.0500 

2.0600 

2.0700 




3.0604 

H1I7S5 

3.0909 

3.1062 

31716 

3 1)7(1 

3.1525 

3.1836 

3.2149 

o 



4.1216 

4.1511 

4.1836 

43149 

4146S 

41782 

4.3101 

43746 

4.4399 



5 

3.2040 

S7S63 

53091 

5 3675 

54163 

54707 

53256 

5.6371 

5.7507 



6 

6.3031 

h)N// 

6.4684 

6SS(I7 

6.6330 

6.7169 

6.8019 

6.9753 

7.1533 



7 

7.4343 

/ S4'/4 

7,6675 

7 7794 

7i983 

8(1197 

8.1420 

8.3938 

8.6540 




'8,5830 

K'/36| 

8.8923 

9.05)7 

9JI42 

93800 

9.5491 

9,8975 

10.260 

77 



9,7546 

9.9545 

IU.I59 

10368 

10383 

10302 

11.027 

11.491 

11.978 



10 

10.950 

11.20? 

11,464 

l{7?f 

I?W« 

t7, 7fB 

fl576 

t3.rfil 

■ 13.816 ' 


o 


11169 

I74K3 

12.808 

13.142 

r34W> 

13841 

147(» 

14,972 

15.784' 




,13.412 

h7% 

■ 14,197 

14.602 

15.026 

15.464 

15.917 

16.870 

17.88S , 




14,680 

h,l4(l 

I5.M8 

16 113 

16 677 

17 1/21 

17.713 

18.882 

20,141 




15.974 

16.519 

17.086 

17.677 

18192 

18.932 

19399 

21.015 

22,550 



15 

17.293 

17,937 

18.599 

19,295 

70074 

70 784 

21379 

' 23,276 

25.129 





|y.3Hl) 

2l).IS7 

20.971 

71 «/5 

7/719 

23.657 

25.673 

, 27.888 


1 



■ 7(1, HhS 

21,767 

777(15 

23.698 

24742 

25.640 

,28.213 

• 30.840' 




2I.4I2'' 

22.386 

7.3.414 

24.500 

75 645 

76855 

28.132 

• 30.905 

33.999 


‘ 



23,946 

25.117 

26,357 

272)71 

292164 

-3a539 

.33,760 

,37.379 



20 

24,297 

25.545 

26.870' 

' 28.280 

29J78 

31 371 

332»6 

35786 

40.995 • 

' ^ 




34,158 ,. 36.459 

3K')5l> 

41.646 

44365. 

47.727 

• 54.865 

63.249, 

. c5 


50 

[ ,40368 

43.903 

-47375 

512)23 

562)85 

6I2HI7 

66.439 

79.058 

94.461 




I 60.402 

67.403 

75.401 

•84550 

95M-‘ 

10703 

12).80 '• 

•154.76^ 

199.64 ■■ 






■112.8(1 

131.00 

lV7hV- 

v;«5n 

20935 . 

290.34 

406.53 



— 



.163,05 

196.52' 

237.99 

28930 

. 353.58 

533.13 

813.52 ' 
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PlllNCI?AL..WHICa WILI. AMOUNT TO A GIVEN STJM 

The principalP, which, if placed at eompound interest to-day, will amount to a givfin 
sum i at the end oin years isP r.^Xr'orpaAXy'orP^^Xr'. according as 
the interest (at the wteo/r per eeot per aaaiUD)ijcompouBded'aiuiualiy,seim-Bimun!ly, 
or quarterly; tbo factor s' or y* or s' being taken from the following tables, 

"Values of s'. (Interest compounded annually; f = X X j'} 


Years 

r = 2 

255 

■ 3 

■ 356 

4 

434 

5 

6 

7 



.9S039 

.97561 

• m37 

"96618 

.96154 

95694 

.95238 

.94340 

.93458 




.95181 

'H7HI 

93351 

,92456 

91573 

.90703 







91514 

.90194 

£8900 

£76^ 

.86384 

,83962 



4 

.92385 

.90595 

JS8U9 

517144 

£5480 

£3856 

£2270 

£9209 

£6290 

’ jj 


.90573’ 

.88385 

86761 

,84197 

87193 

R1745 

78353 

£4726 

£1299 , 






Rl">50 

J9031 

76790 

.74622 

.70496 

,66634 


7 

.87056 ■ 

,WI27 

,M'41N 

VKVN 

J5992 

J3483 

.710(8 

.66506 

.62275 


P 

.55349 

07075 

fimi 

.75941 

,78169 

.•filliO 

.67684 

£2741 

£8201 


9 

■i3676 

jillU/i 

J6642 

J3373 

.70279 

jmm 

.64461 

£9190 

£4393 

g- 

10 

.82035 

70170 

,74409 

30892 

67556 

64393 

.61391 

,55839 

£0835 


11 

.80126 

76714 

V77« 

.63495 

£4958 

61670 

JB468 

£2679 

.47509 



J8M9 

.74356 

70138 

.66178 

67460 

5S966 

55684 

.49697 

£4401 



J7303 

.72542 

£m 

.63940 

601)5/ 

56477 

J3032 

.46884 

£1496 

+ 

14 

J57SS 

Mli 

J)bll2 

.61/28 

J//48 

£399/ 

£0507 

£4230 

£8783 



74301 

(m 

.64186 

39689 

55526 

51677 

£8102 

.41727 

£6245 


111 

J2845 

67367 

,673H 

,57671 

.51391 

,49447 

.45811 

£9365 

£3873 


i; 

,.71416 

.65/20 

,6lh1l2 

,SS/20 

,51117 

,47118 

£3630 

£7136 

£1657 


IS 

,70016 

.64117 

,58739 

.5W6 

,49363 

.45/80 

£1552 

£5034 

£9586 


19 

.68643 

.62553 

32UZ9 

32UI(> 

.47464 

.43330 

£9573 

£3051 

£7651 


7(1 

,67297 

61077 

,55368 

50757- 

,45639 

■ ,41464 

£7689 

,31180 

£5842 1 

S 


.«1953 

.5?9W 

,47/M 

47315 

,37512 

.11/71 

£9530 

£3300 

.18425 


311 

JS21)7 

.47674 

.41199 

J5628 

JHI12 

£6700 

£3138 

.17411 

.13137 


40 

.45289 

,37743 

.30656 

75757 

.20879 

,17195 

.14205 

.09722 

JI6678 


JU 

37153 

,79094 

22811 

.17905 

.14071 

.11(171 

.08720 

.05429 



60 

30178 

,22728 

.16973 

.12693 

.(0506 

£7129 

.05354 

.03031 

.01726 



Values of /• (Interest compounded semi-annually; P ■ A X y') 


Yeats 

r-2 

236 

3 

336 

4 

436 

S 

6 



1 

,98030 

97546 

,97066 

,96590 

,96117 

,95647 

.95181 

.94260 

.93351 


2 

96098 

,95157 

W7I8 

, 9371 th 

,97385 

.91484 

.90595 

.88849 



3 

,94205 

,97H1/ 

,91454 

,90114 

,tW797 

8/507 

£6230 

.85748 



4 

.92348 

.VIWU 

MIA 

X7041 

X5349 

£3694 

£2075 

£8941 

.75941 


5 

90529 

,88118 

,86167 

won 

,82035 

»W51 

£8120 

£4409 

.70892 

X 


.88745 

.86151 

,83639 

HI /Oh 

,?1W49 






7 

,86996 

,841117 

81185 

78436 

,75788 

,73734 

£0723 

.66112 



8 

.85282 

.81975 

,7«NH 

,25767 

.2/845 

711047 

.6B62 



« 

9 

i3602 

jm 

£6491 

£3128 

£0016 

£6998 

£4117 

£8739 

£3836 

— 

Id 

.81954 

,78001 

74747 

£0682 

£7797 

.641^ 




c 

11 

,80340 

,76118/ 

.'/7IIW 

,6!1777 

.M6.S4 

.61 "W. 





12 

' .78757 

,74"/Vll 

£9954 

AS944 

.MUl 

,58675 

£5288 

.49193 

£3796 


13 

£7205 

Tm 

.6/91K 








14 

£5684 

£0622 

£i591U 

£>1523 

£2437 

£3632 

£0086 

.43708 

£8165 


15 

£4192 

6R8R9 

63976 

59475 

55707 

.51798 

.47674 



— 

16- 

£2730 

.67198 

671R9 

,5739R 

53063 

.4^ 





1/ 

£1297 

65549 

60/77 

55441 

51003 






IX 

.69892 

63941 

5H5W 

.53550 

4W7? 






19 

.6K15 

.623/2 

£^92 

£1724 

.47(19 

.42933 

£9128 

.£2523 

£7056 


20, 

.67165 

/0841 

.55176 

£9960 

.45289 

411165 

£7243 

£0656 

£5257 


75 

.60804 

£3734 



3/153 






3U 

.£5045 '£7457- 

.411931) 

£6313 

£0478 

£6313 

£2728 

.16973 

.12693 

b 

40 

.45112 

.97017 

.30)89 

.24%0 

£0511 

16863 

.13870 

■.ro398 

.06379 


50 

£6971 

7W'/3 



.I3HI3 

.10806 

.08465 

'.05203 

.03205 • 


-60- 

-£0299 

£2521- 



il^- 

.06923 

-.05166 - 

,02881 

.01611 - 









MATHEMATICAL TABLES 


67 


Values of r'. (Interest compounded qasrtprly; P-d X *'! see opposite page) 


Years 

f-2 

2)5 

,3., 

33S 

, 4 

43i 

:5 ' 

6 

7 


1 

.98025 

97539 

97055 ■ 

' 96575 

,96098 

.95674 

.95152 

.94218 

.9^96 


2 

.96089 

91138 

9419,3 

.93268 

.92348 

.91439 

.90540 

.88771 

.87041 


3 

.94191 

.92796 

.91424 

.90074 

.86745 

mu 

.86151 

.83639 

.81206 


4 

.92330 

.90512 

.88/32 

.86989 

235282 

2IJ6II 

.81975 

J8803 

.75762 


5 

.90505 

RK7K4 

,86119 

.MOID 

,81954 

.79952 

.76001 

.74247 

.70652 


6 

.88719 

.86111 

.83583 

.81132 

.713757 

.76453 

.74220 

.69954 

.65944 


7 

.86965 

.83991 

.81122 

78354 

,756(34 

,7310/ 

J0622 

.65910 

.61523 


8 

J5248 

R1974 

78/33 

75670 

,77/311 

,6990.9 

.67198 

.62099 

.37390 

i 

5 1 

33564 

79903 

.76415 

JiW 

mm 

.66849 

.63941 

385 09 

33550 


in 

.81914 

77941 

74165 

70576 

67165 

,63973 

.60841 

J5I26 

.49960 

o 

n ' 

.80296 

.76022 

.71981 

,6KI69 

.M545 

2)1126 

i7892 

il939 

.46611 


1? 

.78710 

74I5J 

.6W6I 

,658/5 

62026 

JSiif 

J50S6 

-.48936 

.43486 


n 

.77155 

77376 

,67804 

,635711 

i9606 

i5693 

J2415 

.46107 

.40570 


14 

.75631 

70546 

.65803 

.6(393 

2>728« 

2)344/ 

.49874 

.43441 

37851 


15 

74137 

68809 

,63870 

,59791 

,55045 

.51108 

.47457 

.4 0930 

35313 

— 

18 

J2673 

67115 

.61989 

,57761) 

,57H97 

.48871 

.45156 

,J8563 

32946 ■ 


17 

: 71237 

.65464 

.60164 

i5299 

,50K33 

.46/33 

.42967 

J6334 

30737 

•V, 

IK 

.69830 

.63852 

J8392 

,534(15 

,48850 

.4468/ 

.40884 

34233 

38676 


19 

.68451 

.62281 

366/3 

2i)5/6 

.46944 

.42732 

J89Q3 

J22S4 

36754 , 


?fl 

.67099 

,60748 

.55004 

,4981(1 

,45112 

.40.562 

J70I7 

30389 

34960 ' 

i 

75 

.60729 

.,5363(1 

Aim 

.4!«45 

.369/1 

.32670 

J6S73 

32563 

,17642 


3(1 

34963 

.4734/ 

.40/94 

75154 

J0i99 

J6I20 

J2521 

.16752 

.12470 


40 

.45QU 

.36903 

,30755 

,74810 

,70351 

.16697 

.13702 

■J)923S 

j0623Q 


50 

36880 

',7876? 

.2243H 

.17510 

.13669 

.10673 

.05337 

.05091 

2)3113 


60 

30210 

72417 

.16641 

.12358 

.09181 

2)6825 

.05072 

.02506 

.01555 



ANNUITY WHICH WILL AMOUNT TO A GIVEN SUM (SINKING 
FUND) ... 

Tho annual payment, Y, 'a-hteb, if ect aside at the end of each year, aill amount wiUt 
aeoumulated interest to a given sum S at tbo end of n years is 1* > S X t'. 'n'hcre tbo 
laotor s' is ^ven beloT. (Interest at r per cent, per annum, compounded annually,) 
Values of s' < i. ■ 
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PRESENT WOETH OP AN ANinJIT? 

The capita! C, Trhiah,' if pluted at intcret to^y.wU provide for a civea annual 
payment Y 5 m ateimoi n 5 %aTsbdoieiVi» tsliamtediaC = Y X an, vjhete theiaotdr 
V is pven below. (Interest'at r p« cent, jxr Bniuun, compounded annually.) 
Values of w '' 


Tcais 

r =2 

256 

3 

5)5 

4 

4)4 

5 

fa 

7 

1 

1 

0.9804 

0,9756 

0.9209 

0.9662 

n%i5 

0.9569 

0.9524 

0,9434 

0.9346 


2 

1.9416 

1 9774 

19139 


1 11861 

1.8777 

1.8594 

1.8334 

1.8080 


3 

2.8839 

78560 

787116 


2.7/51 

•7749(1 

2.7232 

2.6730 

2i243 


4 

3.8077 

■Aim 

3.7171 

3.051 

3A2!» 

57)875 

55460 

3.4651 

33872 

11 

5 

4.7135 

4.6458 

45797 

45151 

4.4518 

439011 

4,3795 

4.2124 

4.1002 

o 

fa 

5.6014 

S 81181 

9 4172 



5.1579 

5.0757 

4.9173 

4.7665 

® 

7 

6.4720 

63494 

67403 



9m?7 

5.7864 

5.5824 

53893 


fi 

73255 

Vl/lll 





6.4632 

6i09S 

5.9715 


9 

8.1622 

7,9709 

7.7661 

7iQ77 

7.4353 

7J686 

7.1078 

6.6017 ' 

63152 


to 

8.9B25 

8757.1 

85302 

Rm 

8.1109 

79177 

7.7217 

75601 

7,0236 


11 

,9.7868 

95147 

9 7576 

9.0016 

8.7605 

8571» 

S3D64 

7,8869 

7,4987 


12 

10.575 

1075H 

99540 

9.6633 


91186 

66633 

83838 

7.9427 


13 

11348 

mow 

mvt 


9.9656 


9,393fa 

8.8527 

8.3577 

Q 

14 

12.106 

11.691 

1)J96 

lAVtl 

10565 

IUJ225 

9.6966 

92950 

8J455 


14 1 

12.849 

17381 

11938 

11517 

n 118 

10740 

10.380 

9,7122 

9.1079 

i’ 

16 ' 

13.578 

13(159 

17,961 

12094 

IU52 

11714 

10.838 

10.106 

9.4466 

+ 


14.292 

13712 

1316b 

12691 

11166 

II 7117 

11174 

10,477 

9.7632 


16 

14,992 

14399 

13, VW 

13,190 

12,699 

IlKil 

11.690 

10.628 

10.059 


19 

15.678 

14.979 

14524 

I3JI0 

15.134 

11593 

11035 

11.158 

10336 

1 

2t) 

16.351 

15W 

U877 

14717 

13558 

i3(im 

17457 

11470 

10,594 

S ’* 

74 

19.523 

18474 

17,413 


15,672 

14,878 

14.094 

12.783 

11.654 


3!J 

22396 

20.930 

W.6(W 

18^ 

17i92 

16169 

15.572 

13.-765 

12.409 


• 40 

2T355 

75103 

7,3, 115 

71355 

19,793 

18.402 

17159 

15 046 

15.352 

6 ® 

M 

31.424 

7ft '962 

75730 


2\.m 

19,762 

18.256 

15.762 

15.801 


bU 

34.761 

30,909 

27.676 

24.945 

22.623 

20.658 

18.929 

16.16! 

14.039 



ANNOITT PROVIDED POE BY A GWEN CAPITAL 


The aaaual payment Y provided (or (or a term of n years by a given capital C placed 
(it interest to-dny is Y > C K u>' . (Interest nt r per cent, per annumi eompeuaded 
annuallv, the (uod tuppoeed to be exhausted at the end o( the term.) 
. Values otto' 


Ye.^rs 

r-2 

7)5 ' 

3 

3)6 

4 

4H 

5 

6 

7 ; 

1 — 

2 

,51505 

,51883 

,52261 

57640 

,53(MI 

,5340(1 

337B0 

24544 

J5309 


3 


,'351114 

,35353 


,36(135 


36721 

27411 

.38105 

j* 

4 

26262 

.26)82 


27225 

27549 

27874 

28201 

28859 

2952J 


5 

1 717.16 

71525 

,71835 

,72148 

27463 

.27779 

,2309? 

23740 

24389 

f, 

6 

.17853 

18155 

,1846(1 

.18767 

.191176 

.19338 

.19702 

20336 

20980 


7 

: .15451 

1575(1 

.IMI51 

,16354 

,16661 

.16970 

.17282 

.l/OH 

.18555 


8 

.13651 

,H'J4y 

,14'746 

.14548 

.14853 

.15161 

.15472 

.16104 

.16747 


9 

.12252 

.12546 

.12845 

.15145 

.15449 

.15757 

.14069 

.14702 

.15349 


10 

.11133 

,11426 

.1T773 

17074 

.12329 

.17638 

.12950 

.13537 

.14238 


11 

.10218 

.1IISII 

,1(181)8 

.111119 


.11775 

,12039 

.12679 

.13336 


12 

.09456 

.09749 

11)046 

.1(B48 


.10967 

.11283 

.11928 

.12590 


13 

.08812 

(W|(h 

tW4fl3 




.10646 

.11296 



14 

.08260 

,08554 

A8853 

'A9I57 

JW67 

.U9782 

.10102 

.10758 

.11434 


U 

.737763 

mn 

um 

08685 

.WW 

.(»311 

A9634 

.10196 

.10979 

o f 

16 

'.07365 

n/ftMi 

IWM 




D9227 

,09895 

.10586 


17 1 

.06997 

,l)/'29i 

.117595 

5(7904 

(IK770 

.118542 

1B870 

.09544 

.10243 


18 1 


I169ny 

4(7771 


117899 

,08774 

.08555 

.09236 

.09941 

, 

19 ' 

•.0fa578 

mt 

mii 

J07294 

mm 

1U941 

£8275 

.08962 

.1)%75 


711 1 

'.06116 

06415 

716722 

(17036 

iin58 

,07688 

£8024 

.08718 

.09439 

$ 

25 1 

mu 

05478 




06744 

.07095 

.07823 

.08581 


30 1 

.04465 

. JJ47Vb 

mn 

115457 

HUB 

1K.U9 

.06505 

.07265 

£8059 


40 1 

..03656 

03984 



05057 

.OW 

.03828 

'.06646 

.07467 " 

S 

5(1 ' 

,03182 

• ,113526 



.04655 

05061) 

.05476 

.06344 

.07235 


60 

:.02677 

■ ,03235 

.03613 

1H(NI» 

imzo 

04843 

.052S3 

,06188 

.0712! 
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DKCIMAL EQUIVALENTS 

From minutes ond From draitnBl parts of 

seconds into dcci- a degree into minutes 
mal pnrts of a end seconds (exact 




WEIGHTS AND MEASDEES 
EEV15ED BT 
H. W.-BmCE ■ 
(Ori^sS; prepared bf Louis A. Tiacbei) 


In the United States the moaauras of waght and Wgth oommonly employed 
are identical for practice purposes -with the corresponding English units, but 
the capacity meaaurea differ jiom those now in use in the British Empire, 
the U. 8. gallon being defined as 231 cu im and the bushel as 2150.42 cu in., 
whereas the cotre^nding British Imperial nmts are, respectively, 277.418 cu 
in., and 2219.344 cu in. (1 Imp gal = 1.2 IT. S. gal, approx; 1 Imp bu = 
1.03 U. S. bu, approx). 

The metric system of weights and measures was legalized and ite use made 
permissive in the United States by an Act of Congress, passed in 1866. 
In 1872, by the concurrent action of the principal governments of the world, it 
was agreed to establish an Inteinationid Bmoau of Weights and Measures 
near Paris. The convention was held, and the treaty signed in 1876. It was 
ratified by the United States in 1878. 

Prior to 1893, the British Imperial ytud was regarded as the real standard 
of the United States. In 1893, the Office of Weighfs and Measures (now 
Bureau of Standards) by executive order fixed the value of the United States 
yard in terms of the international meter, according to the ratio : one yard ’x 
3600/3937 meters. At the same time, the pound was fixed in terms of the 
international kilogram, according to the relation; one^pound * 153.5924277 
grams. 

U. S. Customary Weights and Measures 


Measures of length 


12 Inches 
8 feet 

feet 


10nolesx220 yards 

8 {uiloBpxl.760 yards 
>5,280 feet 

aoiilee 
4 inches 

9 inches : 


e, 080.20 feet ' >lnaalicslaile 

6 feet >lh>thom 

120 fathoms '->1 o^le length 

1 nautical miic per hr>l knot 

Surveyor's or Gunter's Measure 

7.92 inches . =1 link 

100 linkB“66 ft=4 rods>l rituia 
80 chains />lnnle 

33H inches >1 vbi» (Texaa) ' 


144 square inches* 1 square foot 
9 square feet >1 square yard 
301^ square yards » I square pole, or 
perch 

ICO square rede ] 

> 10 square chains 

-48.560 sq ft “lane 

“5,645 aq varas (Texas) ) 

1 1 "seotioo'* 

1 eircdai inch ) 

,"!area of circle 1 mohj =0.7854 sq in. 
in diameter 1 

1 square inch =1.2732 cir in. 
idtcularnul ' =Brea of circle O.OOl b. 
in diam 

LiMlO.OOO cir mlb = 1 cir in. 


1,728 Cubic mchea = I cubic fool ; 

1 , 87 cubic feet ' > .■ = 1 cubic yard . 

• I cord of wood • « 128 o'u ft ^ 

1 perch of inMonry=16>^'to'25 cu ft' 
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• TJ. S. Customary Weights’ ftnd Measures— (conitnucd) r 


Measures of Volume 


Woiffhts • 1 

(The srain is the same in all systeths) 


ATolrdupoIs Weight ' 


< ' ' Liquid or Fluid Measure 

4 gills =1 pint •; 

,2 pints , ■ ' ; , =1 quart - •; 

4 quarts . _ ®=1 plion . 

7.4805 gallons «= 1 cubic loot 

(There is no standard liquid barrel; by 
trade custom, 1 bbl of petroleum oil, uii« 
reSned=42 gal) , . : 

Apothecaries' Liquid Measure * 

60 minims = 1 liquid ‘dram or drachm 
8 drams =1 liquid ounce 
16 ounces ° 1 pint 

Water Measure 

The minor’s hicb is the quantity of 
wateriibat mil pass through an orifice 1 
sq in. in cross section under a head of 
4 to 6}j in., as fixed by statutes, and varies- 
irom Ko cu it to cu it per eec. The 
units now most in use arc 1 cn ft per sec 
and 1 gal per sec, the U. S. Reclamation 
Service employ ing tho form er. Scop. 257. 

Dry Measure 
2 pints ■ 1 quart 
8 quarts «> 1 peck 
4 pecks « 1 bushel 

1 std bbl for fruits and vegctablce ® 
70S6 cu. is. or 105 dry qt, struck measure 
Shipping Measure 
1 Register ton - 100 cu ft 
1 U. S. shipping ton 40 cu ft 

= 32.14 U. S. bu or 3J.14 Imp bu 
1 British shipping ion = 42 cu ft 

“ 32.70 Imp bu or 33.76 D. S. bu 
Board Measure 

j 144 cu in. = vol'UTnc ot 
1 board foot 1 board 1 ft sq and 1 in. 

I thick. 

The internationnl log rule, based upon 
K in. kerf, is expressed by tho formula 
. X -= 0,904762 (0.22D’ - 0,71D> 
where X is the number of board feet in a 
4 ft section of a log and D is the top diam 
■in in. In computing the number of 
board feet in a log the taper is taken at , 
Vi in. per 4 ft linear, and separate comi- 
‘Putation is made for each 4 ft secUon. 


'T6 ^ains'=437.6 groins 

= I ounce 

16 ounces »7, 000 grains 

" 1 pound 

100 pounds' • 

•=1 cental 

2,000 .pounds ■ i . . < 

"1 short ton 

2,240 pounds 

'=1 long ton 

1 std lime bbl, small 

= 180 lb net 

I’std lime bbl, large 
Also On Great Britain); 

■=280 lb net_ 

14 pounds 

= 1 stone 

2 8tonc"28Ib 

= 1 quarter 

4 quartcr8 = 112 lb 

= 1 hundred- 
weight (cwt) 

20 hundredweight . . 

= 1 long ton 


Troy Weight 


24 grains - - 1 penny- 

; , .wei^tfdwt) 

20 pcnnyweighfs's'dSO grains"! ounce 
12 ounccs"5,760 grains ■ =1 pound 
1 Assay Too » 29,167 miiiigrams, .or 
os many milligrams ns there, are troy 
ounces in a ton of 2,000 lb avoirdupois. 
Consequently, the number of milligrams 
of precious metal yielded by an assay ton 
of ore gives directly the number of troy 
ounces that would be obtained from a ton 
of 2,000 lb avo irdupois. 

Apothecarios’ Weight 
20 grains «1 scruple 9 

3 scruples = 60 grains "1 dram 5 ' 

8 drams "1 ounce 5 

12 ounces = 5,760 grains “1 pound 
Weight for Frecious Stones 
1 carat = 200 roilUgramB' 

(Used by almost all important nations.) 


Circular Measure 

. 00 seconds 1 minuto 
60 minutes"! degree 
,90 degrees = 1 quadrant 
, 360 degrees "oiroumference 
57.2957795 degrees"! radian (or angle 
(=57“17'44.80C") having arc of length 
equal to radius) 


■ " METRIC SYSTEM ' , 

• •The, fundamental units, of the metric system are the meter (the unit of 
length) and tho kilogram, (the unit of moOT),.,.,;The,uhit.of, volume, the cubic 
decimeter, (■which was also designated .tSe liter),. .and; the„unit of mass, the 
kilogram, were originally derived from the.meteri’ The kilogram and the 
.meter are now defined independently, and theiiterds defined as the volume 
of a kilogram' -of .water at' the’_lemperature of its masimurii'-dehsity, '4 C, 
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and under a pressure of-YS cm of mercnry., . The liter ia slightly greater than 
thetmbic decimeter, and accoidii^ to the best information, 1 liter -= 1.000027 
cubic decimeters. 

Tho 'U. S. customary lengths, ar^ and cubic measures derived from the 
international mcter are based on the rdation 1 meter equals 39.37 inches 
(exactly) , or 1 yard oqualB 0.9144018 meter. 

The TJ. S. customary 'Vreights derived from the international kilogram are 
based on the value 1 avoirdupoie lb = 453.5924277 grams. The value of the 
troy lb is'baeed on the same relation *md also the equivalent 6,760/7,000 
avoirdupois lb equ^B 1 troy lb. 

Metric Measures 


Unit 

Sym- 

bol 

Value in meters 

Uuit 

Sym- 

bol 

Value in eq. 
meters 


M 

dm 

m 

dkm 

bm 

km 

Mm 

0.000001 

o.m 

o.oi 

0.1 

1.0 

10.0 

100.0 

1,000.0 

10.000.0 

1.000,000.0 




Millimeter 

Centimeter.. . , 

Deeirneter 

Meter (unit).. , 

Dckameter 

Hectometer... . 

Kilcmcter 

Myriameter,... 

8q milUmcter 

8q eentimeter..,, . 

Bq dcoimeter,- 

Sq meter (centiaie) 
Sq dekameUc (are) 

mm* 

dm* 

m* 

h& 

km* 

0.000001 

O.OOOL 

0.01 

1.0 

100.0 

10,000.0 

1,000,000.0 

Sq kilometer..... . 










Unit 

Symbol 

Value in 
fitera 


ml 

kl 

cl 

dl 

dkl 

bi 

0.001 

1.0 

1,000.0 

0.01 
0.1 
lO.O 
100. D 

liter (unit) 

Also 









Value in 
cubic 
met ere 


Cubic kilometer 

Cubic hectometer.. ,, 
Cubic dekameter. .... 


Cubic meter. ..... 

Cubic decimeter... 
Cubic centimeter.. 
Cubic millimeter. . 
Cubic micron 


Maes 


Microgram. . . 
Millieram... , 
Centigram,,.. 

Decigram 

Grftm.lunil)., 


Dekagram., , 
Hectogram.. 
Edogmm..,. 
M^iagram.. 

Quintal 

.Ton 


1,000.0 

10,000.0 

100,000.0 

1,000,000.0 


The unit of force defined dynwiiically is the dyne {p. 73) ; the megadyno is 
one million dynes.' Tho unitof force defined by gravity is the Idlogram force 
= 980 X 105 dynes ’ approximately. A subsidiary unit is the milhgrara 
(gram) [tonl force irhichis equal to KT* (10"*) [lO’j kilogram force. 

' STSTBMS OF UNITS, 

■ The principal units of interest to mechanical engiDeeTS can all be derived 
from the three fundamontol units of force, length, and time. These three 
fundamental units may be chosmi at pleasure; each such choice gives rise to a 
" system” of units. The following table pves the units of the four “systems” 
most often met with in the literature. 
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The precise deSaitions of the units of force in these systems are as follows. In these 
definitions the "standard pound body” and the "standard kilogram body” refer to 
two material standards of mass, carefully preserved at London and Paris, respectively 
(thell. S. pound is derived from the kilogram); the "standard locality" means sea level, 
45 deg latitude, or, more strictly, any locality in which the acceleration due to gravity 
has the value 980.665 cm per sdc> = 32,1740 ft per acc*, which may bo called the 
standard acceleration. 

The pound force is the force required to support the standard pound body against 
gravity, in raciio, in the standard locality; or, it is the force which, if applied to the 
standard pound body, supposed free to move, would give that body the "standard 
acceleration." Tho word "pound" is used for the unit of both force and mass and 
consequently is ambiguous. To avoid uncertainty it is desirable to call the units 
"pound force" and “pound mass," rcapectivelj'. 

The kilogram force is the foreo required to support the standard kilogram against 
gravity, in rocuo. in the standard locality; or, it is the force which, if applied to the stand- 
ard kilogram body, supposed free to move, w'ould give that body tho "standard accel- 
eration." The word "kilogram" ia used for the uidt of both force and mass and 
consequently is ambiguous. To avoid uncertflinty it is desirable to call tho unite “ kilo- 
gram force" and "kilogram mass,” respectively. 

The poundol is the force which, if applied to the standard pound body, would give 
that body an acceleration of 1 ft per sec*; that is, 1 poundnl = 1/32,1740 lb force. 

Tho dyne is the force wliich, if applied to the standard gram body, wouid give that 
body an acceleration of I cm per see-; that b, 1 dj'ne 1/980.665 of a gram force. 


Systems of Units 


Nano of 
unit' 

Dimen- 
sions of 
unite in 
terms of 
F, L, T 

BriCbb 
"gravita- 
tional'' SI'S- 
tem, or 
"foot-pound- 
second" 
system 

Metric 
"gravila- 
tional” sys- 
tem, or 
"kilograra- 
mcter-Bcc- 
ond” system 

Metric 
“absolute" 
systejn, or 
"C.G.S." 
s>‘slem 

Britbh 
"absolute" 
system 
(little used) 

Force 

F 

11b 

1kg 

1 dyno 

1 pounds! 

Leneth 

1 

1ft 

1 m 

1 cm 

1ft 

Time 

T 

I see 

Isce 

I sec 

I SCO 

Velocity 

HI 

1 ft per see 

1 m per sec 

1 cm per sec 

I ft per BOO 


LIT* 



1 cm per eec* 

1 ft per seo* 

Pressure 

Impulse or 
momentum. . 
Work or 

F/L* 

1 lb per ft* 

1 kg per m* 

1 dime per cm* 

1 pdl per ft* 

FT 

1 lb-6CC 

1 kg-scc 

1 dyne-see 

1 pdl-SCD 

energy 

FL 

Ift-Ib 

1 kg-m 

1 dync-cra = 

1 ft-pdl 

Power 

FL/T 

1 ft-lb per 

1 kg-m per 

1 dyne-cm per 
sec 

1 ft-pdl pet 
sec 

Mass 

F/CL/T’) 

1 lb per (ft 
per sec’) =• 

1 "slug." 

1 kg per (m 
per sec*) *® 

1 "metric" 
slug." 

1 dyne per (cm 
per sec*) « 1 
gram mass. 

1 pdl per (ft 
per Bcc*) =» 

1 pound 

mass. 


Note. The "slug" (aUo called the "geepound," or the "cngineci'a unit of mass”), 
the "metric slug,” and tho "poundaT’ are never used in practice. 


Other common units ore as follows: 

'Work: 1 joule (absolute) ■= 10’ ergs =■ 10,000,000 dyne-om 

1 kilowatt-hour (internationa!) = 3,600,000 joules (international), “ 3,600.864 
X 10“ dyne-cm = 3,600,804 joules (absolute) 

Power: 1 horsepower = 550 ft-lb per sec 
1 poncelet "= 100 kg-m per sec 

1 oheval-vapeur “ 75 kg-m per sec = 1 metric horsepower = I'Pferde Starke 
1 watt (iDtemationnl) » 1 joule Onternational) per aec = 1.00024 X 10* 
’ dyne-cm per sec » 1.00024 joules Absolute) per sec 
1 kilowatt = 1,000 watts = 10“ dyne-cm per seo 
A now horsepower of 550.220 fWb.per sec, or 746 watte, has been proposed, but has 
not been accepted by mechanical en^neers. 

The weight of a body (in a given locality) means a force, namely, the force, required 
to support the body against gravity (in that locality). 'When no particular locality 
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is specified, tlie standard loeali^ ma^ be assiincd. Thus, the ‘'standard weight" o! 
the poundbody isllbforee; the*'8tandardwaght” of 'the kilOBram body is 1 kg force. 


, Force Equivalents 


- Heat Units. The nniia, of 
heat commoiily used are/fl) 
the quantity oi.he&t-reqaired 
to raise the temperature of 1 
gram of water 1 C and (2) the 
quantity of heat required to 
raise the temp«ature of 1 
pound .,of water 1 ?. . These 
unite arc (1) the calorie and 
(2) the British thermal .imit 
or Btu. ' ‘Work done in recent 
years on the ' International 
Steam Tables has' Ifed to the definition of the IT calorie and of the'Btu in' 
terms of other uiiits. These definitions are 

1 IT calorie = international watt-hour 
: 1 Btu = 261.996 IT calories 

These units have been used on the following pages. The kilocaloris, spme- 


Dynes X | 

Ifflograms 

Pounda ' ' | 

Poundals 

1 

I.KD 

O.O0S4S 

2:248' 

0.3518 

72.33, ■ 
1.85933 

. 0.9807 , 
1.99149 

, ,1 

2,205 

0.34334 

70.93 ' 
1.85081 

0.4448 
1.64819 1 

, 0.4558 ' 

i.65567. 

1 

32.1? 

1.60755 

0.01365 j 
2.14067 - 1 

O.0NI9 1 
2.14915 

0,05105' 1 
•2.49549 1 

1 


CONVEHSION TABIBS 
Length Equivalents 


Ceatimsters 

laches 

I Feel ; 

in 

Meters 

Ckains 

lulwsctcrs 

MUes'" 

1 

0.3937 ; 
r69517 ' 

U.0328I ; 
[ f.8159S 

o.ow , 
2.03886 

O.OJ 

S'.OOOCO 

O.OiWl : 
4.59544 

JO-8 

6,00000 

0.0)6214 

e.79385 

2.549 

0.40483 

1 

0.06333 

1 2.92082 

0.02778 

ir.44370 

0.0254 
2.40483 ' 

0.C01263 : 
§■.10127 

0.04254 

6'.40463 

0.0«1578 

6.1981S 

30.48 ' 
1.48403 

12 

1.0791! 

1 

0.3333 

r.52288 

0.3048 

1.48402 

0.01515 
§; 18046 

. 0.0)3048 
§48402 ' 

D.DtlB94 

4.27736 

91.44 

1.96114 ' 

36 

1 1.85530 

3 

0.47712 

, 1 

0.9144 

r.961M 

0.04545 
' §'.65758 

0.0)9144 ' 
§00114 

0.0i5662 

4.73449 

100 

2.00500 

39.37 

1 1,59517 

3.281 

0.51598 

1.0936 

0.03886 

1 

0.04971 
' §.69544 

0.001 

r.MOOO 

0 0)6214 
§79335 

2012 

3.3035G ' 

792 

2.89373 

66 

1.81954 

22 

1 1.34242 

, 20.12 
1.30388 

1 

0.02012 
§803 5 6 ' 

0.DI25 

§09591 

lODOOO 

5.00000 • 1 

39370 

4,59517 

32SI 

. 3.61598 

1093.6 
. 3.C3886 

I 1000 

3.00000 

49.71 

I.59M4 

1 1 

0.6214 

§79335 

160935 , 1 

6.20665 

1 63360 

1 4.80182 

5280 

3.72263 

1760 

1 3.24S5I 

1609 

1 3.m5 

80 

1.90309 

1.609 

o.sooos 

1 


Conversion of Lengths* 


n 

Inches 

Milli- 1 

' Feet 1 

Mtlss 

Yards 1 

i Meters 

Miles 


, 1 

to milb' 1 



to 1 


to 

to kilo-' 



ineters 

to iaebn 

1 motera 

fetili 

meters 

yards 

ineters 

to miles 

1 

25.40 

0.03937 

1 0.304B 

3.281 

0.9144 

1.094 

1.609 


2 

50.80 

0.07874 

1 0.6096 

6.562 

1.829 

2.187 

3.219 


3. 

,i76,23- 

0.(181 

j .0.9144 

9.842 

2.743 

3.281 

4.828. 

' 1.864 

• 4 

iOl .60 

0.1575: j 

1.219 , 

. 13.12 

,3.658 

4.374 


2.435 

5 

127.00 

0.1968' 

i 1.524' 

16.40 

M.Bi” 

5.463 

i ' 8,047 



152.40 

0.2362 

. I.S29 

19.68 

, '5.4K ' 

■6:562 

9.656 



' 177.80 


i 2.134 

22;97' 

1 6.401 

- ' 7.635 

. 11.27 '■ 



203,20 

0.3150 

2.438 

26.25 - 

; ■, 7:315 • 

8.749. 

' 12.67 




0.3543. 

2.743 • 

29.53 

8.B0 • 

.. 9.842 - 

14.48 , 

5.592 

’ txampk: 1 v 

u. = 25.40 

iiasn. - . . 
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times called the kilogram calorie or large calorie, is equal to 1,000 calorics and 
is used in engineering work.in metric countricB.'. The calorie. is-sometimes 

called the small calorie or gram.calorioK 

The mean ’calorie (0 to 100 C) is about.llOOMT calorie, and the correspond- 
ing mean Btu is approximately 779 ft*Ib. ' ' 

Mechanical Equhalent'of Heat. Tho values now, accepted as the work 
equivalents of the heat units are 778.2 fWb lor the Btu and 4.187 absolute 
joules for the IT calorie. . 

Conversion of Lengths: Inches and MUlimeterB 


Common fractions of an inch to nuUimcters 
.(I'Toin Hi to 1 in.) 
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Area Equivaletits 
(For convci^n table see p. 77) 


Square 

meters 

Square 
. inohes 

Square 

!feet 

Square 

1 yards 

Square 

'tods 

Square 
; cbuca 

Roods 

1 Acres 

Square 
miles or 
sections 

■'1 

1550 ■ 
3.19033 

10.76 

1.03197 

I.I96 

0.07773 

0.0395 

2.59699 

0.002471 

3.392SS 

0.0,9864 

■8.69494 

0.0,2471 

■5,39288 

0.0.3661 

7.58670 

0,0j6452 

4.80967 

1 

1 

0.006944 

■3.84164 

0.lh77l6 

4.88740 

0.0i255l 
i 5.4Q667 

O.Ot!594 

■6.20255 

0.Ds5377 

1 ■?.8C4G1 

0.061594 

■7.20255 

0.0,2491 

B.SOSS? 

0.09290 

1.96802 

144 

2.16836 

1 

o.mi 

1.0(570 

0.003673 
3.56503 1 

0.0;2296 

4.36001 

10.0,9184' 

■5.95207' 

,0.0.2296 
1,36091 1 

0.0,3587 

■§,55473 

0.8361 
r.92227 ' 

1296 
a. 11260 

9 

0.95424 

1 

0.03306 1 
-2.51927 ' 

0.002066 

X31515 

10.0,8264' 
4.91721 1 

0.0002066' 
4.81515 1 

0.0.3228 

7.50898 

25.29 , 
1.40MO ' 

39204 

272.25 

2.4S4«7 

30.25 

1.48072 

1 

0.0625 

■ 2 . 7 ^ 

0,02500 1 
■2.39781' 

0.00625 
3.79588 1 

0.0,9766 

6.98970 

404.7 

2.60713 

627264 

5.79745 

4356 

3.63909 

484. 

2.68484 

16 

1.20412 

1 

0.4 

T.60206 

0.1 

T.ooooo 

0.0001562 

4.19382 

1012 

3.00506 

1568160 

6.19539 

10890 

4.03705 

1210 

3.06278 

40 

1.00206 

2.5 

0.39794 

1 

0.25 

1.39794 

0.0,3906 

'4.59176 

4047 

8:60712 

6272640 

6.70745 

43560 

4.63909 

4840 

8.68464 

160 

2.20412 

10 

1.00000 

4 

0.60206' 

1 

0.001562 

■3.19^2 

2589998 

6.41330 


27878400 

7.44527 

3097600 

8.49102 

102400 

5.01030 

6400 

8.80618 

2560 

8.40S24 

640 

2.80618 

1 


(lbectueal00&tca>10,000 centiatcs orajusre meters) 


Volume and Capacity SquivaleDts 
(For conversion table see p. 77) 


Cubic 

inches 

Cubia 

feet 

Cable 

yards 

V. S. 
Apolbe 
cary 
liquid 
ounces 

U. 8. 

quarts 

D. S. 

gallons 

Bushels 
U. S, 

Liters 

(1) 

Liquit 

Dry 

Liquid 

Dry 


0.0,5787 

0.0(2143 

(IS54I 

0.01732 

0.01488 

0.0ri329 

0.0(3720 

0 0,4650 

0.01639 


4.7B46 

S’, 33109 

r.74360 

2.23845 

2.17263 

763639 

1. 57057 

4.66748 

i21460 

172S 

1 

0.03704 

957.5 

29.92 

25.71 

7.481 

6.429 

0.80)6 

28.32 

3.23754 


766884 

2.98114 

1.47599 

1.41017 

0.67293 

0.60811 

r.mo2 

1.45205 

46656 

27 

1 

25853 

807.9 

694.3 

202.0 

173.6 

21,70 

M6 

4.66891 

1.43138 


4.41251 

2.90736 

2.84133 

2.30530 

2.23948 

1.33638 

2.88341 

1.805 

0.001044 

0.0(3668 

1 

0.83125 

0.02686 

0.007813 

0 006714 

0.0,8392 

0.02957 

0.256(0 

7.01886 

6.58740 


2.49485 

2.42903 

3.89279 

3,82697 

4.92388 

2.47091 

57.75 

0.03342 

0.001238 

32 

1 

i0.8594 

025 

D.2I4S 

0.02686 

0.9464 

1.76155 

2.52401 

3.09264 

i.sceis 


r.93«8 

1,39794 

r.832I2 

2.42903 

1,97806 

67.20 

0.03689 

].D0I4(D 

37.24 

1.164 

1 

0.2909 

0,25 

0.03125 

1.101 

1.82737 

2.58983 

3.1.5847 

1 .57097 

0.0CSS2 


1.46376 

1.39794 

2.49485 

0.04188 

Bl 

0,1337 

).«H95I 

128 

4 

3.437 

1 

0.8594 

0.1074 

3,785 

2.36361 

1.12607 

3.G9470 

2.10721 

O.GQ206 

0.53634 


193418 

r.03109 

0.57812 

268.8 

0.1556 

0.095761 

148.9 

4.655 

4 

1.164 


0,125 

4.405 

2.42943 . 

1,19189 

3.78053 

2.17303 

0.66788 

0.60206 

0.C6582 


r.09691 

0.64394 

2150 

1.244 

0.04609 

1192 

37.24 

32 

9.309 

8 

1 

55.24 

3.33252 

0.09498 

2.66362 

3.07612 

1.57097 

1.S0615 

0,95891 

0.90309 


1.54703 

. 61.02 

0.03531 

).00i308 

33.81 

1.057 

Q.908I 

0.2642 

0.2270 

0.02838 

i 

' 1.78550 

2.64795 

3.11660 

1.52909 

0.023M 

1.95812 

T.4218S 

1.55606 

2.45297 



' The equivalents are given in tbo heavier tn>e. Logarithms of the equivalents are 
given immediatelv below. In Bomc cases the equivalents have been rounded ofi, while 
the logarithm coiresponda to the equivalent carried to a greater number cf decimal 
places. 

Subscripts after any Sgare, Ot, 9ii etc., mean tbst that figure is to be repeated the 
indicated number of times. 
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Coavwaioa of Areas* 



Conversiott of Volumes or Capacities 


St "v™ ito Q«^ nr rt“ "r 

fn iJi'niifr? ^0 ^0 I® tC ' tO »« 



Conversion of Masses* 


■’ounds 

to 

UIo- 

emma 

Eilo> 

er&ms 

to 

pounds 

(aVTJK.l 

Short , I^Tetric 

toi\3 tons 

(2,000 (1,000 
lb) to kr) to 
melrio sEort 
tons tons 

Long 
tons 
(2.240 
Ib^ to 
metric 
' tons 

Metria 

tons 

to 

-long 

Iona 

0.4S36 

2:205 

0.907 1,102 

1.016 

0.984 

0.9072 

4.409 

I.«M. 2.235 

2.052 

1.96$' 

i.36I 

6,614 

2.722 3,307 

3.048; 

2.953 

I.BI4 

8.81S 

3.629 4,409 

4.064 

3.937 

2.268 

n.02 

4.536 5.512 

5.080 

' 4.921 

2.722 

13.25 

5.443' 6,614 

6.096 

5.905 

3.175 

15.43 

6.3SQ 7,716 

7.U2 

6.889 

3.629 

17.64 

7.257 8,818 

8.128 

7.874 

4.082 

19.84 

8,165 9.921 

9.144 

8.&5S 
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V^oclty Equfraleats 

(Fpr coBversinn table eee p. 8( 

)) 

. 

— .. 

Centimeters , 

' ., per sec. ; ■. 

Meters 
per sec.' 

M^era 

pertm. 

Elo-’ 
metm., ; 
perhonr 

Feet J 

per seo, 

Feet 
per, rain.. 

Mile* 

per hour . 

Knots 

< 1 ' 

0.01 '■ 

0.6 

5.036, 

,0.03281 ■ 

1.9685 

0,02237 ' 

,0.01943 



1.77815 

2.55630 * 

2.5159S 

0.29414 

2.34965 

.2.28836 

■ 100' t> ' 

.'•'li -■ 

; •« • 

i3.6'" 

3.281 ' 

196;85 

2;237: 

•1.9ti 

2.00000 S 


I.778IS 1 

0.65630 1 

0.S1S98 

• $.29iH 

0.34965 ' 

0,28836 

' ' '1.667 i 

■0.0160- 


0.06' ‘1 

0.0S4SS 

. 3,281 . 

■ 0.03728 ' 

0.03238 

0.22184': i 

' 2.22184- 


5!7781S. 

'2.73783 

0.51598 

2.57150 

■2,61022 

.'•'■27.78, , 

0.2778 . 

. 16.67 

1 

0.9113 

54.68 

0,6214 

■0,53960 

1.44370'- ' 

1.44570; 

1.23164 


1.98968 

1.73783 

T.798K 

1.73207 

- 30.48 

0:3048 

18.29 

1.097 

1 

60- 

0.6818 

0,59209 

.. ..1.484:e. 

1 T.484ES 

. 1.2K17 

a.ma 


1 1.77815 

1.83367 

i.r.772SS 

0.5080 

i 0.005080 

0.3048 

0.01829 

0.01667 

1 

0.01136 

■' 0,00987 

T.70585 ' 

' 77(886 

r.48403 

2.26217 1 

2.22185 


2.05553 

!’.e9423 

. ' . 44.70 

0.4470 

26.82 

1.609 

1.467 

88 

1 

0.66839 

1.65035 

1.CS035 

1.42850 

0.20670 1 

0.36633 

1.9444S 


r.9387I 

: '51.479 ' 

lyjw 

30.887 

1.8532 ' 

1.68894 

101.337 

1.15155' 

i:. 

, 1.71163 ; 

r.7il63 

1.48978 

0.2C703 

0.22761 

2.00577 

0.06128 ; 



Hass Equlvalenta 

(For coDVcreioD table see p. 77) 


, Troy and! Avoir- Troyaadl Avoir* vr.M. 

apotb. I dnpw opoti, dapoie Metrio 


2.205 0,0,111)2 0.0»9842 0.001 
0.05033 3.05230 100309 7,00000 
0..0»M29 0.0,7143 0.Ot63?8O.0T648O 
4.18490 8.K1S7 8,60465 I.6U57 
D.i»a5; D.Ofj^p fi.AMf 
2. 83614 T.53511 T.48590 1.49231 
0.0625 0.0,3125 0.0i2790 0.0,2835 
2.79588 149485 1.44503 5.45255 


0.3732 

1 5760 

12 

13.17 


0.8229 




1.07918 

1.11914 


T. 91532 

4.61429 4,66508 

D;4536 

7000 

14.58 

16 

I.2I5 

1 




I.I6380 

1.20412 

0.08408 


4.69897 4.64975 

907.2 

WOt.. 

- 29167 

SKh 

J-ftl 





4.46489 

4.50515 

3.38571 

8.80103 

T. 95078 

1016 

156S0( 

• 32667 

35840 

2722 


i 11 1 



4.61411 

4.55437 

3.43492 

3.35026 

0.04922 

fOOO 

15432556 

32151 

35274 

2679 . 



3.00006 ., 

7.18843 

4.&vm 

4.54745 

3.42801 

8.34333 

0.W230 1,99309 


Tb, equiTdena m givn « th. hmyier lyp,. l„g„ith«> of ft,. .r. 

Sven immBd,.tely bdow In .omo om, tho eqniy.ltot. h.v. htea toundrf off, wUo 
the logoniba corjt.pona, to toe apnmaonl oumj to , pb.tor 
placee. ■ ■ ■ < . . , ■ , . 
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Pressure EquivaUixtB 
(For conversion table see p. SO) 



I 0.10197 0.7376 0.0e2777 0.0t3777 0.0t3725 ^009869 0.0:2388 O.Oj9478 

1.00848 1.8C780 T.44359 7.67711 7.67U3 3.99427 4.37S09 1.97070 

9.80565 7.233 0.0J72i 0.0^7(07 0.0:3653 0.09678 0.002342 0.009294 

0.9315207 0.85932 C.43511 5:5(38(13 13.502(35 2.08579 3.36961 3.96822 

1.356 jl.l383 I 0.(W765 0J)c512ll6 00^0303 0.01338 0.0:3238 0.001285 

0-13220 1.14068 7.67SS0 7:70933 7.70333 2.32647 T.5I029 3.30S90 

3.601 X10« 3.672 X105 2.656X10* 1' 1.3599 1.341 35537 B60.0 3413 

6.55641 5.56489 6.42420 ' 0.13352 0.12743 4.56068 2.93450 3.53810 

2.648 X 10* 270000 1 .9529 X W _0.7353 1 _0.9863 26131 532.4 2509 

6.42288 5.43136 6.29068 1.86648 1.99401 4,41715 2.80098 3.39958 

2.6845X10* 2.7375 X10* 1.98 X10* 0.7455 1.0139 1 25493 641,1 2544 

6.42887 6,43^5 6.29667 1.87246 ,0.00598 4.42314 2.806D6 3.40557 

10'.33 10,333 74.74 ^0:2814 0.0i3827 0.0:3775 1 0,02420 0.0960} 

2.00573 1,01421 1.87353 5.4493S 5.58284 5.57(85. 1,38382 2.98243 

jlW 427.0 3088 0.001163 9.00158) 0.001560' 41,32 1 3,968 

3.62191 2,63039 S. 48971 3.06550 3.18902 3.19304 1.61618 ' 0.59801 

ollL 0.0^0.(h3930 10.41 0,25200 1 

_il.023[)0 2,03178 j 2,89110 4.46600 T60Q42 4,59444 1.01757 T40139 

For the use of these tables, see notes at bottom of p. 78. 
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BOILERS AND PTJELS 

BY 

DAVID M. SCHOENTELD and GEORGE P. HAYNES 


STEAM PRESSURES AND TEMPERATURES 

For merchant vessels using geared turbines or turboelectric propulsion the 
most popular design conditions lor the steam-generating units seem to be 
450 psi gage and 760 F; but, with tendencies toward higher pressures and 
temperatures, an increasing number of vessels are being built or ara in oper- 
ation using 600 psi gage and 850 F steam conditions. This is also the 
standard for combat vessels of the Navy. 

One merchant ship has been built under TI.S. Maritime Commission 
sponsorship utilizing 1,200 psi gage and 750 F with provision for reheating 
the steam.* A number oi other vessds, in which the boilers will generate 
steam at 1,450 psi gage and 760 P with reheating provisions, are under con- 
struction for private interests. 

The gains that may be achieved with pressures up to 1,450 psi gage and 
temperatures up to 950 F figure as follows: 


Freesure, psi gage 

Temperature, deg F 

Approximate fuel 
reduction, Vt 

450 

1 

750 

0 

600 ! 

859 

6 

MO 

MO 

10 

m 

950 

13 

1,450 

750(1 steam reheat) 

i 9 

II ' 

1,450 

750(1 gM reheat) ' 

n 


High-pressuro boilers are smaller for a given shaft horsepower, and the 
initial cost is only slightly gi'eatcr than for lower pressures. They intro- 
duce no particular problem in boiler design, although care should be taken to 
assure ample circulation in the boiler and waterwalls where headroom is 
restricted. High steam temperature requires special consideration of such 
matters as the location and size of the superheater, the design of tho furnace 
so as to produce the required gas temperatures at the superheater, and tho 
selection of materials for and the deagn of the superheater elements and the 
steam piping and valves. Moreover, in order to protect the turbine from 
excessive temperature, it is necessary to employ closer control of tho super- 
heat where liigh steam temperatures are involved. 

Where engines are used instead of tnrMnes for propulsion, as in the case 
of the vast number of Liberty ships constructed .during the war, lower steam 
pressures and temperatures are usually selected. Pressures generally are not 
in excess of 300 psi gage; usualiy in the range of 200 to 275 pa gage. Tem- 

* See Tran*. See. Aat. Arch, ind JFor. Bno., 49 , 356 - 379 . 194!; 60, 379-387, 1942 
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erally by magnetic examination of other Trelds; then by annealing the entire 

drum to relieve the stresses built up during welding. , 

Forced'Circulation boilers depend upon medianical means (pumps) to 
provide or assist' circulation, rather than differen(»s in density of watot and 
steam, produced thermally. Wide flexibility of design results, permitting 
disposition of heating surfaces for most effective l^t absorption, compactness 
of'arrangement, and a saving of sled and weight especially in boilers designed 
to operate at high pressures of lj200 psi and above.’ Tlicy have bad wider 



Fig. 10.— Foster Wheeler D type two-drum bent-tubo, boiler, with vertical 
tube bank. , , 

application in foreign ships than ini .this country. Here the applications 
have been mostly of an experiment^ nature Iri naval vessels,' Nevertheless, 
with a definite trend toward higher steam pressures aiid temperatures; forced- 
circulation boilers particularly 'in, the I'uger sises' required for highly powered 
ships are sure to receive increasing attention. ' ' ’ 

■ Some forced-circulation boilers are the "6iice-thvougIi"ityp'o such as the 
Benson, Sulzer, and Bcsler. SucK'boil^ have no' drums. The, .water is 
forced by a high-pressure feed puinp',intd’one or more tubes ‘(also known as 
circuits) and steam is delivered at the outlets. Steiirh ‘demand requires such 
sensitive response of the fuel supj^y and feed pump' that autoniatic controls 
are invariably used. Any impurities in the feed water are'oither'doposited 
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peratuTcs as high as 640 F haye beea employed but more commonly they are 
ia the range of 450 to 550 F. 

For steam conditions of 460 pa gage and 756 F and higher pressures and 
temperatures, it is usual to deagn the steam-generating units for 87 to 88 
percent efficiency. To readi such, effidendcs requires the use of economizers 
or air heaters, or a comhination of the two, to reduce the temperature of the 
flue gases leaving the boiler. The choice between economizers or air heaters, 
or a combination, ia generally dictated by the number of stages of feed boat- 
ing selected, and this selection in turn is affected by economic and operating 
considerations. , , , 

For two stages of feed heating, the temperature of the boiler feed is usually 
about 240 F, for three stages about 316 to 320 F, and for higher pressures, as 
high .as 385 to 420 F, depending on the number of stages and pressures 
selected for bleeding. With a feed-water temperature of 240 F, economixers 
may he used to reach 87 or 88 percent efficiency, but generally an air heater 
becomes too bulky to fit into tho.dcsign. a feedwater temperature of 
315 to 320 F, an economizer becomes too bulky but an air heater may be used 
satisfactorily for these effidendes. A combination of both economizer and 
air heater is used when the feed-water temperature is 385 to 420 F. These 
general statements of course arc predicated on the provision of enough boiler 
surface to reduce the temperature of the flue gases to satisfactory design 
values. The proportions of heating surface to be incorporated in the furnace, 
boiler, superheater, economizer, and air heater will vary with the steam 
pressure and temperature, and with the ideas of different designers and 
operators. 

The effect of economizer and air-heater surface is to increase the effloionoy 
of the steam-generating unit by from 5 to 10 percent, the amount increasing 
witlr higher steam pressure. 

BOILEK TYPES 

Scotch Boilers. In the earlier days of steam-propelled vessels, various 
kinds and designs of boilers were employed. However, owing to structural 
weakness, insufficient capadty, poor efficiency, or excessive weight, these 
unsuitable types were graduaUy discarded as requirements became more 
severe until, at present, with a few isolated exceptions, there are only two 
typos in genorai use: the Scotch and the watertube, with the latter pre- 
dominating. Figure 1 illustrates a Scotch marine boiler with an air preheater 
and fire-tube superheater. 

The Scotch boiler came into use nearly a hundred years' ago in Caledonian 
shipyards; hence the name. For many years it was the most favored typo 
with the lower steam pressures then prevailing. It gave place to the water- 
tube type only when improved designs of greater capacity and efficiency, less 
weight, and the ability to operate at higher prwsurcs wore developed. How- 
ever, under certain conditions and for certain purposes it still is regarded 
favorably. Its strong features arelarge steam space, ease of maintenance and' 
repair, ability to use feed water of doubtful quality, and adaptability to 
practically any fuel. ' Its more undetirable limitations are excessive weight, 
sluggish circulation,' Kinited pressoro. relatively low capacity, arid low 
efficiency. As usually constructed, such boilers for marine service vary 
from approximately 10 to 18 ft in diameter and from 10 ft 6 in. to 12 ft long.' 
They are equipped with from two to four corrugated furnaces — the customary 
number being three — and with from one to four combustion chambers. 
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in the rone ■«'here tronsituHi from water to steam takes place or. are carried 
over into the turbine and dqx)ated on tli« blading. To avoid overheating 
of the zone where such dcpoats occur this section is usually located in a 
region of relatively low gas temperature and where no radiant heat will be 
received. 

A variation of the foregoii^ is the type kno\vn as ‘'spill-over,” such as the 
'’Steamotive.” It is similar, but about 10 percent more water is forced 
through the circuits .than will be transformed into steam. The mixture is 
discharged into a separating drum, whence the steam passes to the superheater 



Fiq. 11.— Combustion Engineering type V3M three-drum bent-tube boiler 
with superheater and economizers. 

and the residual spill-over water is withdrawn through a pressure-reducing 
resistance and feed heater bock to the feed-pump suction. 

Other forced-circulation boilers are of the “assisted” circulation type in 
wHch a pump receives water from a drum and forces it through the tubes or 
circuits, the mixture of steam and water from the tubes being discharged 
back into the drum. Here separation occurs, the steam passing to the super- 
heater, the water to the pump for recirculation. In the La Mont type, 
orifices are placed at the entrance to each tube circuit so that each circuit 
receives a quantity oi water in fHDportion to the amount of steam generated 
in it. The amount of water drculated varira from three to eight times the 
quantity of steam generated. The circulating pump operates at a differential 
pressure head of 30 to 40 pa and requires power equivalent to 0.3 to 0.5 per- 
cent of the boiler output. 



A Btoup of tabes estciids from eadi cpmbrnticm chamber to tie {'»"* bbjd. 
Tbe front bead has openings to aocommodato'the fnmaeee, and holes ‘ho 
tabes, licecss, and inspection. Hat surfaces me supported by through stays 
or by bridge or dog stays. , . , 

Furnaces are cylindrical ahcHs wth drcumferentlal corrugations to afford 
strength against collapse and to provide hr expansion. 'If oiHuel is i^ed, 
burners are applied by means of a smtable furnace front behind -which 


PiQ. l.~Scotch’ marine bo3er with air heater and fire-tube superheater 
arranged for oil.finng. ' ’ ' 


refractory is placed. "With coal, grates are placed approximately on the 
hoikontai center of the furnace.' To direct mr through the fuel bed a wall is 
erected at the rear of the grate. This wall closes the segmental area below 
the grate and also projects above the grate. Fronts include fire and ash 
doors,' also connections to recave idr from the forced-draft system and 
dampers to restrict flow •wHeii the fire door is open. 

Customary practice is ‘to provide each furnace with a separate combustion 
chamber?' The'purpose of the combustion'chamber is to dlow combustion 
to be completed arid to distribute the flue''gMe8 to tlie tubes. 
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The Velox boiler is also of the assisted-circulBtion type but differs in that 
Combustion is carried out under pressure usuaUy varying from 20 to 35 psi. 
High combustion rates are attained, and high velocities of the gases over the 
heating surface permit high rates of heat absorption. The pressure of the 
eases leaving the heating surfaces operates a gas turbine driving a comprossor 



Fig. 12.— Babcock and Wilcox express type three-drum bent-tube boiler 
with superheater and air heaters. 


which fumishes the air for combustion. The pressure' at which' steam is 
generated is optional. 

In the Loeffler forced-circulation boflcr, eteam is generated by bubbling 
superheated steam through water in a drum located outside of the' boiler 
setting. This steam is forced by a steam pump through tubes arranged both 
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■ Tho largest amount of hating surface is that in the tubes wWch are 
arranged in^ groups between the combustion chambers and the front head. 
UsuaOy they are approximately 8 It long and the customary sizes range from 
23 ^ to 3^ iu. in diameter. Tubes are of two kinds: plain and sta 3 ^ Plain 
tubes have relatively thin \v5ills iuid are bold in position and made tight in 
their respective holes in the sheets 1 ^ expanding or by rolling and beading. 



Fig. 2. — Combustion Engineering type SM sectional-header boiler as installed 
in Victory ships. 

Stay tubes are thick walled, the ends of which usually are thickened to 
compensate for threading. Such tubes are x^ed for staying tube sheets into 
Avhich they are screwed and expanded. The customary ratio of plain to stay 
tubes is 4:1 or 5:1, 

The Scotch boiler lends itself readily to the appbeation of tubular air heat- 
ers in the uptake immediately above the boiler tubes. 

Superheaters of the waste-gas or fire-tube type may be applied to new or 
existing boilers. Waste-heat superheaters consist of inlet and outlet headers 
connected by elements and arc located in a horizontal position immediately 
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Fig. 13.— Schematic arrange- 
ment oC once-through forced- 
circulation boiler, such as the 
Benson, Sulzcr, and Bcsier 
types. 



Fig. U.— Schematic ar- 
rangement of controlled forced- 
circulation 'boiler with eircu- 
iating pump— the La Mont 
type. 
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under the air heater where they are traversed by gases after they hare left 
the boiler. Resulting superheat is ot low degree. For higher superheat fire- 
tube superheaters are employed. These consist of ono or more pairs of 
headers placed in tho uptake and attached to the boiler head. They are 
connected by elements, each of which is arranged with several loops that 
extend into the boOer tubes. 

Watertube Boilers. CuTrent eteatn-genetating practice in the United 
States employe almost exclusively watertube boilers. Fire-tube boilers or 
Scotch boilers are now rarely used. Tlie watertube boilers are of two prin- 
cipal derigns; (1) the straight-tube, beadci type, shown in Figs. 2 to 4, and 



Fig. 3.— Sectional-header design, as built by several manufacturers for 
lAberty ships. 

(2) the beat-tube types, embodying either two or three drums as shown in 
Figs. 7 to 12 and 22 and 23. Interest is beginning to be shown in .forced- 
circulation boilers for particular applications. 

Modern fitemn-geueratlng ■units are nearly all fired b-y fuel oil but, -where 
coal is still used, stokers, especially of the spreader type, are beginning to 
supplant hand firing. 

Sectional-header boilers are suitable for steam pressures up to about 
750 psi. They are available in sacs up to about 60,000 to 75,000 lb steam 
per hr. Tube rises used vary from 4 to 1 in. O.D. 'When 4 and 2 in. O.D. 
tubes are used, the boiler is provided -with baffles or flame plates to direct the 
flue gases in three passes over the bank of tubes. When 1% or 1 in. O.D. 





Fig. 16.— Cross section of recent Combustion Engineering controlled forped- 
oiroulation boiler, operating on principle shown in Fig. 14. , ' , , 


. .'.i ■fUmACB8-V-' 


as wall cooling for the furnace and as a con- ’ t' 

vection section where it is superheated. s^spaw' ' 

Superheating is completedin theconvection ’ ciwuiatwopw* ' 

section from which one portion goes to the • 

prime mover, the remainder passing back to 
the drum where it generates saturated 
steam. Solids are precipitated in the drum 
out of the zones where heat absorption takes 
place. This type of boiler is seldom built 
for pressures less than 1,700 to 1,900 psi on 
account of the huge volumes of steam that 
the pump would hove to handle at low 
pressures with consequent high 3 X)wer re- 
quirement. These several types of bcdlera 
are represented diagrammaticaJly by Figs. 

13 to 17. 

FUENACES 

Furnaces may be entirely of refra^iy 
construction, or water-cooled surfacc'in the .. 

form of waterwalls may be applied to one or . ' Fw.' 17.— Diagram of forced- 
.moro walls. Even the fio9r,of,t^_,funiace' circulation, boiler'i'with circii- 
may be partly or conipletely jwaWjijbolqd. . fating, steam pump— Loeffler 
WaterwaKs permit high rates of litot release design. ' 
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tubes are used no baffles are employed and the gases make-only a single pass 
over the tube bank. • ■ .■ 

•The headers are generally rectangular in cross section- and sinuous, -so that 
lanes may be avoided through \rliich the flue gases migiit byfpasS or short- 
circuit the tubes, and the tubes are arranged in groups for accessibility, for 
inspection, cleaning, or replacement through the handholes in theiheaders. 



Fig. 4. — Babcock and Wilcox design of sectional-header niaime boiler. 

Hand holes are secured in place by arches, nuts, and washers and are sealed by 
gasketed seats. DetaUs of a typical header with its handholes and parts are 
shown in Fig. 5. , 

Common practice provides under a single handhole, one 4 in. O.D. tube, or 
groups of either four 2 in. O.D. tubes, nine in. O.D. tubes, or fourteen 
1 in. O.D. tubes. DiffCTcnt combinations of these groupings may be used in 
the boiler as may be found de^ble. Several widely used arrangements are 
illustrated in Fig. 6. 

' The location of the superheater is determined by the temperature of the 
Sue gases required to secure the demred degree of superheat. A commonly 
used arrangement is indicated in Figs. 2 and 4. This is known as an "inter- 
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and reduce the maintenance of the brickwork. The tubes compriang the 
waterwalls may be plain or have extended surfaces. When plain tubes are 
used, they are generaliy arranged soVMtantialiy tangent to each other. Such 
tubes are usually 2 in. O.D. When tabes with extended surface are used, 
they are usually spaced approri- , 
mately two diameters from each 
other, and a portion is covered by a 
refractory material such as pla^o 
chrome ore. 

The furnace under a sectional* 
header boiler may bo entitoly of 
refractory construction, or water- 
walls may be applied to the two 
side walla and the rear wall. On 
the side walls, the tubes are com- 
monly disposed at the same slope 
as those in the boiler bank and are 
expanded into headers arranged 
vertically at the front and the rear 
of the boiler. The front headers 
are led by downcomer tubes, and 
therear headers are relieved by riser 
tubes connected to the steam and 
water drum. Vertical ade water- 
walls have been used. In the rear, 

vertical watcrwall tubes are used. „ , , u . . „ , 

eiLadtos from a tomvmo header o »e*onal header boiler tai. 

al the aoot of the furaaee upward Oomburtion EngiueetruB! 

to the uptake headera ol the boiler, "^hl, Babeoak and Wrleoa. 

Downcomer tubes from the steam and water drum feed the lower header. 

Furnaces of two-drum bent-tube boilers are always provided with water- 
cooled surface on the ade walls and roof. The roar wall is often similarly 
water-cooled and occasionally even the front or burner wall. For the side 




Fio. 18.— Typical details of water- 



CLEMENT 

Fro. 19. — Hair-pin type of superheater as applied to a sectional-header boiler. 


wall and roof a header is provided at the base of the side wall parallel to the 
water drum. This header is fed either by large diameter tubes, 4 or 4^ in- 
O.D. extending from the steam and water drum downward to the outer ends 
of the header, or alternatively by a number of smaUer tubes extending from 
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the water drum across the floor of the fum&cc and enclosed in the refractory. 
The latter arrangement provides a partly water-cooled floor and assures good 


distribution of water all along the side- 
wall header. The tubes of the sidewall 
and roof discharge directly into the steam 
and water drum. When water cooling is 
applied to the rear or front wall.-headeira 
are provided at the floor and at the roof. 
The lower header is led by a number ot 
small tubes from the outer drum. Kisers 
connect the upper header to the steam and 
water drums. 

Various waterwall constructions are in- 
dicated in Figs, 2, 4, 7, IQ, and details 
are shown in Fig, 18. 

The rates of beat release in furnaces 
vary. In merchant practice the range is 
generally between 60,000 and 125,000 
Btu/(cu ft)(hr) at normal power. The 
choice depends largely on the designer and 
the operator, Rates far in excess of 
these figures characterize practice in naval 
boilers. 

&UFBRBS&.TEES 

DGSRPEBHEATEBS 

Superheaters are either of the "hair- 
pin" or the forged-return-bend types as 
illustrated in Figs. 19 and 20. The ar- 
rangement of the supeiheateta in the 
diflerent types of boiler is evident from 
the typical examples shown, the design 
being dependent on the type of boiler, 
degree of superheat, fuel characteristics, 
type of service, etc. The desuperheater 
provides steam at lower temperature for 
auxiliaries. 

For steam temperatures up to about 
750 F, carbon-steel tubing has proved 
generally satisfactory for superheater 
tubes. For higher tempersturra, oi 800 
to 850 F, carbon-molybdenum or low- 
chiomium alloy steels are commonly used. 
For still higher temperatures rfloy steels 
containing chromium and nickel are em- 
ployed. The superheaters are usually 
designed so that only those portions sub- 
jected to these higher temperatures are 



Fw, 20. — Forged return-bond 


constructed of these more expenave Buperheater as applied to a two- 
materials. drum bent-tube boiler. 


Desuperheaters should always be fitted on boilers in which the super- 
heaters are located in a zone where the temperature of the flue gases may be 
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deck" superheater. Space for a superh(Kit«r is obtained by omitting from 
the tube bank a suitaWe number of tubes. SometimeB a different arrange- 
inont known as an "overdeok” or ‘‘doghouse" superheater is used as in 
Fig. 3. 

Bent-tube boilers are generally of the two-drum design as in Figs. 7 to 10. 
The three-drum or so-caHed Yarrow type of boiler, shown in Figs. 11 and 12, 



Fia. 7. — Combustion En^cering type V2M two-drum bent-tube boiler 
with vertical tube bank. 


geems to have lost ita former popularity, probably owing to its high cost and 
the complications involved in applying superheaters and economizers or air 
heaters, as well as in the uptakes. The tube banks of two-drum boilers may 
be arranged either vertically or inclined as Bho\vn by Figs. 7 to 1 0 which also 
indicate the customary ’arrangement of superheaters. Although two bent- 
tube boilers are sometimes arranged in a single boiler casing, the tondency in 
general favors each boiler in its individorf casing, Both gastight single or 
double casings are aviulable. Many all-welded casings have supplanted 
Sanged casings previously used. 
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Tube sizes for these boilera are almost always 2 and 1 3<t in. O.D. in merchant 
vessels, the iormer in -the Iiont bank, the latter in the rear hank. The 
corresponding naval practice uses VA and 1 in. O.D. 

The vertically aiTnnged tube bank generally requires the use of baffles to 
direct the flue gases over the bank to secure proper heat absorption. Baffles 
areaeldomrequiredwhenthcinclmedtubebankisused. . _ • •’ 

Bent-tube boiierB, especially the fwo-dtum type, have aelueved consider- 
able popularity in recent years. Compared to sectional-header boilers, their 
weight and cost are relatively low. However, such boilers arc inherently 





Fig. 8.— Combustion Engineering tj^po V2M two-drum bont-tubc boiler, 
with indined tube bank. 

susceptible to slower repair or dcaning since they must be cooled before the 
drum can be entered for access to the tubes. Cooling requires considerable 
time to prevent damage to the pressure parts and setting. On the other 
hand, access to the tubes of a sectional-header boiler can bo had through the 
handholes in the lieadcrs in a much shorter time. 

> The design of bent-tube boilers, cspedally for high rates of evaporation 
per square foot of heating sur&ce, regnires the use of doivncomer tubes 
located outside the path of the hot gases. These connect the steam and water 
drums and are usually located outride the briler sotting. The size of down- 
comers usually varies between and 4^ in. O.D. to reduce the. number 
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expected to exceed 800 F!" Otberirise, dam'age to superheaters is 'liable to 
occur under certain operating conditions, wh^ tHc amount 'of steam required 
for auxilianes is large and the amohnf'of Biiperheatred'stcam is' smallEsr by 
comparison. Under these circumatanceB, wlm the auxiliary steam'is'taken 
from the drutn, not enough steam will pass through the superheater and it 
will overheat and deteriorate. Deropeaheaters as commonly used are of the 
convection type located in' the steam and water drum and arranged for with- 



drawd throuEt thii manWe [or repair or repiacement (see. Fig. 2i),, Desmer- 
heaters ate Bometimea called ‘ 

Separately fired Bupmiieatera tO:prd'tiii6"eomtalll aupertaat temperature 
over a wide range of steam output are, ayiilatle wliete too addifiolml eipoise 
j M ' ?'‘*.'i®igm are sliorm in Kgs. 22 

ana23. , file acparatelyfitedsuporiieaterisirlfteradiant typo andisioealod 

m an auriliaiy furnace adjacent to the mnk hofe iimiace. Tie burners in 
tie mperheater fanaeo are fired at a rate auitaUo to maintain toe dHarbd 
WoteeT- “PeAeater inrnace 

a rate Bmtable to mamtam toe reumred stew preaaure and output ' 
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required. The area in the downcomers is determined by several factors, 
principally the rate of heat input to the boiler and tiie distance between the 
steam and water drums. 

Downcomer tubes are always used to supply the water to waterwalls. The 
location of downcomer tubes with respect to swash plates in steam drums 
should receive careful conuderution. 

Sectional-header boilers may be installed with the drums arranged either 
fore and aft in the vessel, or athwartship. The former is to be preferred 



Fig. 9. — Babcock and Wilcoi two-drum bent-tube boiler with inclined tube 
bank. 

whenever possible since the motion of tlie ship in a seaway causes less dis- 
turbance of the water in the drums. Bent-tube boilers arc always in^alled 
with the drums in a fore-and-aft directioa. 

Present practice no longer uses riveted drums, all drums now being manu- 
factured by electric welding. This progressive step produces lighter, stronger 
druiiis mth savings in time and expense. Furthermore, such drums are not 
subject to the phenomenon known as “csiustic embrittlement” (arising out 
of improper workmanship and incorrect feed-water treatment) . The welding 
operation is followed by an X-ray examination of all welded seams and gen- 


. BOILERS AND FUELS 


Superheater Bupports aro subjected to higher temperatures than the 
superheater tubes.. To provide loi^ life and to resist oxidation and deforma- 
tion, it is customary to make them of high-chromium and nickel alloys, 
usually castings. 

ECONOMIZERS 

Economizers are used to increase the temperature of feed water before it 
enters the boilers, by absorlnng heat from the flue gases leaving the boiler. 
EspeciaUy at high steam pressures, the flue gases leave the boiler at tempera- 
tures too high to escape up the stack without considerable loss in efficiency. 
This situation cannot be avoided ^ce the temperature difference between the 
gases and the steam or saturated water is too low economically to allow use of 
additional boiler heating surface. However, the feed water is at a lower 
temperature than the water in the boiler and thus permits enough temperature 
difference with respect to the flue gases .to allow using an economizer. 

Economizers consist of bundles of tubes arranged horizontally and con- 
nected to inlet and outlet headers to form a number of parallel paths for the 
water. The tubes forming such continuous circuits may be joined by 
U-bends, by flanged bends, or expanded into short forged junction boxes. 
Provision is made for inspection and cleaning. The tubes may be plain or 
have extended surface in the form of rings, gills, flns, or pegs manufactured so 
as to be integral with the tube or substantially so for heat-transfer purposes. 
The tube sizes most commonly employed are 1 , 1^, iH- 2 in,, measured 
on the outside diameter. 

They are commonly fitted with soot blowers to clean the deposits from the 
gas side. The inside is cleaned by the same typo of tube cleaner as is used in 
the boiler tubes. The widespread use of deaerating feed-water heaters and 
chemical treatment of boiler feed water has removed the corrosion troubles 
and attendant leakages previously experienced with economizers before the 
introduction of these advances in technique. 

Boilers with economizers are shown in Fi^. 2, 7 to 11, 22, and 23. 

AIR HEATERS 

Air heaters are generally used when multiplestage steam extraction from 
the turbine is employed for feed-water heating. Under such conditions tho 
temperature of the feed water is so high, that an economizer alone will not 
reduce the temperature of the flue gases sufficiently to attain the desired 
boiler efficiency. Further reduction in gM temperature is then achieved by 
absorbing the heat from the gases in the air required for combustion of tho 
fuel. In matiy instances the economizer may be omitted altogether, only an 
air heater being employed to reduce the gases to a suitable temperature to 
meet the required effidenqr. 

.Wr heaters are nearly always of the tubular type, consisting of bundles of 
tubes disposed horizontally and expanded at the ends into vertical tube 
sheets. As commonly arranged, the hot flue gases pass upward over tho outer 
surface of the tubes and the tur makes two passes through the tubes in a 
substantially countercurrent direction. Tho most popular tube sizes are 
l}4 and 2 in. O.D. Soot blowers and steam lances are used to keep the outer 
surfaces of the tubes clean. 

Where boilers fitted with air heaters may be operated for extended periods 
at low rates of evaporation, os in port, poor combustion conditions together 
with the water vapor and sulfuric add in the flue gases result in sticky deposits 




Equivnlentfi Conversion {actors* 



* Example: 1 gm par cu cm *= 62.43 lb per cu ft. , . . 

•, _ Tke equivalents are given in tbe.heavicr typo. Logarithms of the equivalents aro 
Riven immediately below. In some cases tne equivalents have been rounded off, 
although the logarithm corresponds to the cqulvalont carried to a greater number of 
cecinial places. • " ' 

. Subscripts after any figure, 0>, ffi, do., mean that that figure is'to be repeated tU® 
indicated number of times. , 

Thermal Conductivity 










82 


WBJGET8 MD USASURES 


Thermal Coaductance 


Calories per sec 
per sq ca pa 
desC 

|TVattepM6qeni 
per deg C 

I Gslories per hr 
per sq eat per . 
degC 

j Btu per hr per 
sq ft per i 
deg y 

Btu perdayper 
sq ft per 
deg F 


4.186 

1 

7575 

176,962 


1 

860 

1,761 

42,274 

0.0002778 

0.001163 

, 1 

1 2.04$ 


0.0001556 

0.00(6677 

0.4882 

I 

24 

0,000005651 

0.00007366 

0.02im 




Beat Flow 


CaloriM per see 
per sq cm 

Watts pet gq 
cm 

Calorics per br 
pctsqom 

Btu per hr 
per sq ft 

: Btu per day 
per sq ft 


1 4.IS6 


13572 

1 318,351 


1 1 1 

660 1 

3,171 1 

1 76,004 

0.0002778 1 

0.001163 1 


3.6S7 

i 88.48 

0.00007535 1 

0.00031M 1 


i 1 

i 24 

0.000003137 : 

0.00001314 1 

0.01130 ! 

O.OU67 

1 


TIMS 

Siads o! Time. Three kiods of time are recoei^i^ed b? astionomera, tf:., 
sidereal, apparent solar, and mean solar time* The sidereal day is the mter- 
va] between two consecutiTo transits of some 6icd celestial object across any 
given tneridian, or it is the interval required by the earth to make One com* 
pletc revolution on its axis. This interval is constant, but it is incouvenient 
as a time unit because the noon of the adereal day occurs at all hours of tho 
day aud night. The app&reat solar day is the interval between two con- 
secutive transits of the sun across any given meridian. On account of the 
variable distance between tic sun and earth, the variable speed of the 
earth in its orbit, the effect of the moon, etc., this interval is not constant 
and consequently Cfwinot he kept by any aimple mechanism, such as clocks 
or watches. To overcome the objection noted above, the meaoi solar day 
was devised. The mean solar day is the length of the average apparent 
solar day. Like the ridereal day it is constant, and like the apparent solar 
day its noon always occurs at approximately the same time of day. By 
international agreeiacnt, bepnning Jan. I, W25, the cstronomical day, 
like the civil day, is from mid^ht to midmght. The hours of the astro- 
nonucal day run from 0 to 24, mid the hours of the dvil day usually run from 
0 to 12 A.M. and 0 to 12 pja. In some countries the hours of the dvil day also 
run from 0 to 24. 

The Year. There are three different kinds of year used, the sidereal, the 
tropical, and tho anomslisdc. The sidereal year la the time taken by the 
earth to complete one revolution around the sun from a given star to the same 
star again. Its length is 3fS days. 6 hours, 9 minutes, and 9 seconds. Tho 
tropical year is the time included between two successive passages of the 
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of combustible material on tbe outer surface of the air-heater tubes. These 
deposits are usually heavier on tbe tubes where the flue gases leave the m 
beater and where the temperature of the entering air is lowest. When the 
boilers are operated at higher rating, the combustible matter deposited on the 
tube is likely to become ignited and may result in complete destruction of 
the air heaters. Therefore, care shoidd bo exercised to clean air heaters after 
extended periods of boiler operation at lower rates. 

Boilers having air heaters are shown in Figs. 4 end 12. 


combustion conteol 

Automatic combustion-control feqtnptnent is intended to supply fuel and 
air to the boilers in proportion to the steam demand, to regulato the draft, 
and to divide the steam load properly among the boilers. Since fluctuations 
in steam demand are immediately reflected in corresponding fluotuations in 
the pressure in the main steam header, it is usual to employ a master con- 
troller. responsive to such pressure fluctuations, which sets up and transmits 
impulses to the various actuaUng elements controlling the supply of fuel and 
air to the boilers. Provision is made so that manual control of the boilers 
may be resorted to if desired. 

Such control assures proper proportioning of air and fuel in following 
load fluctuationa with improvement in cfBriency and avoidance of smoke. 
The actuating medium is usually air, although some systems utilize oil or 
electricity. 

CODES AND RULES 

The design of pressure parts of boilers for installation in merchant tonnage 
is governed in the interest of safety by various codes and rules, such as 
''Marine Engineeriag Regulations and Material Specifleatioas" of the 
Merchant Marine Inspection Division of the U.S. Coast Guard, “Rules for 
the Clasaiflcation and Construction of Sted Vessels" of the AmcrioBU Bureau 
of Shipping, “Rules and Regulations" of Lloyd's Register, of Shipping, and 
occasionally by the "Rules for tbe Construction of. Power Boilers” of tho 
American Soriety of Mechanical Engineers. Theso regulotioas also set 
forth minimum clearances to be observed in arranging tha boilers in tbe fire- 
room space. Boilers for use iu combat slups ate designed in accordance with 
the provisions of the “General Specifications for Machinery" of the Bureau 
of Ships of the Navy Department. 

Care should be oxeroised in the use of tbeao regulations to be assured that 
the latest amendments are at hand. 

CAPACITY AND RATING 

When steam boilers were employed prindpally to drive steam engines, it 
was convenient to rate them in horsepower. Tests at the Centennial Exposi- 
tion in 1876 determined that an average en^no required approximately 
30 Ib steam per hr to produce 1 bp, hence it was recommended that a boiler 
horsepower be defined as tbe evaporation of 30 lb water per hr at 70 psi gage 
from feed water at 100 F, This inut of capacity was later changed to an 
equivalent evaporation of 34.5 lb per hr "from and at 212 F." Based on the 
latest steam table values, this represents 33,475 Btu pet hr. The term 



fa<7g 


(rom the storage bunkers by a;transfcr pump and the oO is heated by a series 
of steam grids at various levels which cause any water to precipitate, ’24 hr 
usually being allowed for this process. The settling tanks are located so 
that the suctious from them are above or h^rly level with the fuel-oil service 
pumps 'which deliver to preheaters, thence to the burners. Suction, and dis- 
charge strainers are provided. Sach tank should have a capacity Biich as to 
operate the vessel at full power for 30 hr. 

AtomlzcTS. A burner for fud:(^ consists essentially oi two parts: the 
atomizer for converting the stream of solid fuel oil into finely divided particles, 
and the air register for effectively introducing among the finely! di-vided 


Mozzle 


Sprayerphte 



Hollow core dish 
vortex action \ 
o f whirling oH 



FlO. 2S.— Straight pressure or mechanical atomizer. 

particles of fuel oil the air required for combustion. Several means may be 
employed. There are four types of atomizers in common use as follows; 

1. Straight pressure or mechanical atomizer (Fig. 28). 

%■ Straight pressure atomizer with return: flow of fuel oil— wide range 
atomizer (Pig. 30). 

3. Steam atomizer (Fig. 32). • , . . ' 

4. Rotary-cup (spinning-cup) atomizer (Fig. 34). ' 

T^e atomizing principle used inihe mechanical atomizer, shown in Fig. 28, 
conrists of delivery bf several streams of fuel oil at high volocitytlirough 
passages discharging tangentially 'into, a. small cylindrical chamber that 
verges into a cone with 'a discharge' orifice at its apex through which, the oil 
is sprayed into the boiler furnace. _ To obtmn the high yelocit;^ required to 
produce a suitably fine spray, pressures of 75 to 300 psi are used! and the 
fuel oil is heated to a temperature where its -will be 150 SSTJ. The 

centrifugal .and, axial forces set up in the Chamber result in the production 
of a hollow 'conical spray. The dedgoer can'aclue've condderable latitude ia 
regard to spray angle and fineness of atomization by changing the shape and 
dimensipuB of ithe chamber, ;the number .and-dimensions of, the tangential 
passages, the ratio of their total.arca to the area of.the, outlet orifice, :etc. 
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.“.boiler horsepower", is now obsolete and is employed only rarely.in reference 
-to certain conventional boilers of small capadfcy. i -I 

'The factor.pf evaporation is equal- to-the enthalpy (heat content) of ,1 lb 
steam iat the stated conditions of .pressure and. total temperature less the 
enthalpy of the liquid.at feed temperature, divided by 970.3 (the latent heat.of 
evaporation at 212 F). . ■ 't 

At one time it was customary to rate boilers on the basis of a certain number 
of square feet of heating.surfacc per. boiler horsepower (10 sq ftwas'oustomary 
for stationary boilers), but as boiler designs and firing methods improved 
and as water-cooled furnaces, superheaters, economizers, and air heaters 
came into use, it becamh apparent'tbavboilefs 'could develop several times the 
capacity based on such a concept. .As a result, this practice of rating fell into 
disuse, because it is meaningless. In the modem steam-generating unit the 
boat absorbed by the boiler: -becomes proportionately a smaller part.of;the 
total as waterwalls, superheater, :cconomizcr, and air heater arc incorporated 
into the design, and as UgW steam pressures are tised. . . 

A modern boiler, when producing its proportionate share of the steam 
quantity required to develop the rated shaft horsepower of the propulsion 
equipment at the normal sp^ of the ship, is considered to bo operating at 
its normal or full power rating. Other rat^ of steam output are.custoraarily 
stated in terms of this nominal capacity. 

' '■ EmCIENCY ' 

The efficiency of a boiler or steam-generating unit is the ratio of the heat 
absorbed by the steam produced to the heat represented by complete com- 
bustion of the fuel fired. , It is customary in American practice to use the 
high heat'valuS of the fuel. European practice employs the low heat value. 
Since it is well-nigh impossible to determine or segregate the actual offioionoy 
of a boiler only, it is usual in commercial practice to include boiler and furnace 
efficiency together. 

Thfe efficiency of a steam-generating unit may be found by accurate deteN 
hiination of the weight of steam produced or feed water used and of the fuel 
fired, 'or by c'areful measurements of the heat losses and a heat balance. * 

With 'a knowledge of the compoNlion of the fuel being burned, the composi- 
tion of the products of combu^on, i.e., the flue gases, pro\'ides a check on 
how well combuslioh of the foci is' taking place. The analysis of the Sue 
gases to determine their compoataon is customarily carried out in an Orsat 
apparatus. Tliis consists essentially of a burette and three pipettes. The 
burette is graduated for measuring the sample of gas and the quantities of 
the gaseous constituents removed in the pipettes. The three pipettes con- 
tain solutions of caustic soda or causric potash to absorb COj, cuprous 
chloride to absorb CO, and pyrogallol to absorb Os. 

Thus the Orsat apparatus provides the percentages by volume of COs, CO, 
and Os in the flue gases. The Ns is assumed to be the balance. Any SOs 
appears as'COs'but for fudsused aboard ship this slight discrepancy niay be 
disregarded, for all practical purposes. 

• For complete detaile of efficiency tests the reader is referred to the Teat Code for 
Power Boilers of the -A'.S.M.E; or -the TraM.‘Am«r.5«. J^araiPnpr*., 172-176, 1942: 63; 
724-734,. 1941; 64.., r h ‘ 
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' These values pro'^de'lh nieaOTie.of-the conipleteaess of ' combustion, 
^tisfactory combustion *bf fuel oU' can lie obtmued with iS to 20 percent 
excess air and of coal on stokers with 35 tp 40 percent excess air. Black, 
smoke is ordinarily due to low excess air but may 'be produced with high 
excess air due to improper adjustmait' of buriiers and air loakage. With 
black smoke the Orsat analysis of the'^ases Srili usually show high CO 2 , low 
Osi and the presence'd^CO if the'burneia are improperly adjusted. If there 
is air leakage, the Orsat analyas wl then diow low CO 2 , high O 2 , and some 
CO; White smoke is an'indication of too much-excess air/ - Under these 
conditions bhe:Orsat analysis will show low CO 2 , high O 2 , and no CO. With 
the correct quantity of air for the fuel and proper burner adjustment the 
stack emission should be a faint brown haze and the flue gases should contain 
no GO. .. ^ - 

With the composition of the fud and the flue gas known; it is possible' to 
calculate various heat lessee by the following relations;' Sampld calculations 
are included baaed upon the average analysis forn fuel oil (p.TOOG), 


Example. Aesumod flue gas'analyeie, percent by volume (from Orsat) ■ 


COa 

CO ' '0.2 

Oj ' 3.4 

N» ;'..,.;u......V.,.:i''S2.0 1 


I'lOO'.O I 


ft " temperature, deg F, of flue gases leaving 8tcdm«ecneratins unit; 'say 346 ? ' * 
it - temperature, deg,)?, of air supply .to steam-geoerating.umt; say 100 F . 

1, Weight of dry flue gases, lb per B) fuel: 


llCOi + 8 Qi + 7 ( 00 ^+ Nt) 

“ 3(C0t + CO) 

11(13.5) +8(3.4) 4-7(0,2-1-82.9) 
3(13.6 + 0.2) 


(carbon burned, lb pet lb luel) ■ 


(0.864) = 15,9 lb dry gas'per lb oil 


2, Weight of water from combustion of hydrogen in fuel, lb per lb fuel: ' 

)Fa o 9 X (hydrogen in fud, ,ib per lb fuel) ' 
9(0.107) = O.OW lb water per lb ok 

3. Dry air, lb per lb fuel = Wp + W* — (1— refuse, lb per ib^fuol) 

Wa =» 15,90,+,0,M — 1 =», 18^ Ib'dry air per lb iuel ,.'| 


4. Weight of water'vapor in .iurfor combustion, lb pw lb fuel:' , • 

W, - Wa X (water yap'or'm'ab,WTp»lb ah)-iib.l00,Ta anh?' percent rela- 

l*F®hometnocharl, Water vapor inair ® O.OlSlbper 


W, = 16.86 X (0.016) => 0.24 lb water wipor in air per lb fuel 

5. Weight of wet products of cDaibustion, b per lb fuel: 

' /-'t ;,y ‘ 

•. •. ,, .■W3.,= -15.94-C.96,+,fi.24 =-17.1.;, ,,, 




Muffipkjefs oFskctm 
andafmizedoil ■ 



Fig. 32.— Steam atomizer. 


either by supplying the whirling chamber with a quantity of fuel oil greater 
than that to he discharged and returiiing the excess to the supply pump 
suction or by varying the area of the tangential passages into the whirling 
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6. Excess air, percent abore tiutt required for complete combustion (an item not 
directly required for the heat balttnoe, but of interest as indicating quality of operation); 


^ 0.264N, - 0, + 0,6CO 

_ [3.4 -0.S(0,2)1. 

^ ■ ‘°“o.28,(8!.a)-a.4 + o.5M ■ '* 


1. Lobs due to eensible heat in dry flue gases: 

Loea - 0.24 - U) 

= 0.24 X 15,9(345 - 100) 

loo - ass Blu ptr lb W or - 6.06% 

2, Loss due to heat in water formed by combustion of hydrogen 
in fuel: 

Lose = H^i(I089 + 0.4«, - f,) for < 575 F 
or == Tfi(I066 + 0.51, ~ W for 1, > 675 F 
B 0.06311089 + 0.46(345) - 100] 

B 0.963(1148) 

1110 X 100 


Loss ■ 1110 Stupor lb fuel, or- 


18,500 


0 . 00 % 

contained 


3. Loss due to evaporating and superheating moisture 
in the fuel (may be neglected for oil): 

Loss ■ (IFn, lb moisture per lb fuci)(1089 + 0.46i, - U) for 

li< 675 1' 

B (iT*, lb moisture per lb fuel)(I066 + 0.5<j - U) for 
f, > 575 F 

Loss •> 0.003 X 1148 B 3.46 Btu per lb fuel; neglect 

4. Loss due to superheating water vapor in air for combustion; 
Loss - 0.47R'.(1, - U) 

m 0,47 X 0.24(345 - lOm 

B 28 Btu per lb fuel or = 0.15% 

iOfOUil 

5. Loss due to incomplete combustion of carbon, ie., burning car- 
bon to CO instead of COt: 

Loss “ (carbon burned per lb fuel) 10.160 


■“■“(iStIb)''’''" 


a 128 Stu per lb fuel, or 


128 X 100 


0.7% 


(This loss is avoidable, especially with oil firing, and should be 
eliminated by proper firing conditions) 

6. Loss due to unconsumed carbon in refuse (negligible for oil) ; 
Loss B (refuse, lb per lb fuel — ash, lb per lb fuel) 14,600 

7. Losses due to radiation, and to unburnra hydrocarbons, usu- 
ally known os unaccounted for loss. These can only be deter- 
mined by subtracting from the heat mput in the fud the sum of 
the calculated losses above and the beat absorbed by the steam 


TYPICAL HEAT BALANCES 

Typical efficiency curves of modem boilers for merchant and naval combat 
vessels are shown in Fig. 25. Typical heat balances for oil-fired boilers in 
merchant and naval vessels aTe-Bhown in the table on page 1002. 
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chamber by an adjuBtable sleeve or pJug. By either method the object is to 
maintain high enough velocity throu^ the tangential passages' for a 'good 
degree of atomization. With the return-flow principle, the range can be 
increased to as high as 1 : 10 , depending upon furnace conditions and the 
maximum rate of firing. In the movable-plug design, the range can be 
increased to 1:4. • ■ 

As the name implies, the steain atomizer employs steam as the atomizing 
agent. This steam atomizer is usually constructed, so that a number of 
steam jets can be directed to impinge on an equal number of small streams 
of solid oil as shown in Fig. 32. 'The impingement breaks up,! the oil to 


iH'lt 


Fig. 33. — Peabody type ML burner and register. 


produce an effect similar to the hollow cone-shaped spray obtained with the 
two types of straight pressure atomizers. In tKis'-type of atomizer, it is 
necessary to preheat the oil to-a f^perature high enough to reduce the 
viscosity to 300 SSU.' The oil-supply pressure may be varied from 5 to 
300 pai. The steam pr^sure relative to the oil pressure is maintained at a 
constant differential of about 10 pa fay use of a differential valve. A flow 
ratio of 1:10 may be realized.. There has been no widespread application 
of this type of atomizer oh Ward ship. Many operators object to the steam 
loss, especially where it must be made up by evaporation. ,.7 .■,! ; . r, 

•The rotary -cup atQmizM, eonasta primarily of a cup shaped like the iiustum . 
of a cone and rotating, at about 3,400 ipm. Oil at 300 SSU is delivered-into , 
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the mr of the cup and io oentriluEed off the leevine edp .s a thih a™ nomri 
to_ the axis of the cup; Here it ia intercepted by a Hast of pnmary.air flowing 



SO 60^10 eo w 100 lu iM.jyi HO isoiffl no ISO < 90 -a)()tK)m 2 } 024 ouowzio 2 :o 2 <) 03 oo 

TtMPERATURE.0E6.F. 

Fig. 36. — Chart for determining proper oil temperature to give efficient 
atomization. 


at high velocity parallel to the axis of the Clip. - This air blast broaks'up the 
film of oil, deflecting it'into 'a'hoildw'cohe-Aaped'sprayi-'- Figure'34'Bhow8 
the'arrangcmcnt of a rotary-cup'atoraizw. •' I's • 
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i 

Merchant service, 

Naval service. 

% 

Loss due to: ‘ ' 

0.1$ 

0.28 

Moisture from hydro^n in fuel. 

6.00 

6,23 


5,05 

8.30 

Radiated and unaccounted for 

1.80 

1,00 


13.00 

15.75 

EfTioicney .■ 

87.00 

84.25 

Total 

100,00 

100.00 


HEAT TRANSMISSION AND FLOW RESISTANCE 

Heat Transmission. Heat Irom the products of combustion is trans- 
ferred to the absorbing surfaces of the boiler unit by radiation and by con- 
vection. Luminous radiation accounts for most of the heat absorbed by the 
surface in the furnace. In the surface beyond the furnace most of the heat 
is absorbed by convection. 

Furnace Heat Absorption. Some of the more important factors aSect-, 
ing the rate of heat absorption in a furnace are the type of fuel, the method 
of burning the fuel, the rate of heat input to the furnace, the furnace con* 
struotion, and the condition of the absorbing surfaces. 

The chomioal analysis of the fuel determines the combustible constituents, 
the thermal energy available, and the composition of the products of com- 
bustion including water vapor. The method of burning the fuel, which is 
dependent upon the fuel’s physical properties, influences the amount of 
excess air required for complete combustion. The amount of heat available 
is dependent primarily upon the firing rate but is aficctcd also by the excess of 
combustion air and its temperature. All these factors affect the mean tem- 
perature of the luminous radiating gases which influences to a great extent 
the rate of heat absorption. 

The radiating length of the luminous furnace gases is dependent upon the 
size and shape of the furnace. The proportion of radiant-heat-absorbing 
surface to refractory surface is an important factor influencing the rate of 
furnace heat absorption. Clean surfaces absorb more heat than slagged or 
dirty surfaces. 

Rate of Radiant-heat Absorption. A correlation of actual data 
obtained with various furnace designs burning different fuels under varied 
combustion conditions allows an estimation of the rate of' radiant heat 
transmission in a furnace under specified conditions. This rate may be 
expressed as follows: 

' 

where F = 1000 iBlu absorbed .per hr per sq ft effective projected radiant 
heating surface ' ' ■ ■ ■ 

X = 1000 Btu availablo'-pcir' hr per sq ft effective projected radiant 
,, V , heating surface , ^ , , 

A = lb combustion air per lb fuel 
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■ For the efficient combosfaon of the cal spray produced by any of the 
atomisers just described, it is neceasay to employ an air regjater in conjunc- 
tion -with the atomizer. Air regjsteis are designed so that they may be 
adapted to the type of draft under which the boiler unit is operated, such as 
forced draft, induced draft, or natural draft. The direction and velocity 
of the air supply are controlled by the register. The atomizer is so located 
that it will project the finely divided particles of oil along a path that will be 
intercepted by the air Btrcam in snob manner ns to produce an intimate 
mixture of air and oil. Tho rapidity of combustion is affected , by furnace 
temperature and dimensions, quality of atomization, velocity of air flow 
through the repster, and temperature of the combustion air. Views of 
atomizers in air registers are shown in Figs. 29, 31, and 33., 

A number of atomizers and re^sters, or oil burners, are applied to a furnace 
to obtain the desired quantity of oil with proper atomization and without 
requiring excessive air pressure. 

Viscosity. On installations using straight-pressure or return-flow atomiz- 
ers it is important that the operator know the viscosity of the oil as this 
determines the temperature to which it should be preheated in order to 
reduce its viscosity sufficiently to obtain proper atomization. The graph in 
Fig. 35 shows the effect of temperature on viscosity and, as there are several 
methods of calibrating viscosity, an approximate relation between tho 
various methods is given in the accompanying table. 


Approximate Relation between Eaglet Degrees, Saybolt and Redwood 
Seconds, at the Same Temperature 
(From testa in the laboratories of the Texas Company) 


Engler deg 

Saybolt Univenal eec 

Saybolt Furol see 

Redwood Standard 
seo 

2.5 

63 

13.9 

74 

2.75 

3 

92 

U,5 

61 

101 

15.2 

83 

3.25 

no 

15.9 

96 

3.5 

118 

16.5 

104 

3.75 

4 

126 

17.2 

112 

135 

18 

119 

4.25 

144 


127 

4.5 

152 

19.5 

134 

4.75 

160 

20.3 

142 

5 

169- 

21 

150 

5.5 

186 

22.5 

165 


203 

24 

181 

6.5 

220 

25.6 

196 

7 

237 

27.2 

211 

7.5 

8 

253 

28.7 

225 

270 

30.3 

240 


DRAFT 

Forced Draft. The closed fireroom into which the forced-draft blower 
discharges directly and which is entered through an air lock is not used in 
modern ships. This arrangement is now superseded by an open fireroom 
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Kandn = constants depending priraarfly upon type of fuel; method: of 
burning. the luel, aRd,''Mze, shape, -and construction of fumace. 
For marine boiler, furnaces fired with fuel Oil, the value' of K is 
about 100 and of the exponent » about,0.45 

■' The approximate, trend of this relation for an average marine boiler furnace 
-when burning fuel 'oil is'shown by Fig. 20. With the amount of available 
•heat known, the abBOrptioil rate'm&yhe detenmned from this. curve; By 
■deducting 'the quantity of heat absorbed from that available, the amou'ut 
remaining in the combustion gases may be aacertniried. From'this value and 
the weight of gases the sensible .heat.in the gases, and from it the gas tem- 
perature leaving tho furnace, may be calculated. 

Convection-heat Transfer. To determine the heat absorbed by the 
'surfaces beyond the furnace aa ’well as the gas-tempevuture diopa in- each 
it is necessary to evaluate the convecuon heat-transfer coefficients 'existing 
in the boiler banks, the superheater,' and the heat-recovery, equipment. 
These coefficients depend principally upon tl\c gas-.velocity, the gaa tempera- 



Fiq. 26.— Typical curve showing ratio of licat absorbed to heat available in 
oil-fired furnace. - 

ture, and the size-and arrangements of-the tubes. .Tliq transfer rato, coeffi- 
cient may be determined from an expression having.thc follo^ng form: .■ 

3 ? _ 

jwhere R = heaUransfer coeffident, Bni/(hr)(^'ft)(deg F) logaritlim'ic mean 
.temperature difference ' . "i"'- ' ' 

C = a constant 

K - & -i'ariable depending the pbysieffi properties of the gas. ' Th'esb 
' physical properties .iHdhidc'tlie, thermal conductivity, the abso- 
lute viscosity, and'tHe'specific'hea'i ' V ' 

G - mass flow of tbegas,lbpefhr'p^‘sqft raifaimum free.'areabdrnial 
to'the gas flo'w " ''' ' 

D = tube diameter, ft .r •n-l- ■■ 

n = an exponent varying from 0.5 to 0,8 depending the typo of flow 
and tube arrangement 

'8 =i8,xs"x,6, •: '■ 


mm 
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'where Q'S= boat absorbed, Btu per hr .. . • '' 

fi = beat-transfer coefficient, Btu/(hr)(sq ft)(deg F) 

■ ■ S = effective heat-absorbing surface, sq ft 

= logarithmic mean temperature difference,' deg F 

,,,.The quantity of heat absorbed ia also equal to the product of the pounds 
of, products of combustion per hour, TTj, the mean specific heat at constant 
pressure, Cp, and the difference between the temperature of the gases entering 
and leaving the heat absorbing surface, Ti — The equation above, 
therefore, may be rewritten as follows; 


Ti-Tt 


BXS X0m 
Wt XCp 


' For a marine oil-fired boiler unit sii 
aw ecowarcAiai and an air haator ' 
gases, the gas temperatures through- 
out the unit are shown in Fig. 27. For 
detail information on rat(^ of heat 
transfer, reference should be made to 
pp. 384 to 411. 

Fluid Flow Kesistancea. Resist- 
ance to flow is caused by the friction 
between the flowing Sold and the 
bounding surfaces, by change of direc- 
tion such as bends and turns, and by 
onlargomonts and reductions In cross- 
sectional area through which flow is 
taking place. Frictional losses for flow 
inside of a tube, pipe, or duct are 
determined esperimentatly and are 
found to depend primarily upon the 
length, diameter, and velocity. The 
other losses are found to depend pri- 
marily upon velocity. 

Steam- and Water-pressure 
Losses. To determine the pressure 
loss of water flowing through an econo- 
mizer or steam through a superheater, 
it is necessary to determine the fric- 
tional losses. Usually it is possible to 
express the entrance, exit, and bend 
losses as equal to a certain number of 
tube diameters or equivalent to a fixed 
number oi feet oi straight tulnng. Wi 
be calculated as follows: 


lar to thet shown in Fig, 7, using 
rwaves Iwai feum. thft cftmbusfevsu 



Percent Jofal surface 


Fio. 27.— Typical curve show- 
ing distribution of heat-absorbing 
surface. 

h tlus method the pressure loss may 


fc/LaG* 

Ap.— 

where, Ap = pressure loss, pst ■ 
h = constant 

/ = friction factor (dimenaonless) depending upon Reynolds number 
L => equivalent length of tubing, ft 
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mth a modern ventilalioa -^TSteiiL The forced-draft blower discharges 
directly to a wind box somranding the burners on the front of- the boiler as 
in Fig. 36. This may be' varied, depending upon the design of ,the ;boiler, 
so that.the wind box also surrounds the furnace or even the entire boiler as 
in Fig. 37. In other words, the furnace portion of tho boiler sotting, or. the 
entire boiler, may be double cased, withi'wirid-lxix’air pressure in the casing. 
Such designs preclude the escape of'flue ga^s'into the firerbom;space. Such 
boilers operate entirely under forced dr^t. .This arrangement ;is widely 

predominating in both merchant and navalitpnnage. ' ' • - 

i Induced draft (Fig. 38). In this Jar^geinent the stack induction- is 
augmented by a blower interposed between the boiler outlet'and-the stack. 
The blower exha.uat8 tlie combustion gas from the bbilcr and discharges 
into the base of 'the stack. Tho entire! system is always, under a negative 
pressure. It is not frequently used in preent-day practice because of the 
large blower capacity required and'mecb^cal difficulties 'due to tempeuatiire 
of the stack gases. ^ ) 

' Natural draft (Kg. 39). In -this ' arrangement the) stack induction, 
created by^the diSefeneb in' density between the column of hot gas and ‘the 
outside atmosphere,' is'used to'drawmr through the burnor air registers iiito 
the furnace: 'Changes in Wind -direction and velocity! changes in differential 
between stack gas' and outside atmospherici-temperature, and changeS‘.in 
ffring rate all affect this natural draft arrangement, and the maximum firing 
rate available is always limited to tho stack capacity. Owing to the greatly 
increased capacity at which present-day boilers are operated this type has 
practioaUy disappeared. 

COAL Fimo 

Some special coastal and harbor craft on the East Coast nevertheless use 
coal, generally anthracite since it is cleaner and does not smoko. Many 
foreign vessels also operate on coal. If supplied at East Coast ports, low- 
and high-volatile' bituminous coab from Pennsylvania, 'West 'Virginia, Vir- 
ginia, and Eastern Kentucky are used. Th<»o arc high-grade coals, the usual 
proximate dnalysbs of which are as follows: 



Low-volatile 

bituminous 

Higk-volatilo 

bituminous 

Anthracite 


2.6 

3,0 

i 5.5 

Ash, % 

■H 

6.2 

10.5 

Fixed o’aibon, % 

'73.7 

57,0 

BO.O 


17.8 

33,8 

4,0 


0.9 1 

>'3 1 


Heating value, Htu pet lb (as xeortved). .. . 

M.300 

13.800 ' 

11,200 


On the. Great Lakes nearly ^ ships bum coal. Here coal enjoys a price 
diSeiential over fuel oil owing to the expensive transportation charges ior the 
latter. Furthermore, mimy of these ships transport coal or are owned by 
interests closely-alUed.'mtli'th'e.coal-producmgiiidu8try.__ ;; 

With -coal as fueI,,tTYP anrfysesOTo commonly, used for practical purposes; 
the proximate and the ^timatc, as well as the heating value!; Tho proximate 
analysis generally consists of the relative amounts of (1) water or moisture, 
(2) volatile matter including gases and vapors, (3) fixed carbon, (4) ash or 
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t * speciEo volume of the fluid, cu ft per lb 
G = mass flow of the fluid, Vb per hr per sq ft of flow area 
d s inside diameter of tube or pipe, in. 


The water-piessure loss at normal power through the economizer of the 
boiler unit similar to that shown in Kg. 7 is about 6 psii whereas the steam- 
pressure loss through the superheater shown is approximately 20 psi. 

Resistance to Flow of Air and Gas. To obtain the frictional resistance 
of. ait or gca flowing through heating surfaces such as air-heater tubes or 
through ducts, casings, etc., the foregoing formula may be used with a con- 
sistent system of unite. Usually the frictional loss for the straight portion 
of pipe, tube, or duct is used for the length (t), and the losses due to bends 
and to changes in crosa-sectionid area are calculated separately. These 
latter losses may be expressed as a fractional portion of a velocity head. 

In calculating the resistance to flow over the banks of tubes that form the 
different convection heating surfaces of the boiler unit, the losses duo to 
changes in flow area and direction are the most important. For practical 
purposes these are considered as one loss. This loss may be determined as 
follows: 


Ap = 


iNTG* 


where Ap » air-pressure loss or draft loss, wg. 

k = a. constant dependiog on tube arrangement and type of heating 
surface, and ranges between 1.6 and 4.5, approximately. 

N « number of restrictions that aw or gas must pass over 
r ® absolute temperature, deg R 

0 « mass flow of air or gas, lb per br per sq ft of minimum free area 
normal to the gas flow 

The sir resistance through the burner registers is determined from standard 
curves based on actual test results with each specific type of burner. The 
correct evaluation of this loss is important since it accounts for ns much as 
60 percent of the total air and gas resistance. 

For the boitet\mitamilm: to thatalMiwu.mFi%s7,thecit 
at normal power in inches of water are as follows: 


Air resistance through air heater ; 1,0 

Air resistance through duct fioni air-heater outlet to burners 0.2 

Air resistance through burner renters ) ,3 

Gas resistance through boiler and superheater 0.3 

Gas resistance through economizer..’ 1.2 

Gas resistance through air heater i 1.2 

Total air and gas resistance 6,2 


For detail information on flow of fluids reference should be mado to pp. 244 
to 281 and 353 to 360. 

FUELS 

Steam-propelled ships generate steam by burning fuel oil or coal. Natu- 
rally, to secure the utmost in economy of operation careful consideration must 
be given to efficient combustion in the restricted furnaces available aboard 
ship. Unless this is done, losses of apptodable magnitude even extending 
beyond the ' furnaces will result. ' • 
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mineral-impurities. •. 'The sum of the perccutagcs of each'of these-items.totals 
l00<pec ceTifc fou tho coal in-the ‘‘.aa received” state, t'.e., as sampled,,- -.The 
percentage of sulfur present ja-generftUy reported-separately. 

ItiTlie ultimate -analysis- of coal is-jn^iUp -of Ahe percentages of carbonf 
hydrogen, sulfur, oxygen, nitrogen, and ash, b^ed on the dry, 'coal, the sum 
of which is equal to 100 per cent. If based on the'‘a8received’' sample, .the 
hydrogen and oxygen of the mwsture are included in the hydrogen and oxygen 
of the dry sample. The ash content is the same as in tho -proximate analysis. 
Reference should-be.made 'to'A.S.T.M. for the standard laboratory methods 
for determining the proximate-and-nltimate analyses of coal.- ■ - 
' 'Aniultimato analysia may -he approximated' (tom.- the proximate analysis 
of a coal. ‘ ' , ' ’ • 

-In proritnate analyas; the' combnsUble ^.volatile matter'd- fixed carbon 
= coal asTeceived - imoisture and ash. - ^ Let V, H, C, and N be,- respectively, 
the percentage by weight of volatile matter, hydrogen, volatile carbon, and 
nitrogen in the combustible. Then H =yil7.35/(Y -blO)] -O.OlSj, 
which. is accurate for American coris to about ±2 percent, approximately, 
by the following formulas: 

C = 0.9(7 — 10) for semianthracite 
C = 0.9(7 - 14) for bituminous and ^mibituminous 

With , anthracite, the standard .methods of analysis usually show total 
carbon less than hxed carbon, because the “fixed carbon” contains other 
elements also. 

Sulfur in coal directly increases the •value of 7; values of C calculated as 
above will be too high, approximately, by the sulfur content of the com- 
bustible. 

The nitrogen (coming off in the volatile matter) may be calculated with an 
accuracy of ±0.6 percent by the formulas: 

= 0.077, for anthracite and semianthracito 
A" “ 2,10 - 0,0127, for bituminovis and lignite 

The heiUnj valvie of (v&l, allw> tovovm ■saVee, ia thn ami/aTit 

of heat developed by complete combustion of a definite' quantity in 'an atmos- 
phere of oxygen in a bomb cidorimeter under a standard set of conditions. 
For complete details reference should be made to A.S.M.E. Power Test 
Codes. The value thus obtained is the high heating value at constant volume 
and is generally used in American practice. In European practice the low 
heating value is more generally employed. Thls'is derived from the high 
heating value, by deducting the heat of vaporization of the moisture iii the 
fuel including tl\o moisture formed when hydrogen la burned.' 

The high heating value of coal may be determined approximately by -com- 
putation by Dulbng’s formula: ‘ i " ■ . ’ ’ 

Bfc pel IS' = +: 62,028 5^ '+ iwOS 

This formula employs the bi^- heating values of the constituents found in 
the, ultimate' analysis; thus C, ff,-0„and 5. are the weight fractionsffrom-that 
Bourep.. , The-heating value of coal may be iiidi<ated on different-bases, such 
as “as received,” “dry,” or “ash and moisture free." ' 
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The choice of either fael'oil Or'coal for'inerchant ships is practically entirely 
one of econoriii'ca'fltid availability. With' oil,- 'vessels may be.fuoled in much 
shorter time than with coal, thus-rodumg the time in p6rt>required for this 
function. This, is important, where sUps operate on short-time turn-around, 
suoh as. passenger, ships. It ,also is beodming of increasing iraportance'to 
merchant .ships, as, improvements iii 'car^handling facilities, are receiving 
greater, attention. FurOiermorc, fueling 'd^^^atmn's and the transfer of the 
fuel oil' from, 'the point'of.'^rageio the ship'roi^ be performed mcchanicaily 
instead of jninually. ' TKese dperaiadiis'’arc' cleaner 'than bunkering coal.' 
Fuel' oil may be Stored iii Ihe'dduble bottoms of'tho sliips whereas the bunkers 
required, for '.coal stdriige ericro,^ oh cargo or'dther valuable space. ' Fuel 
oil poses no ^K'diipostd prbbleih.' 'TvlMhahical handling equipment' for coal' 
and ash may, be p^ed but ii. is ex^ensiveand' somewhat bulky. Finally,' since 
fuel oU'weiglia less'per hnif of hcating’valiic, less'woight of oil need be carried 
for' the same' operating radius^'alsp less' operating personnel is required than 
witK’cdal wh^re 'manually 'fired and where trimming must be done by hand. 

Thcac’adv^ntages in favor of, fuel oil act to dff^t the price advantage of coal' 
thai’geherally' prevails at'Eas't Coa8t''ports.’ "At Gulf Coast and West Coast 
ports fuel oil is seldom competitive with coal owing to the distance coal must’ 
be transported as compared to the oil. 

Fuel Oil. In view of the foregoing nearly all oceangoing American 
tonnage propelled by steam uses fuel oil. Out of the processes of refining 
crude petroleum for the purpose of obiainiog ite most valuable and volatile 
oohatituentB, residues of somewhat varying characteristics remain. Often 
these residues are of such a nature that fighter distillates are necessarily 
blended mth them to obtain a product' with sufficient fluidity for practical 
handling. Sucii residual oils commonly bear the name of "fuel oil” or 
biinker-C oil. ' • 

An average analysis of commercial fuel oil is 


Carbon, 

Hydrogen, 

'"SUlfui. 

Nitrogen plus oxygen, %■ 

Waten %• 

Sediment, % 

Btu per lb 

FlaSh point, deg F 

Fire point, deg F,.'.'. 

’ Specific gravity 


86.4 
10.7 
1.5 
1.0 
0.3 
0.1 
18,500 
175 F , 
226 F 
0.976 


Tanks. Delivery of fuel oil to a vessel may be from a shore station or from 
a barge — usually the latter. The number *nd arrangement of bunkers will 
depend upon the designer's deriie to use space without interfering with cargo 
storage and machinery spaces. However, the oil filling system should be 
ar'r^ged 'wilh overflows so that while bunl^ring it will be necessary for the 
operator to observe the level in only one or two tanks, either by. direct' 
soundings or by a gage. 

Storage tanks are provided with stfaih heating coils to reduce the oil 
viBco'sity'to a'point'wh'ere'it is'^adily pumpable, and the condensate from 
these coils is trapped; ’' Before reentering the ‘boiler feed System this conden- 
aate should be- inspeoted'Iortbe presence of oil-resulting from leakage.. • ( 
'‘It ik'customary to-providotwo deep.'-'^tling*' tante to permit separating, 
out any water that may be entnuned 'with the 'oil. These are filled with oil: 
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Hand Firing;. Although stolKis for &'iDg coal aboard ship have been 
available for years and numeroua installations have been made rvith an 
increasing tendency in this respect, nevertheless most coal-burning marine 
boilers are hand fired. This cemdition prevails, even though this method of 
firing is the least efficient urd the hard manual labor involved makes it 
unattractive to skilled personnel. 

The method employed in hand firing depends on the kind of coal used. 
With anthracite and other low-volatile coals, it is usual to spread the fresh 
fuel evenly over the fire; with high-volatile coal either alternate firing or the 
coking method is employed. The former involves adding “green” coal to 
only half the fuel bed at a time. This permits the incandescent fuel on the 
other half to burn the volatiles liberated from the fresh coal. Noncaking 
coals are best burned in this manner. The latter method, which is well 
suited to caking coals, involves placmg the fresh coal at the front of the fuel 
bod and permitting it to coke. It is then pushed back over the entire 
surface. 

Spreader Stokers. The spreader stoker lias gained popularity princi- 
pally for vessels on the Great Lakes 
and on inland waterways, where most 
of the coal-burning ships in this 
country operate. Applications have 
been made to water-tube boilers of 
both the sectional-header and bent- 
tube types and to Scotch boilers. 

A typical arrangement is shown in 
Fig. 40. It projects sized coal of 
about }iio^ In., together with the 
fines, through the front wall of the 
furnace usually by means of rotating 
paddles. Sometimes jets of air or 
steam arc used. If the coal received 
is larger, crushers are installed to 
reduce the size so it may be properly 
fed and burned. Most of the fines 
are burned in suspension. Thelarger 
pieces of coal fall to the grate and arc 
burned there. The grate may be 
eitlier of tlie stationary or dumping 
typo. The distributing mechanism 
is usually divided into units, each 
consisting of a hopper, a feeding and 
a distributing arrangement, and the 
drive. The drive may be individual 
or from a jackshaft. Some desigoa utilize alternate rows of right- and left- 
hand distributor blades to obtain more nearly equal distribution of the coal. 
The speed of rotation of fhe Wades determines the distance to which the coal 
is spread. Air is supplied both under the grate and over the fire. 

High capacities are attmnable with such stokers but, when forced excessive 
quantities of cinder containing unoonsumod carbon pass out of the furnace. 
In some installations provision is made for collecting this “carry-over” 
and returning it to the furnace, with resulting reduction of the loss from this 
source. 



Fia. 40. — Soctionai-header boiler 
equipped with spreader stoker. 
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vernal equinox by tlic sun, and wnce the eqmnox moves 'westward 50."2 of 
' arc a year, the tropical-year is shorter .by 20'23" in time than tho sidereal 
year. As the seasons depend upon the earth’s position with respect to the 
equinox, the tropical year is the year of dvil reckoning. The anomalistic 
year is the interval between two Buccessive passages of the perihelion, viz., 
the time of the earth’s nearest approach to the sun. The anomalistic year is 
only used in special calculations in astronomy. 

The Calendar. The month depended orieinally upon the changes of tho 
moon. The Mohammedan nations still use a lunar calendar with years of 
12 lunar months, which contain 354 or 356 d-aya in a specified cycle. Accord- 
ing to their method of reckoning, the same month falls in different seasons 
and their calendars gain 1 year on ours about every 33 years. The Julian 
calsndar (established 45 d.c. and now seldom used except in astronomy) dis- 
cards all consideration of the moon and adopts 365^ days ns the true length 
i of the year. Tho Gregorian calendar, now used in most of the civilized 
i world, -was adopted in Catholic countries of Europe in 1582 and in Great 
Britsdn and her colonies Jan. 1, 1752. For several years prior to the adoption 
i of the Gregorian calendar the calendar -year had begun on Mar. 25. When 
j the change was made in Great Britain and her colonics, the year 1761 con- 
* twned no January or February and no Mar. 1 to 24 inclusive. The calendar 
j year 1751 was, therefore, short of a full year by 83 days. The calendar year 
1762 was also 11 days short of a full year as the dates Sept, 3 to 13 inclusive, 
‘ ia that year, were dropped to correct tho 11-day error that had accumulated 
during the use of the Julian calendar. The average length of tho Gregorian 
calendar year is 365)^ “ Hco 305,2425 days. This is equivalent to 
3B5 days, 5 hours, 49 minutes, 12 seconds. Tho length of llio tropical year 
is 865.2422 days, or 303 days, 5 hours, 48 minutes, 46 seconds. Thus the 
Gregorian calendar year is longer than the tropical year by 0.0003 day, or 
■ 25 seconds. This difference amounts to 1 day in slightly more than 3,300 
i ysara, and can properly be ne^ccted. 

! Standard Time. Prior to 1883, each oty of tbo United States had its 
j own time, wluch was determined by tho time of passage of the sun across the 
local meridian. A system of standard time has been used since its first adop- 
tion by the railroads in 1883 but -was first legalized on Mar. 19, 1918 when 
Canffrese diivcted (ho rnterrtate CommvYce Gemoitsso/i to establish limits 
of the standard time zones. The United States, which extends from 65 to 
125 deg west longitude, is divided into four zones each of 15 deg of longi- 
tude. The first or Eastern zone includes all territory between the Atlantic 
, coast and an in-egular line dra-wn from the United States-Canadion boundary 
just south of Drummond Island, through the Strmts of Mackinac and the 
center of Lake Michigan, riong the Bouthem border of Miohigan and the 
western border of Ohio, throu^ the western part of North Carolina, and 
mrough, central Georgia to the Gulf of Mexico at Apalachicola Bay, Fla. 
the time of this zone is that of the 75 deg meridian, which is 6 hr slower 
^ than Greenwich time. The second or Centrsd zone includes all territory 
between the line mentioned and an irregular line drawn from tho United 
^atee-Canadian boundary at the boundary line between North Dakota and 
ontana, along the western and soutbem borders of North Dakota to tho 
issouri River, through Phillipsbnrg, Kans., idong tho western boundary of 
Wahoma and Texas to the Rio Grande Bivet, and to the Mexican border. 
_ be time is that of the 90 deg meridian. The third or Mountain zone 
mcludea all territory between the last-named line and an irregular lint 
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drawn from tlieTJnited Slates-Canadiaa'houndaTy at the northwest corner o! 
Montana' along the boundai? between Montana and Idaho, the Salmon 
liiver, the western and southfflu borders of Idaho, through Sait Lake City, 
Utah, and Arisona to the United States-Mexican boundary on the Colorado 
•River. The time is that of the 105 deg meridian. The fourth or Pacific 
2one includes all territory west of the last-named lino to the Pacific coast 
except Alaska. The lime is that of the 120 deg meridian. A fifth or 
Alaska zone includes Alaska only, the time being that of the 150 deg merid- 
ian. Standard time is uniform in each of these zones, and the time in ono 
zone (except Maak&’i differs by exactly 1 ht from the zone nest to it. Po\\i 
different times are used in Alaska: Pacific, 120*; Yukon, 136®; Alaska, 150°; 
and Western Alaska, 165°. In cities situated on the borderline of two zones, 
the standard time oi the easterly zone is commonly used; in such cities when 
the time is ^von, it should bo apedfiod as Eastern, Central, etc. The 
system of standard tims has been adopted in almost all eirilized countries 
and now is used by sbips on the high seas, 

TERRESTEIAL GEAVITY 

Standard acceleration of gravity is g<‘ » 980.666 cm per sec per sec, or 
32,1740 ft per sec per sec. This value is assuined to be the value of g 
at sea level and latitude 45 deg. 


Acceleration of Gravity 
(0. S. Cwsl and Geodetic Survey. 1912) 




c/p* 


9 


deg 

Cm/B«ei 

Pl/eec* 

deg 

Cm/85C» 

rt/soc* 

0 

S78.0 

32.088 

O.M73 

80 

981.1 

22.187 


10 

«78.2 

32.093 

0.9975 

60 


22.215 


20 

978,6 

32.108 

0.9979 

70 


32.238 


80 

979 3 

32.130 

0.9986 

80 

983.1 

32,253 

1.0021 

40 

980.2 

32.158 

0.9095 

9Q 

983.2 

32.258 

1.0026 


Correction ior altitude above sea levd: — 0.^ cm per 6«* lor each l,CtiD meterB: 
—0.003 it pec ior ea^ 1,000 ft, 


SPECIFIC GRAVITY AND DENSITY 
The specific gravity of a solid or liquid is tho ratio of tbo moss of the 
body to the mass of an equal volume of water at some standard temperature. 
At the pTCBont time a temperature of 4 C (39 E) is commonly used by phyei- 
dsts, but tbe engineer uses 60 P* The epecific gravity of gasos is usually 
expressed in terms of hydrogen or air. 

The density of a body is ite mass per unit volume. If the gram is used as 
the unit of mass and the milUlitO' as tbetinit of volume, the figures represents 
ing tho density are the samo as the specific gravity of the body referred to 
water at 4 C as unity. Tbe customary unit is pounds per cubic foot. 

The,Bpecifio gravity of liquids is usually measured by means of an hydrom- 
eter ’(see p. 260). Spedai arlntmy hydrometer scales are used in various 
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. Since spreader stokers requite generous furnace -volume to, secure proper 
length of flame travel and aro sensitive to fuel and air control, they should be 
carefully regulated to avoid smoko. Mx or steam jets directed across the 
furnace from the two front corners arc effective in reducing smoke. Heal 
releases ranging from 20,000 to 35;000 Btu/(cu ft)(hr) are preferred for best 
results, but rates as high as 60|OOOBtu/{cuft)(hr) have been used successfully. 

Colloidal Fuel, From time to time much emphasis seems to be placed 
on tbc use of colloidal fuel for Sting boilers ahoai-d slup, Colloidal fuel is a 
physical mixture of oil and coal. Usually, good grades of coal are selected. 
The' coal must be pulverized exceedingly fine, so that 95 percent will pass 
through a 20&-mesh screen. Even so, there is a tendency for the coal to 
settle out of the oil. Considerable work of an experimental nature with 
colloidal fuel has been carried out both aboard sliip and ashore, but no wide- 
spread adoption has occurred. The abrasive character of the coal seems to 
have a detrimental effect on the pumps, pipe lines, valves, and burners. 
Furthermore, the ash deposited in the furnace and on the boiler surfaces 
enchanccs an already aggravating problem in the use of present fuel oils in 
maint-ainiag furnace refractories and keeping the heating surfaces clean. 

FEED-WATER AND BOILER-WATER TREATMENT 

Feed water is the water fed to the boiler. Boiler water is that contained 
in the boiler. The latter, particularly in boDcrs operated at high rates of 
evaporation, contains many times tbc solids concentration of the former. 

Feed water may be treated fresh water or condensate. Usually it is both, 
the former being known as “make-up." Although in naval practice it is 
considered essential to distill all make-up from sea water in order to bo 
independent of shore water supplies, most vessels in merchant service depend 
on bunkering reasonably good fresh water in port. This is more economical 
and eaves fuel. The troubles to be guarded a^inst in the use of fresh water 
ere scale, corrosion, foaming, and priming. The bard-soale-forming minerals, 
are compounds of calcium, magocrium, and silica. Dissolved oxygen and 
acid water produce corrosion. Oil, grease, and certain organic matter are 
generally considered to contribute to corrosion as well as to priming and 
foaming. 

The trend toward higher steam pressures and higher rates of evaporation 
in modern steam-generating units has introduced many new problems in 
feed-water and boiler-water treatment. Solutions of all these problems have 
been worked out, but it cannot bo emphasized too strongly that the selection 
of the proper treatment should be placed in the hands of a competent chemist 
who specialijftS in this work. 

Theory of Water Treatment. Waters may contain, salts exhibiting two' 
distinct solubility characteristics. Some show increasing solubility with 
increase of temperature; others show decreaaag solubility with increase of 
temperature. The latter tend to become concentrated in excess of their 
saturation points in those parts of the boiler 'where evaporation is most 
rapid, i.e,, where the boiler surfaces are hottest, and deposit on such surfaces' 
as crystals. The theory of water treatment is wncerned with changing the 
solubility characteristics of such salts so as to increase their solubility -nith 
increasing temperature, or with chan^g them to other salts which will form 
sludges without tendency to adhere to the boiler surfaces and ■which will 
settle out in .quiescent parts of the boiler where they may bo blown off. 
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pressure cylinder is used, the value of C ia the ratio of the combined volumes 
of the loTT-pressure cylinders to that of the high-pressure cylinder. Following 
are proposed values of.ii for maximuni thermal efficiency in compound con- 
densing engines with initial pres^e'P, "pounds per square inch absolute. 

p.,... go- 120 160 IM 200 - 220 - 250 275 

p 10 to 13 II to U 13 to 17 16 to 21 W to 23 22 to 27 25 to 32 28 to 35 

. P will range from 116 to 265, prrferaHy .not under. 165 lor conden^ng 
engines. Values of p, non-condenang, are from 15 to 17; condensing, 1 or 2, 
but preferably 1. ,H^f the tabulate values of B may, be used for'compbund 
non-condensing engines. Generally, in such en^nes, pi is between 18 and 
261b, increasing asP increases. The use of jackets .warrants high values for 
R. High values are indicated when ifuel ia costly or the load is steady. , 

Clearances in compound engines are about the sanic, proportionately, ^ 
in simple engines. Usually cj > a. 

Diagram factors for compound en^es expanding B times .are about the 
same as those for ample engines with the s/r ratio of expansion (see p. 1023) . 
High compression and excesave clearance reduce the value of / less than they 
do in simple enpnes. Superheat less than 1.50 F may be regarded as equiva- 
lent to jackets. Excessive temunal drop in the high-pressure cylinder (p. 
1028) reduces the value of /. The use of a reheater between the cylinders is 
assumed; its omission may reduce the value of / 1^ 0.06. 

Si*aof CyMndet. Given /, p„i. 

Hi = (Mit//16.600)((p«s/C) + p™,] (12) 

Xj = {Hi X 16.500)M/|(jw./O + p,„i] - (13) 

) X\ e Al/C . ■ 

where X^ and Xi denote the net piston areas. (The strokes of tbe 'pistons'are 
usually equal, although other obvious methods of 'arrangement are possible.) 
The quantity [(pmJi/O -b p^il is the mep referred to the low-pressure 
cylludec ("equivalent mep"). This important design constant la usually 
between 23 and 31 lb in power-station practice. ' Iii'Europe, it-is about 
1.2 + O.bSP for best thermal efficienejs increasing to ■1;2 H- 0.12P for best 
commercial efficiency, in condensing enpnes. Theoutputs of the two cylin- 
ders will Ivave the ratio 


1 ' . r . = wepi) , . (14) 

Note also that 2 LV =5. Values lor D, N, and 5 fire as given on'p. 1024. 
Common values of in stationary practice are between 8 and 15; with the 
usual division of work and cylinder ratio, the corresponding .values of, (pr.^/C 
+ Pmi) are from 24 to 32. , ■ ■ 

The receiver volume is usually 1.5 to 2 times ^e, high-pressure cylinder 
volume. Largo receivers make the.enpno slug^h in following loud changes 

with fixed low-pressure cutoff., • 

When the receiver delivers partof.its ^am for heating or process work, the 
action is as suggested by the diagrams’ feofpp, gnauf (Fig. 3), and the mean, 
effective pressure of the low-pressure cylindCT becomes 

' (16) 

where z is the proportion of steam supplied 'to'- the kigh-preBSuie cylinder 
which is drawn off for heating. ' Equations '{12)'and (13)-Bhould‘thcn'be u8ed 



1018 


BOILERS AND FUEL ■ 


Chemical Treatment. The chemicals commonly employed arc soda 
ash, sodium phosphate, and, under certiun conditions, colloidal compounds 
in combination with the other chemtoftlR, 'Because of the rapid hydrolysis 
of soda ash in the boiler water, sodium phosphate is generally preferred to 
prevent scalo and control alkalinity.' lija substance changes the calcium, 
and magnesium carbonates and sulphates to the corresponding phosphates 
which precipitate as sludge. • Phosphates .do not form hard adherent scale 
and, if deposited, may bo flushed out Iqr a stream of water. 

The phosphate may be used in the form of monosodium phosphate, 
disodium phosphate, trisodium phosphate, or sodium metaphosphate, depend-' 
ing on the alkalinity in the feed water. If the feed water contains excess 
alkalinity, monosodium phosphate is generally used to lower it. Mono- 
sodium phosphate has a tendency to deposit in the piping and equipment 
before reaching the boiler. Where its use is indicated, sodium metaphosphate 
may be used to avoid this trouble. It produces the same effect in the boiler, 
cie., it breaks down into a monosodium phosphate, but tho rate at which this 
reaction proceeds is slow enough so that it does sot take place before reaching 
the boOer. Usually it is necessary to employ more than one form to secure 
excess phosphate for control of scale formation and excess alkali for control 
of alkalinity. • 

Condensate that contains only the small amount of impurities present 
from condenser leakage is usually treated vdthin the boiler to neutralize any 
acids and to raise the pH value. Treatment with sodium phosphate renders 
harmless any calcium and magnesium compounds. Phosphate, except the. 
metaphoapbate, is abvays supplied directly to the boiler through a separate 
line. If added to the feed water, it causes deposits in the feed pump and feed 
piping. 

CorroslOQ, Boiler corrosion is of three kiiids: that due to acid, to oxygen, 
and to hot spots in areas of active heating surface. 

Corrosion is generally controlled by maintaining the alkalinity of tho 
boiler water above a pH value of 9.5 but not in excess of 11.0. 

The water may be acid because of acids dissolved in it, or pure water may 
act as a weak acid. Treated water is usually alkaline but condensate, which 
is nearly pure water, usually requires treatment to render it alkaline. Phos- 
phate fed into the boiler also aSords certmu protection against corrosion. 

pH Value. This is an arbitrary symbol adopted to express the degree of 
acidity or alkalinity of a solutiom It is tho logarithm of the reciprocal of the 
hydrogen-ion concentration, in gram mols per liter at 71.6 F. A pH of 7 
represents a neutral solution; lower values represent acidity, higher values 
alkalinity. Laboratory investigations have indicated that the minimum 
solubility of iron in distilled water occurs at a pH of 9,5. 

Corrosion due to oxygen dissolved in the feed water is especially active at 
high pressures and temperatures. As little as 0.01 cc per liter of dissolved' 
oxygen in the water of liigh-pressure boilors has been found to cause corrosion. 
Complete deaeration and chemical control are vital in high-pressure boiler 
operation. 

Deaerating feed-water beaters have become an essential part of most 
modern high-pressure propulsion plants. Hemoval of oxygen by sodium 
sulfite is not advised as a substitute for deaeration and should bo used only to 
remove the traces remaining from incomplete deaeration. 

Compounds formerly were added to the feed water in an endeavor to 
remedy improper water condHiona in bbilem. These corhpounds were mix- 
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ia' defflga. A simple cagine should be used if a large amount of low-pressure 
waste steam caa bo utilized.’ 

Superheated Steam in Compound Engines. With superheat exceed- 
iag 150 F, Eqa. (10) and (11) are ihvidid. The curve abc (Fig. 3) may bs 
represented by ps" = coast, the value of n being that given on p..l025 for 
a simple engine. 

Governing Compound Eogiues: High-preaaure Terminal Drop. 
In early (Woolf) compound engines, without a receiver, the arrangement was 
necessarily either tandem or opposed and the low-pressure cylinder admitted 
steam throughout the full stroke. Present-day engines may have the pistons 
out of phase, the receiver and pipes storing steam between the cylinders; and 
the low-pressure cylinder works expansively while the division of work between 
the cylinders is controlled by variation of receiver pressure. 

If an engine with any definite amount of terminal drop (t.e., excess of 
terminal expansion preraure in the hi^-preaaure cylinder above the receiver 
pressure) at normal load has a fixed point of low'-pressure cutoff, increase of 
load will increase the receiver pressure and the proportion of work done by the 
low-pressure cylinder witiiout chanpng the drop. 

With variable low-pressure cutoff a later cutoff lowers the receiver pressure 
and increases the drop, without any appreciable influence on the output of the 
whole engine. The output of the low-pressure cylinder is decreased because 
of the reduced receiver pressure, in spite of its later point of cutoff. The 
output of the whole engine is increased by delaying high-pressure cutoff. 
The division of work between the cylinders may then be kept equal by also 
delaying low-pressure cutoff; but this will cause increased drop. 

Whether any drop should be permitted at normal load is a controverted 
subject (see B. C. Ball, Trans. A^.M.E., 21, p. 1002) . There should be none 
in an engine intended for frequent overload conditions. 

Factors beyond the Cylinder 

Meobanical Efficiency. The power lost in friction, Hf, may be regarded 
as constant (see p. 1037), so that Uie brake horsepower. Hi, ir H< - at all 
loads. The mechanical efficiency at full load Is 

ilf » Hi/Hi = {Hi - H/)/Hi 

Hi being taken at full load. As the load iDCreaae'i, the mechanical 
efficiency steadily increases. At the Q proportion of full rated load, it i! 

Mi=(0+Jil-1)/Q 

The commercial efficiency of the engine is determined jointly by its 
thermal and mechanical efficiencies, and the most economical ratio of expan- 
sion is commercially somewhat less than tliat which gives highest thermal 
efficiency. From a standpoint of capacity alone, moreover, the maamum 
practicable value of R is determined by tho expression 

=(1 -y] (16) 

Values of ilf range from 0.82 to 0.97, tending to vary inversely with the 
initial pressure, the number of cylinders, and number of journals, and directly 
with the size of engine and the ratio of mean effective to maximum pressure. 
These variations are obscured by the factors of workmanship and lubrication ; 
values for standard types of engine are variable within the above limits. • 
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tures of common -chemicals which the user confidently accepted as a cure-all 
for boiler-water troubles. With the development of modern water-treating 
theory and practice it has been found that 'there is no one compound uni- 
versally applicable to all boiler conditions unless the source of the make-up 
and operating conditions are similar and closely controlled. Siich a condition 
exists in the case of naval boilers. The U.S. Navy has carried out consider- 
able research and as a result haa developed a compound composed of 47 per 
cent anhydrous disodium phosphate, 44 per cent soda ash, and 9 per cent 
starch. This compound k used to-a^uat boiler-water alkalinity. It should 
be noted, however, that this compound was developed to meet the special 
conditions of naval boiler operation in which make-up is distilled from sea 
water. • c 

It has been found that feed-water contamination from the types of tank 
coatings used in the bunker tmike may, be more serious-than condenser 
leakage, Serious attention should be pven to the selection of coatings for 
this purpose. 

The arrangement of the feed system and boilers should contain provision 
for sampling lines to provide feed-water and boiler-water samples that will be 
truly representative. Such eampling connections should have cooling coils 
so that no vapor or oxygen will be lost from the sample by flash. Sample 
lines of small diameter are preferred so that they may bo thoroughly flushed 
without too much waste before securing the sample. ■ .i , 

Test outfits have been developed for the use of the operating personnel in 
checking quality of the feed 'water and boiler watei- and for controlling the 
treatment. Such a kit should bo provided aboard every ship. Nevertheless, 
periodic checks should be made from time to time by a qualified feed-water 
chemist. 

Priming is the propulsion of ■water into the steam drum by extremely 
rapid boiling. It is spasmodic, in contrast to steady carry-over, and results 
in the entrainment of considerable moisture with the steam. It is usually 
caused by rapid pressure drop and sudden changes in water level, such as 
accompany rapidly fluctuating loads where the boiler drum is too small and 
hence the steam storage space or steam-disengaging surface is too limited. 

BOILER CLEANING 

Removal of Interual Deposits. Scalo formation on the internal surfaces 
of boilers, waterfalls, superheaters, and economizers interferes with effective 
heat absorption of these surfaces, In boilers,- waterwalls, and superheaters, 
especially where the rates of heat absorption. are high, this condition is quite 
apt to result in overheated, bi^^»d, or, ruptured tubes, with resultant loss of 
the unit in outage and tho expense of rep^. Such scale deposits arc gener- 
ally removed by rotating cutters or steel Iwushcs driven by .motor, air-, 
steam-, or water-powered. These devices, sometimes termed tube turbines, 
are designed to pass the bends customarily employed in the design of natural 
circulation boilers. 

Methods of cleaning boilers chonucally have been developed and have the 
possibility of saving coiisiderable time compared to tho mechanical tube 
cleaners. Chemical cleaning should' 'be- done only under supervision' of 
reputable concerns which have personnel experienced in the work. '■ ' 

•The method to be-used will ’be governed by the composition of the scale. 
Some scales can be effectively removed by bbiling out witha strong a lkaline 
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STEAM-ENGINE ECONOMY 
Variables Afleotinff Economy 

Initial Pressure. The cfEdency varies directiy with the initial pressure. 
With slight expansion, the variation is onimportaBt. At high ratios of e.xpan- 
sion, high initial pressures have maried influence on effiriency. Tlic Ideal 
economies of Tables 2 to 8, computed for cycles with incomplete expansion, 
illustrate these points. The results of varying initial pressure with super- 
heated steam are shown in Tables _4 to 7^ condensing engines with super- 
heat, high pressure is less important than in non-copdensinE engineB. 

Tables. Ideal Encrine Economies 

Btcam Initially Dry. Back Pressure, 2 lb abs 


Absolute steam pressure, Ib per sq in. 


Ratio of 
expansion 

70 

100 

160 

215 

315 

70 

iOO 

160 

21$ 

315 

70 

100 

160 

215 

315 

Btu per ihp-rain 

Thermodynamic 
efficiency, percent 

Stcnni consumption, 
lb per ibp-hr 

5 

249 

241 

m 


278 

17( 

17 5 

18,2 

18 3 

18 5 

13.8 

13 2 

IM 


12 4 

7 

2^ 

n\ 

'JV 

2fll 

205 

IKS 

19 i 

|9 5 

Till 

20! 

12 6 

12 1 

11 6 

II ‘ 

11 2 

10 

2I' 

2(1S 

191 

19; 

IW 

19, < 

TOf 

214 

72 1 

27! 

n.i 

11.) 

in; 

IIP 

1(12 

IS 

2n; 

191 

181 

1?fi 

vr. 

21 ( 

27 1 

23 4 

241 

74 1 

11., 

10 5 

91 

96 

93 

20 

IK 

m 

ir 

IW 

lAi 

71 S 

7? 5 

74? 

25 2 

29 f 

10 9 

10 7 

95 

! 

80 

2S 

191 

181 

ift' 

16- 

151 

2H 

23 'i 

24 8 

261 

26 f 

10 i 

in 1 ' 

93 

89 

85 

JO 

I9i 

iw 

w, 

W 

154 

21 .9 

23.5 

75 3 

26 S 

274 

10.5 

9.1 

9 1 

87 

8 '4 

40 



1M 

lift 

145 



7Sf 

77 1 

?H1 



9f 

85 

1 

SO 



164 

135 

147 



26.0 

27.6 

28.9 



8.9 

8.4 

7,9 


Table 3. Ideal Engine Economies 
Steam Initially Dry. Back Pressure, J6 lb obs 



Absolute steam pressure, Ib per sq in. 

"Ratio ol 

20 

m\n 

mm 70 

1Mi 


in 1 in 

70 

lot) 

IbO 

715 

315 

expansion 




1 1 






' 




1 

Thermodynamic 



*'*■ 1''“ *“*' “““ 1 effieienoy. percent 


lb per ibp-hr 


2 

423 

H 

329 

3041326 9.8 

10 9 

12 4 

I 3 . 4 I 13.0 

76, 

23.2 

?no 

18 5 

19 I 

3 

395 

33{ 

2,7 

2791272 m 

17 5 

141 

15 . 2 I 15.: 


71)1 

17 '1 

16 6 

16 0 

4 

391 

■121 

77; 

Z5l)l 246 10,5 

13 : 

15^ 

16.31 17.2 

23.1 

19' 

16' 

15 

14 4 

5 


31b 

76' 

246( 232 .... 

13.- 

16 1 

17.21 18 3 


19.1 

15 2 

14 5 

13 6 

6 



751 

237( 224 .... 


161 

I7.bI 19.( 



15': 

141 

13 1 




751 

2321 216 .... 


16.6 

I 8 . 3 I 19.; 



151 

13; 

17 6 

W 

1 


_ 


228 206 

Z 

Z 

I8.» 20.6 

Z 



.3,5 

12.1 


High Steam Pressures. High«’ effiriency of the stoam-engine cycle can 
be obtained by increasing the tem^ature range. With fixed back pressure, 
higher steam pressures and temperataree are necessary. The practical 
limit' of' steam temperature today is about 750 to 8Q0 F. A lubricating oil. 
having a flash point of about 650 F, will satiafactorily lubricate cylinders oper- 
ating with steam at 800 F. Steam pressuree up to 1 ,400 to 1 ,500 lb per sq in. 
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solution. Others require an add solution containing an inWbitor to prevent 
active corrosion of the steel 

Acid cleaning requires use of a portable circulating pump and careful 
attention to venting of fumes to avmd toidc atmospheres in the fireroom. 

Chemical cleaning is worthy of consideration os a method of cleaning boiler 
units installed with large economizers and superheaters which have a great 
number of tubes, usually with abort bends. 

Removal of External Deposits. Whether steam-gcncrating units are 
fired by fuel oil or coal, the flue gases contain soot and other solid impurities 
present in the fuel. These materials are dqjosited in the furnace and on the 
outer surfaces of boUer tubes, superheater tubes, and economizer and air- 
heater tubes. They will also deposit on any ledges, although a properly 
designed boiler unit will have none of these. In zones of intense heat these 
deposits may even fuse to the surfaces. If not removed, such deposits, 
because of their definite insulating properties, will seriously interfere with 
the transfer of beat and reduce the effieieney. If ihey become excessive, 
the flue-gas passages are choked and require excessive draft and higher fan 
power. Removal of these deposits may be accomplished by a steam or air 
band lance or by mechanical soot blowers. The latter are preferable. 

A hand lance consists of a pipe of suitable length and diameter so it will 
pass between the tubes with one end flattened or nozzle-shaped and fitted 
with a length of hose to connect to a supply of steam or air. Inserted through 
openings provided in the setting, the force of the steam or air jet loosens the 
deposits, the fine particles being carried by the flue gases up the stack, the 
coarse ones falling into the furnace. This method is uncertain, dirty, tedious, 
sometimes hazardous, and, if steam is used, wasteful. 

Such deficiencies are overcome by the use of mechanical soot blowers. 
As a result nearly all marine boilers now are so equipped. Mechanical soot 
blowers consist essentially of tubes, usually or 2 in. O.D., fitted with 
nozzles, and extending t^ugh tlie setting walls, usually at right angles to 
the axes of the tubes to be cleaned. Steam issuing from the nozzles dislodges 
the deposits. Effectively to direct the jets to clean the maximum area of 
heating surface, provision is niado for rotating the tubes or dements as they 
are generally called. Such rotation is accomplished by a chain running over 
a sprocket wheel connected to the element by a system of gears, levers, and 
cams. The levers and cams serve to open the valve through which steam is 
supplied and to regulate the blowing arc when less than fuff revolution is 
desired, Usually a number of such units is required to clean the different 
parts of the boiler unit. The material of the elements is selected to with- 
stand the temperature of the zone in which it is located. 

Although considerably more economical of steam than a hand lance, 
mechanical steam soot blowers do cause a loss of fresh water, which may bo 
considerable especially in large ships. To avoid such loss there are available 
mechanical soot blowers employing compressed air instead of steam, and 
many boilers are now being fitted witb them, 

CARE OF BOILEES OUT OP SERVICE 

Boilers to be hold out of service should be carefully handled and closely 
watched in order to minimize ai^ tendency for corrosion of the pressure 
parts. A boiler to be held out of service for a period longer than 24 hr. should 
be laid up by either the wet or the dry method. 




Table 6. Ideal Supine Economies 

Steam Superheated 150 F. Back Pressure, 15 lb abs 



A comparison of the Kankine cycle efficiencies (see p. 346) of engines using 
steam at a temperature of 600 F but 'wilJi various steam pressures is, given 
in Table 8 (Cramer, Tram. AS.M.E., 1915), . , . , 

An incidental advanlj^e of using high^pr^aure steam is that it is then; 
available for superheating the steam passing through the intermediate’ 
receivers. Tests b" Schmidt of n 150 hp quadruple-expansion engine using 
steam at 794 lb per sq in abs atSlfijF, 1011128.6 in. vacuum (Z.V.d.l., June. 
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The wet lay-up method is used when the boiler is to be kept available 
for service on short notice. The rikalinity of the boiler water should be 
built up to a minimiTm of 20 grains per gal. As the boiler is being cooled, the 
drain and vent valves on the superheater and the desuperheater are opened to 
drain any condensate. All valves on the main and auxiliary steam lines are 
secured. When all pressure is off the boiler, the drain valves on the super- 
heater and desuperheater ato Becured, but the vent valves are left open. 
The boiler, superheater, desuperheater, and economizer are then slowly 
filled with water, adding enough compound to produce an alkalinity of 20 
grains per gal. Make-up water should be deaerated if possible. The unit 
is filled until water issues from the vent valves which are then secured. 

A hydrostatic pressure of 50 to 75 pa gage is then built up by carefully 
cracking the feed valve. Then the vent valves on the boiler, superheater, 
desuperheater, and economizer are bled to assure expelling any entrapped air. 
The feed valve is now secured and 25 to 50 psi gage pressure allowed to 
remain on the boiler. Care should be exercised so that leaking feed or steam 
valves do not build up higher pressure in the boiler. 

The dry lay-up method is used when the boiler is to be kept out of 
service for an indefinite period. The boiler is drained completely, the man- 
hole oovera opened and enough handhole plates removed from, the boiler and 
waterwall headers to be sure the water sides are completely dry. It may 
be found necessary to place coke jacks with coke or wood fires in the furnace 
to drive off all moisture, especially in damp climates. 

Then wide shallow pans of quicklime are placed in the boiler drums, the 
manhole covers and handhole caps replaced, and aU drain and vent valves 
secured. 

The fire sides of the boiler, superheater, economizer, and air heater are 
carefully cleaned while the umt is prepared for a long lay-up. Any accumu- 
lations of soot or dirt should be rotnoved, otherwise moistuTe ftom the air 
will be absorbed and cause external corroaon. All air openings should be 
closed and the stack cover put in place to prevent oirculation of air so far as 
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• 25, •1921), mdiwitb' Buperhcating-'iii 'the receivers' to-668, 536, and' 436b'’, 
respectively, show -a total. Bteam'cijnaamptioii of 5.12 lb per ftp-br,- a tbemal 
efficiency of 3l;l percent, aad'nn'^‘dnguie«lEcioncy” (p. 346) for tho^enBine 
' ' Table 6. ’Ide^ Engine Economies •' 

• ' Steam. Superheated 300 F. • Back Pressure, 2 lb abs • '' 



Table 8. Rankine Cycle Ef&ciencles '^ith High Steam Pressures 
Temperature of Steam, 600 F 


Steam'. 

pressure, 

!b per, , 
eq in. 

! 

i Super- 

■ , heat, F 

Eankme cycle efficiency 

Increase of efficiency, 
percent, compared with 

200 1b pressure 

wuh>4'ni 1 
absolute back 
pressoro. p 

■^th U.7 lb i 
absolute back 
'pressure 1 

- With H' lb 

absolute back 
; pressure 

With'U.Tlb 
absolute back 
pressure 

'■ 200 

218 '! 

0.329 

■ 0.197 

'. 'o .' 



■ ^ 155 '-I 

' 0.361--- 

0.243' • 

9.5 ■- 



i'll3 

,:• 0.373. • . 

■ '0.260 

• ' 13.5 



“ 1 

0.f03 

0.306 

22.6 

, .,-55.2 
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Allen, "Uniflow, Back Pleasure, and Steam'Estraction Engines," 'Pitman. 

WORK AND DIMENSIONS OF THE STEAM ENGINE ‘ 
Simple Engines ITsin? Saturated Steam .. 

Ideal' Hyperbolic Diagram. Figure 1 showB the typical indicator 
diagram ahedef. Nomeutdature as to valve action is shown at the points 
0 , c, d, and /. Nomenclature as to be- 
havior of steam is desgnated on the 
intervening lines. The idealized; dla- 
^am on which design is baaed is ghjkl, 
which difiers from the actual diagram in 
showing no clearance or compression, in 
eztent^ng between the tlirotUe pressure/* 
and atmospheric or condenser pressure p, 
in showing sharp corners at kj, and k, and 
in foUoiving the law pv — constant between 
ft and /. 

Note the nomenclature adopted for pressures at ft, and k. The volume 
ratio vj -!■ va- « E is called the ratio of expansion. 

The average ordinate or mean eSective pressure of the diagram ghjkl is, 
in lb per sq in., 



Fio. 1.— Typical Steam-engine 
Indicator Diaeram. 


(1+log^ 

Pm-r 


V 


( 1 ) 


in which P and p are taken in lb per eq In. abs. Table 1 gives the ratio 
Pm/P for zero back pressure (p = 0) for various values of R. 

Table 1. Ratio of Mean Efiective Pressure to Initial Pressure for 
Various Ratios of Expansion (Zero Back Pressure) 


Satfv 
of ei- 
paasion, 
R 

Ratio of 
mean to 
imUal 
pressure 
(P»/?) 

Rstic 
of es- 
pansioD, 
R 

Ratio of 
mean to 
initial 
pressure 
(?-/« 

Ratio 
of «- 
psnnon, 
B 

Ratio of 
mean to 
initial 
pressuro 
(P«/R) 

Ratio 
of ex- 
pansion, 

R 

Ratio of 
mean to 
initial 
pressure 
(Pffl/P) 

1.67 

0.907 

3.3J 

0.662 

6.67 

0,435 

18 

0.216 

1.82 

0.874 

3.64 

0.631 

7.00 

0.421 

20 

0.200 

2.00 

0.847 

4.00 

0.5W 

8.00 

0,385 

22 

0.186 

2.22 

0.810 

4.44 

0.561 

10.00 

0.330 

24 

0.174 

2.50 

0.766 

5.00 

0.522 

12.00 

0.290 

26 

0.164 

2.67 

0.744 

5.71 

0.481 

14.00 

0.260 

28 

0.155 

2M 

0.7{7 

6.00 

0.465 

16 00 

0.236 

j. 

0.147 


Pressures and Expansion Ratios [for Eq. (1)]. In ordinary prac- 
tice, P ranges from 75 to 400; maximum value up to 1,800. Common values 
for simple engines arc from 95 to 116. For non-condensing engines exhausts 
ing to the atmosphere at sea level, p is between 15 and 17. For condensing 
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of 81.7 percent, and for the mdividual cylinders of 91, 79.8, 78.6, and 80 per* 
cent, respectively. The heat rate was 136.6 Btu per ihp-min. 

Figure 4 gives typical eoqMHimcHital results. The “total steam” lines 
illustrate the Willans law, ^t at fixed cutoff and variable initial pressure 
the steam consumed per hour is a + hh, where h = ihp and o and 6 are con- 
stants. Simple non-condensing engines, 
with initial pressures not much over 100 . 
lb, use 24 to 28 lb of steam per ihp-lir. 

Initial Dryness. Variation of mois- expansion rah'oA^ 

tuve content at the tlirottle has no L^i I I 1 I I ^ I 
appreciable influence on economy. Car- 
penter .and Marks (Trans. A£.M£., 

15) have shown that the introduction 
of water in proportions from lto42 per- 
cent is practically without influence - 
on the dry steam consumption. The ^ ^ 
water remains inert, neither helping nor 
hindering. 

Superheat. Tables 4 to 7 show that 
superheat increases efficiency, and 
that ideally the iacieaso of eficiency ia 
nearly proportional to the amount of 
superheat. In practice, superheat >8 .. . 

justified by its influence on cylinder "5 10 15 20 25 50 55 4045 

condensation rather than on thermody- Psveloped 

namic grounds. Cylinder condensation Fio. 4,— Diagram Illustrating Wil- 
is practically eliminated when the steam Ians’ Law of Steam Consumption, 
is kept dry at the point of cutoff. This 

requires ordinarily about 150 F of superheat. The gain by superheating is 
progressive, probably up to that point at which the exhaust becomes super- 





Fig. 7. — Increase in Econ- 
omy of Compound Con- 
densing Engines with In- 
creasing Superheat. 


heated. Factors favoring superheat are slow speed, high ratios of expan- 
sion, high fuel cost, and steady load. 

With constant initial pressure and constant superheat, the total hourly 
atoam consumption varies directly with the output (see Fig. S) . Experiments 
on H.M.5. “Brittania” show, moreover (Fig. 6) that the variation with load 
in over-all efficiency of plant is about the same with saturated as with super- 
heated steam. 
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engines, p is between 1 and ‘2H.- The- 'value 2 should , be used in . design. 
If the exhaust steam from an en^e is used for heating buildings or in manu- 
facturing processes, p may have any .value from 15 upward. 

The value of R is commonly around 4 in simple engines. It should increase 
as ? increases and as p decreases, being usually between 3 and 6. It should 
be higher in jacketed than in unjacketed engines. The efficiency of the engine 
depends largely on the value chosen for R (see.pp. 1034, 1035; also see under 
“real” and “apparent” ratios of expansion, .p, 1025). High values of R 
will be adopted for an engine to be iised 'where fuel is costly or the load steady. 
The overload capadty is similarly infiuHicedi low values oi B lead to high mep 
— and hence to large output from a cylinder of given size — but also to low 
overload capacities. In general European practice, cutoS is fixed so as to 
give Pm = 18 + 0.2P. 


Upper Limits of Cutoff for Maximum Over-all' Efficiency' and Least 
Steam Consumption (Hrabak) 


Tlirottle pressure. 
Ib persqic.abs 

Non-condenBlng 

Condensing ^ 

Simple 

Simple 

Compound 

Elide valve 

Erpansioo 

valve 

Unjacketed 

. Jacketed 

60 

0.5J-0.42 

0.3M.3I 

0.20-0.34 

0.15-0,10 


73 

0.46-0.32 

0.33-0.27 

0.17-0.13 

0.13-0.09 

0.10-0.08 

90 

0.4IH.28 

0.28-0.23 

O.IM.IB 

0.11-0.03 

■0.09-0.07 

120 

0.34-0,25 

0.22-0.19 

O.IM.U 

0,09-0,07 

O.OS-0.06 ■ 

130 

0.29-0.20 

0.19-0.17 



0.07-0.05 


The higher values are for operation with maximum commercial eScicnoy, the lower 
values for minimum ateam consumption. The higher vtiues given arc the upper limits 
(latest desirable cutoS) and apply with such conditions os small engines, cheap fuel, 
and intermittent operation; with large enpnes, high-priced fuel, nnd continuous opera- 
tion, the cutol! for maximum commercial efficiency should he made earlier. 

Mean Effective Pressures Realized. The values of p™, obtained from 
(1), are multiplied by a diagram factor/ always less than 1.0, to obtain the 
mep likely to be realized in the actual engine. The value of / is always 
between 0.45 and 0.95 and usually between 0.80 and 0.95, ' Yaluea given by 
Seaton .are 


Type of Bnpne . f 

Independent cutoff, cylinder jacketed • 0.90 

Single valve, automatic cutoff, cylinder jacketed 0,86 to 0.88 

Single valvei automatic cutoff, without jacket 0.77 to 0.8J' 

Unjacketed tlirottling eagines of small siie and high speed 0.68 to 0.75 

The following summarizes the prindj^ influences which determine the 
value of/: : 

■ • . . Effect On the Value ■ 

' InfluenCBi-. of/ , . ’ 

Governing by throttling as compared with entoS regulation Decrease 0. 10 to 0.25 

■laokcts 1 InoreascO.OS toO.lS, 

V«y early cutoff (prior to M stroke) Decrease 0,025 to 0.125 

High speed (above 225 rpm) Decrease 0.025 to 0.10 , 

Excessive clearance (over 5 percent). Decrease up to 0.08 

Abnormally small ports and passages.'..' Decrease 0.026 to 0.10 

Interrelated valve movements (as witha nogle valve). . . .. . Decrease 0.025 to 0.'176 







References: ^ Barrus, " Engine Teste.” 1901 (Nos. 10. 21). ’ Banua, op. cU. (Nos. 4 , 

W, I5J. >Su(ser po»’et P&tit. engiuc. •’Battus, <?p.ct2. fNoa, 43, 43. 50, 51). 
'Marks, Trans. >4.iS.if,N., 26, p. 443; Denlon, Traw. A.S.Aj.fi,, 26, p. 882; Stott, 
Jour, A.S.M.E., Mar., 1910; Barrus, BtiQ. Bee., 8, 1902, p, 436. ‘Jossc, “Neuere 
Kraftanlagen," 1911. ’ Sulser engines tested by SohrOtec and Weber. * Suker engines. 
•Jacobus, Trona. A.S.M.E., SS, p. 264; Longridge, Tie Esiffinetr, 1, 1905, p, 546. 
w Barrus, .op. cii. (No. 59). “ Zeii. Ver. deut. Ing., 1900, p, 606, “Solvay Process 
Co. engines. *• Irons, A.8.M.E., 40, p. 664. “Hopewell atmospheric nitrogen 
plant guarantees. “Pou>er, 69, p. 710. “Power, 66, p. 291. “ IVana. A.5,Af.B , 
47, p. 1295. 

The tests quoted in Tabic 9 show, in general, an increose in economy -with 
increasing superheat. . This is illustrated (for compound condensing engines) 
in Fig. 7. High superheat (to & temperature of 600 F) causes a saving 
of about 20 percent in simple en^es, 16 percent in eomppunda, and 8 percent 
in triples (see Table 10), The simple engine with superheated steam is as 
good as the compound engine with saturated steam, and superheating may. 
be regarded as a substitute for compounding. The compound engine 
with superheated steam excels the triple uting saturated steam. 


Backpressure. ■Unnecessary tack preBsure causes absolute loss. Com- 
parison of experimental results from condensing and non-condensing engines 
illustrates the effect of changing the back pressure from 1 or 2 to 15 or 16 lb, 
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Cylinder Dimensions. For a donUe-acting cagiue 
/pwAS ^ fp„ALN _ 
^33.000* 10,500 
33,000 X Hi 16,500 X H< 
fPmS fPnLN 


Hi -- 


-!VnK 


(3) 

in which Hi - indicated horsepower to be expected from the engine; 
A = average effective area of the piston, sq in.; L = stroke of piston, ft; 
N = rpm; S = 7LN = piston speed, fpm; K = ALA''/16,500 = 45/33,000, 
a constant for a given engine. In an ordinary double-acting engine, A is 
the cross-sectional area of the cylinder minus half the crosa-aectional area of 
the piston rod. When a t«l ia used, the deduction is the whole ci'oss- 
sectional ai'ea of the rod. 


Piston Speed, Revolutions per Minute. Piston speeds range about as 
follows; for horisontal angle-i^dinder enffnes, 61M)-1,100; for vertical multi- 
cylinder engines, 800-1,200; for mr compressors, SOO-7SO; and for locomotives 
about 1,500 fpm. The biglrer the value of S, the greater is the power realized 
from an engine of given size; or the less is the weight, size, and cost of an engine 
of given power. With very high values of 5, the question of oort size and 
arrangement becomes especially important. Maximum values of 5 usually 
accompany maximum values ofL. 

The value of N is chiefly limited by the type of valve and gear. It may be 
fixed by the mode of application of the power. Releasing-gear engines seldom 
run over 100 rpm, Rotary-valve engines, without releasing gear, may work 
npioN « 240. Ordinary slide* and piston-valve engines may run ae fust as 
350 rpm; poppetrvalvo engines to 225 rpm for horizontal and 450 rpm for 
vertical engines. Large engines with releasing gear almost always run 
between 80 and 100 rpm. Small enpnes gcncrjdly 
employ maximum values of N for the type of valve 
gear used. At 24 in. stroke, the speed with any type 
of valve gear seldom exceeds 200 rpm. 

Strokes of engines running around 100 rpm vary 
from 1>^ to 8 times the piston diameter, the ratio 
being less with larger-sizo engines. In en^es run- 
ning above 150 ipm, the stroke iausually about equal 
to the diameter. Pumping engines, which must run 
at low piston speeds, have long strokes, and oven Fiq. 2. — Modified 
tlienthevalueofWisabnormailylow, Longstrokes Hyperbolic Diagram, 
favor low clearances. 



modified Hyperbolic Diagram. In Fig. 2, the ideal diagram altdtf includes the 
influences of clearance and coaipresraon, and thus more closely approximates the indi- 
cator card than the diagram of Fig. 1. The mep is 

p, - |h + e - .B) + j(l + ») 1«. * - rfl + «(1 - B.)) - to S. n 

in which e = proportion of clearance = »«/{w — «•). ft* = ratio of compression = r./r/. 
Wien Eq. (4) is used for p», correspondii^ values of /are usually between 0.90 and 1.0. 

Clearance depends upon the aze d the en^c, its ratio of diameter to stroke, and 
the type and loeation of valves. He elearancs viriume includes ali spaces between the 
piston and the valve faces, when the fonner is at the (adjacent) end of its stroke. The 
linear clearance (distance from piston to cylinder head) may account for only a small part 
of the total clearance volume. The dearance volumes at the two ends of the cylinder 
are usually unequal. Designers aim to keep clearance low. This is more important 
in simple en^iies than in compounda, and ta moat important with high ratios of expan- 
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Such a comparison is made in TaUe 11^ ' It shows that the condensing engine 
saves 26 percent over the non-condenmng engine in simple four-valve types 
and 35 percent in releaang-gear compounds (both with saturated steam). 
The automatic engines profit less when running condensing, partly on account 
of their high compression. The simple condensing engine is more efficient 
than the ordinary compound non-condensing engine. With superheat, the 
condensing enpne is more efficient tiian the non-condensing by 20 to 30 per- 
cent for simple types and by 23 percent for compounds. 


Table 10. Comparative Results of Steam-engine Tests: Saturated 
vs. Superheated Steam 


Type of 
eepne 

Initial 
pressure, 
(abgoluio) 
lb per 
sq in. 

Superheat, 

degF 

Steam 
rate, 
lb per 
ihp-hr 

Btu 

consumed 

per 

ihp-min 

Hemarks ard 
references 


150-lBQ 

0 

19.0-22.3 

380-446 


coDdensing 

ISQ-I6Q 

260 

I3.4-I6I 

300-353 

1 Figures represent bea* 

Hi — pTa 

120-150 

0 

16.W7.5 

306-334 

current practice 

eondeoBing 

120-150 

260 

10.0-11.6 

226-254 



145 

0 

11.98 

225 

32 expansions, Den- 


145 

307 

8.99 

192 









165 

0 


213-246 



165 

250 

1 

155-223 

Schrotcr engine 


140-151 

0 

13.0-14.1 

(800-bp 




150 

1 (81 

n.3 

eagice) 


Suljer powei-BtBtic;< 


144-145 

0 

' 14.1-14.5 

(I.OOD-hp 


engines tested by 
Schr&ter and Weber 

coodeosiog 

147 

136 

11.7 

engine) 




160 

0 

1 13.8 

250 




I ”5 

9.5 

208 

1 giae; Jaaobtu, Trans, 


1 157 



1 

1 A.S.ilf.£.,26,p,2e4 


120-160 

0 

12.3-16.8 

246-333 



120-160 

160 

10.7-13.4 

226-294 



120-160 

260 

9.4-11.2 

213-246 



218 

0 

11.6 

217 



213 

213 

9.6 

196 

1900, p. 606 

'Trii/rb 

W 

b 


Y% 


coodensfag 

170 

((0 

9.7 

167 

giae, Louisville, 1909 ' 


180-225 

0 

11.4-13.4 

225-253 

Figures represent cur-' 





213-239 



180-225 

260 

8.9-10.0 

200-220 



Altitude correspondin^y affects engine efficiency and capacity, since 
atmospheric pressure varies about 1 lb per 2,000 ft, of elevation. In non- 
condcnsing engines, the meui effective pressure varies about lb for simples 
and nearly 1 lb for compounds, for this elevation. With condonsing engines 
the variation is so slight as to be ne^^ble. 

Ratio ofE^ansion. Tabl^ 2 to 7 show that ideally the efficiency- varies 
directly with the ratio of expansion, and that a given amount of increase 
in cylinder volume pays better when the ratio is previously low, than when it is 
high. Complete expanrion (continuing until the ternunal pressure is that 
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ston. In tlic low-pressure cylinders ot compoiindsi clearances are relatively high, on 


Clearance Data 

Percentage of 
Piston ' 
Displacement 

Range with 

Flat slide valves at the aide of tiie cylinder 

7 to 15 



Poppet valves, mean for 1000 hp (Lens) 

4 

High-speed engine) , 

Slow-speeden®™ -raluB 

/8to 12 

\4to 0 . 


"Seal" and "Apparent” Ratios of Expansion. Tiie ratio (tic -So)/ 
{vb - Da) (Fig. 2) is the "apparent” ratio of expansion. Following the 
notation of Eq. (4), its value la 

=R/(1 +c -fic) (5) 

and 

R ={R,C+Ra)/(fiaC + l) (6) 

Engines are usually designed by assuming Ra and c, and then finding R from 
Eq. (6). 

Compression has for an extreme limit the condition p/ » Ps (Fig. 2), 
Where Eq. (3) is used in design, compression is regarded only as influencing 
the value of /. Tliese values are low for high>spced engines partly because 
such engines use excessive compres^on. They are low for single-volvo engines 
because such engines have high compression at light loads. Practical limits of 
value of p/ may be taken at 0.7(P - p) + p for high-speed and 0.1(P - p) + 
p for low-speed engines, 


Simple Engines Using Superheated Steam 
The ideal diagram of Fig. 2 represents the action of a ample engine using 
highly superheated steam, excepting that the expansion curve tc no longer 
approximates the hyperbolic. Its equation is pn'^ = constant, where n has 
a value depending on the amount of superheat and the ratio of expansion. 
The value of n is about 1.10 (1.17) for 250 (400) deg F superheat. Diagram 
factors will be higher than for saturated steam though throttling, excessive 
speed, large clearance, restricted porta and parages, or interrelated valve 
movements may cause variations. Jackets are not used. Ratios of expan- 
sion may be 40 percent higher than with saturated steam, without reduction 
of diagram factor. Piston speeds may be higher without causing undue port 
friction. Corliss valves are rarely if ever used with high superheat: the poppet 
or piston valve may be employed. 

With slight superheat, Eq. (1) is used for determining and the value 
of / will be governed by the considerations of p. 1023, superheating being here 
regarded as equivalent to jacketing. 


Compound Engines 

Preliminary Diagram. In Kg. 3, let the ideal diagram kahg correspond 
with ghjkl of Fig, 1. The diagrams differ in that with the former the terminal 
pressure equals the back pressure! There is no "terminal drop" (jk, Fig. 1). 
In Fig. 3, the line hj represents the flow of steam, without fall of pressure, from 
the "high-pressure” cylinder to the "receiver.” The latter in turn delivers 
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Table 11. PerioTmMiM oi Gondenring Hon-condeiuliig 
Steam Engines 

{Mostly from Butubi “E^ne Testa," 1901) 



Non-coadewing j 

CondeasiDg 



Initial 



Initial 


Type oi engine 


absolute 



abBolnte ' 

steam 


ihp 

pressure, 
lb per 
aqiu. 

per 

ibp-hi* 

1 

ihp 

1 

' Ib per 

1 aqin. 

per 

ihp-hr‘ 


'3W00l 

1 80-117 

1 I 

1 Mfl-MO 

67-144 1 

1 21 -W) 

Compound, automatic 1 


125-182 

23-^ 1 

90-350 '1 

120-145 

' 19.6(7) 

Ctiiiit)cniini,ioui*va\ve I 

m 1 

, 144-150 

11.90) 1 

300-9(N 1 

UO-166 1 

H.W8) 

Simple, slight super- 

|32-100 

BO-91 

32.8 

300-400 

68-94 

26.2 






I2I1-I50 

10.0'11.6 

kislj ...1 

1 

ISO-Ill 

I3.M6.I 1 


Compound, super- 
heated Qteam.’ ..... 1 

wo 

151 ' 

15.4 

1 

1 

103-191 

9.3-13,2 
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-eteam to & “Jow-pressure” cylinder, file action of which is represented by, the 
diagram ghcef. The two ^^Hndere constitute a compound engine. 

To avoid noticeable Ructoations of pressure along fl6, the receiver must be 
large, M to IH times the stse of the Ugh-pvessure cylinder; the former ratio 
being used for tandem engines, the latter for cross-compounds in which the 
cranks are usually 90 deg apart. 


Maximum atresaes are greater in tandem endues than in crosB-compounds, and close 
/egulstion of speed ia more difficult. On the other hand, the tandem costs less and 
occupies lees apace. 


If this ideal diagram correctly represented the action, tlien a single simple 
cylinder of the same sise as the low-pressure cylinder of the compound, 
working between the same extrome pre^re p 
limits and with the same ratio of expanaon b- 
B - Vc/va, would give the diagram hacef. The || J 
simple cylinder would give file same power, SSt 
then, as the compound engine. 

Basis for Design, The diagram haetf of Fig. 3 and 
the output of the whole engiiie are determined when 
P, p, and B{ “ e«/p«) are given. The piopcrtion ol 
work done by each cylinder depends upon the receiver 
pressure, ?». The designer may proceed in any o 
of five ways: 

h The receiver pressure may be assmaed. 

2, The temperature ranges may be made the same in both cylinders, This is 
probably the best basis with high initial pressures. Then Th = (To + ri)/2, where 2's, 
To, and T, are (for ealursted steam) the tempcratuiee corresponding, respectively, with 
the pressures ?«, P. and p, from which T» and P« may he found. 

3. The cylinders may develop the same power, in which case 



Fig. 3.— Ideal Diagram for 
Compound Engine. ' 


1os,P.-h(im.I! + ^-!^-I»8.5 (7) 

4. The total maximum piston pressures may be equalised, when 

P. -P»/(P+P.B-pR) (8) 

5. The ratio of volumes of the cylinders may be assumed, as C » 

P.^CP/E ( 9 ) 

• Mean Eflective Pressures. Having determined Po by any one of these 
five methods, and having noted the corresponding value of C = RPqIP, the 
approximate mean effective pressures are. based on Fig. 3, 
high-pressure, p^j, f [P/B*] log. B* = [PC/R] log^B/, (10) 

low-pressure, p„i ='[(P»/B|){1 +logeBi)] - p = [(P/B)(l -flog, (?)] - p 

( 11 ) 

where B;, = ratio of expanrfon in high-pressure cylinder = vh/va’, 

' , Bi = ratio of expanmon in low-pressure cylinder *= tc/m = C\ 

• other. symbols being as in' Eq. (1). 

The value of C is usually 2.5 to 3.5 in non-condensing and 4 to 6 in con- 
densing engines. It should vary directly with fi. If it is made too great, the 
engine will, though probably economical of steam, be costly to build and 
. deficient in overload capacity. .. 

At a fi.Yed ratio of expansionB, output of the engine is independent of the 
size of the high-pressure cylinder. Exceptionally high efficiencies have been 
obtained with value ,of„(? around 6 or,.7 (see p. 1037), \^en no aeftount'of 
having reached, the ;Iimit of si»;(about,100 in. dia'm), more' than one low- 
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of steam during admisaon and xHisably during the early part of expansion, 
the heat transfer being at the rate of 20 to 25 Btu per aq ft per dog of tempera- 
ture difference per minute. This is followed by an evaporation of the steam 
during late expansion or exhaust. 

See Callendar and NioolBon, Proe. TnA C.E., ISl, pp. 147-268; Duchesne, R^nie de 
Mkanigue, 19, pp. 1-40; MeHanby, Proe. Jiut. Engrs, and Shtp&utlderso/ Sco^foTMf, 1911; 
Barraclough and Marks, Min. Proe. Jnsl. C£., 120, ii. 

Since most of the condensation occurs during admission, the dryness at 
cutoff is a measure of economy. This may be ascertained by comparison 
of the indicator diagram witii the experimentally determined steam con- 
sumption. The dryness at cutoff and the economy are directly influenced by 
the size of the engine, its speed and, chiefly, by its ratio of expansion. Figure 
9 shows a typical relation between cutoff dryness and ratio of expansion. Up 
to a certain point, the tliermodynaraic gmn associated with high expansive 
ratios more than offsets initial condensation. 

Jackets. The steam jacket, by rabing the temperature of the wails, 
reduces heat transfer. The jacket should be supplied with steam on its way 
from tho throttle to the cylinder. The circulation must be free, and air 
pockets must be avoided. Superheat is a better device than jacketing if high 


IP 

1 1 B Jo'm » 
ftWROJI latUMsMov 

Fiq. fi.— Variation of Inirial Con* Fia. 10.«*Saving Due to Jacketing, 
densation with the Expansion Ratio. 

thermal efflciency is sought. Jackets should not be needed when superheat is 
used. 

In nearly all tests reported, the jacket shows some not gain; but unfavorable 
results may not be published. From 0 to 30 percent (usually 0 to 10 percent) 
saving in total steam consumption may be effected, the jacket meanwhile 
consuming 7 to 16 percent (usually 7 to 10 percent) of the total steam. 
Average ia 10 co^potaids, 10.2 perceat; ia S triples, d.d percent. The lower 
percentages occur when superheated steam is used in the cylinders. Sec p. 
1037 as to the omission of low-pressure jackets when reheaters are used. 
Figure 10 shows results of a test by Carpenter, tho saving by jacketing varying 
directly with the ratio of expansion and becoming negative at very low ratios. 

Multiple expansion permits a high ratio of expansion without excessive 
cylinder condensation, and therefore increases efficiency. Roughly, the 
compound uses 20 to 30 percoit less steam than the simple engine. The 
triple may use 10 to 16 percent less than the compound. These savings 
(particularly those of the compound over the simple engine) are due partly 
to the higher initial pressure md lower leakage and cloaranoe losses usually 
associated with multiple expansion. 

The use of superheated steam and the uniflow engine have superseded 
compoundingbutitiBSomeiimesresortedtoasameans to reduce piston loads. 

Triple-expansion en^ncs for marine applications are economical and fairly 
well balanced. Average cylinder ratios are 1:2.7:8. The size of the high- 
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trades and industries. ; The moat commoa of these are the A.P,I. and Baum 6 . 
The A.P.I. (American Petroleum Institute) scale is approved by the Ameri- 
can Petroleum Institute, the A.S.T.M.V Iho Tj. S. Bureau of Mines, and the 
National Bureau of Standards and is recommended for oiclusive use in the 
United States petroleum industry, aapersoding the Baumd scale for liquids 
lighter than water. The relation between A,P.L degrees and specific gravity 
is expressed by the following equation: 

For the salinometer (salometer), see p. 2167. The specific gravities 
corresponing to the indications of the Baumfi hydrometer are given in tho 
following tables. 


Specific Gravities at — F Corre^onding to Degrees A. P. I. 


and Weights per TI. S. Gallon at 60 P. 
^Calculated from the formula, epedfio gravity = j 3 | 5 .^. peg a P ' I 
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The weights in this table are weighte in air at 60 F with humidity 60 percent and 





TP£IGOTS 4ND ilEASVRES 


Speci&c Grarities — F Corrdspo&disg: to Degrees Baum^ 
for Liquids Lighter than Water and Weights per S. Gallon at 60 F 
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for Liquids Heavier than Water 
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pressure cylinder determines the overload capacity. EngineB with small 
high-pressure cylinders are very limited in this respect. Clearance volume 
of high-prossuro cylinders has little influence on economy. The reverse is 
true of low-pressure clearance, 

Table 12. Average Steam Bates (Lb per Ibp-hr) with Saturated Steam 
(From Stanwood, Bairusl Prot. Init. C.B., 98, Willans, dark, Trons. A.jS.M.B., 
21, etc. Compare iriUi Table 9) 
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High-ratio Compounds. The beet triples have only slightly surpassed 
the beat compounds. With high cylinder ratio, 6 or 7 to I (p. 1026) , about 30 
expansions, and 150 to 200 Ib initial preaaure, jacketed compound engines have 
repeatedly consumed about 12 lb of stoam. of ihp-hr. (Trorn. A.S.M.E., 13, 
p, 647; 19, pp. 155, 167, 189; Power, July, 1904, p. 424; Barms, "Engine 
Tests," No. 47). 

Reheaters. The roheater does for the low-pressure cylinders of a multiple- 
expansion engine just what superheat does for a single cylinder (Tron^. 
A.S.M.E., 25, 482^92). Adequate reheat involves superbeating the steam 
in the receivers by from 30 to 100 F. With the latter amount, Marks 
has shown (op. cti.) that the eflicioncy of the (compound) engine may be 
increased 6 to 8 percent. Good reheating makes low-pressure jackets unneces- 
sary. With moderately superheated steam in both cylinders, the steam 
consumption per ihp-hr is about constant (or the range from H load to IK 
load, 

Speed and Size, Cylinder condensation is reduced by high rotative 
speed, but the efficiency is not usually increased thereby. Along witli high 
speed comes a limitatioa of choice of valve gear and (usually) imperfect 
distribution of steam. Slight variations in speed are practically without 
effect on the economy. 

Small engines are usually wasteful. sizes from 2 to 5 hp, non-condensing, 

a compcfUTid engine used 42 lb of steam per ibp-hr.; simple engines, 7S to 89 lb 
(Engmenjig, June 27, 1890), Thermal effideiwy fe not improved with large 
size; some of the beat records have been made by units of not much over 
100 hp capacity. 

Clearance and Compression. Qearance a a necessary evil and should 
be kept as small as possible. The heat losses to the walls increase as the clear- 
ance increases. TMs is one of the reasons why small engines (with relatively 
largo clearances) are wasteful and compound engines (which usually have 
small clearances) are economical. Klemperer givw (Z. Ver. dmt. Ing., i, 1905, 
p. 797), for a 7 by 18 in. Corliss engine, non-condensing, with 4K percent 
clearance, 25.6 Ib steam per ihp-hr; with 15.2 percent, 28.5 lb. A moderate 
amount of compression (varjdng with the speed) is justified on mechanical 
grounds. 

Friction. The laws of friction indicate that the power lost in friction 
should increase somewhat with the load in cither a variable-cutoff or a 
variablo-speed engine. Conditions of workmanrijip and lubrication make ib 
difficuitto confirm this by actu^ testa of engine (seep, 1028), and the friction 
loss is usually regarded as constant for all loads— an assumption which 




VALVES ANO 7ALTB GEARINQ J.U4/ 

nioved to the left a retative distance equal to its lap, I The absolute movement 
of the auxiliary necessary to produce this idative displacement depends 
on the amount of movement of the mair valve mwinwhile taking place. ' ,Tho 
lap (and point of cutofi) may be varied by hand, by turning the valvo rod; 
or the latter may be under the control of a govKnor ■which shifts the eccentric 
80 as to change the angle of advance of the anaaliary. The double-piston 
valve gear made by the' IngersoU-Raad Co. baa a 
separate cut-off valve. 

The Rider valve, like the Meyer, incorporatea an 
auxiliary cutoff member, but the lap is changed 
either by rotating or transversely moving the ~ 

auxiliary. In the former case, the expansion valve 
i» oI the piston tjiK, wktog in n We Wed e,_M Outoll 
lengthwise m the mam valve. From tnia passage, Valve 

the steam ports are cut obliquely, as are also the lap ' . 

enda of the auxiliary. When transverse di^lacoment is practiced, the 
auxiliary is flat and of trapezoidal outline. 

Poppet valves have vertical spindles, and usually lift to open. There 
are commonly four independent valves per cj'Vinder. The exhaust valves 
are al'waya belo^ tbe steam valves. The seals are visually double and are 
nearly balanced, a sufficient unbalnnced pressure being provided to insure 
tightness when closed. It is usually attempted to equalise the two steanx' 
passage areas provided. Figure 7 shows some forms. 




m the cylinder heod cam sfwft gear • " 

',Piq. 7. — Poppet Valves and Gears. 

■ In some types of engine, the -valves ue operated direct Irom eccentrics,, the minimum 
maaber of the latter heing two, one>eaeh.!(S sbeam and exhaust -valves. Mwe.com'. 
raonly, 8 pair, of miter g'eara connects the engiae aluft with a'ahaft, from which the 
vawes are driven by eccentrics and caniB, , , „• 

rii;^i!w inaia<^viindet uhiflow en^nes; they are 

'■ Two, forms of' Buii.gearB hhvB'domB, into use. \ One 

^ single oani, which ie niade h^cal od'tl^ cloaiug aide and' is shifted in 
® on of Its axis to vary tbe cutoff, and the other type (Pig. 7b) hWtwo canis on 
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underlies the determination of -11160118111081 efficiency by .taking a "no-load" 
or ‘‘friction’'4ndicator diagram. i' , 

■ The mechanical'efficiency in important' engines is usually betweea O.9 and 
0.96 at full load. The hipest record seems to be nearly 0.98. Values below 
0.85 are cxceptional..(i The steam rato.'and thermal efficiency may be referr^ 
to brake output by introduong tile mechanical'efficiency as a factor. ■ 

The greater part of engine friction occurs at' Slain bearings. Friction of 
piston rings and 'stuffing boxes comes'iiext in. importance', and the latter item 
may be considerably varied .in operation: Unbalanced slide* vaives add 
greatly to friction losses. ' - < • • . 

Rotary engines, since the advent of the turbine, have ceased to be even desirable. 
Of the thousands which have been invented and forgotten, practically all manifested 
'excessive leakage due to the aubaUtuilon of line contact of wearing parts for the surface 
contact of an ‘ordinary piston. Even those which are tight at first soon develop leakage. 

Uniflow Engines ' 

The typical uniflow eiiffnc (Fig. U) has central exhaust ports which are 
uncovered by the piston near the end of its stroke. To accomplish this, 



Flo. II. — Uniflow Engine. 


the piston is made of unusual lengUi. Steam enters the cylinder usually 
through double-beat poppet valves (with flexible upper seat to ensure tightness 
under varying temperature) or through higfi-h'ft singie-beat poppet valves, and, 
after expansion, exhausts through the central ports. The cooling of, the 
cylinder walls and the clearanco surfaces by tho flow of exhaust steam past 
them, which is characteristic of tile normal alternating- or counter-flow 
.engine, is thereby avoided and the resulting cylinder condensation is 
greatly reduced. By steam-jacketing the cylinder head, the cylinder, con- 
densation loss is still further diminished and this effect is increased by com- 
pression up to the initial steam pressure. Tho exhaust ports close usually at 8 
•to 10 percent of the return stroke. The clearance in condensing engine is 
usually 2 to 3 percent or even less; the resulting small clearance surface is a 
further factor in reducing cylinder condensation. 

The permissible ezpajision i^tio in the normal steam engine is limited 
by the cylinder condensation loss; This limitation does not exist in the uni- 
flow, engine which can expand steam from 200' lb per s'q in. 'or higher to a 
vacuum of 28 in. wiib an economy' which is equal to or greater than that of 
'multicylinder engines of normal type. By expansion in a single cylinder, the 
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parallel sliaita. One cam is letaided Bad adraoced witt respect to the other, and the 
combined motion of the tvo cams is traosiiutted to the valve. Cam geaie of this type 
are euitahle for any desired cutoff range and for early cutoff give valve lifta that are 
considerably larger than can be obtained vith eccentric gears. 

Valve Geaxs 

Rotary Gear. The Corliss valve is skeleton cylindrical, located trans- 
versely. It rocks hack and forth throu^ a small a 
exhaust valves are provided at each end 
of the cylinder. Some forms are shown 
in Tig. 8. The typical Corliss valve - 
gear is shown in Tig. 9. If rdearing 
cutoff is to bo effective at cutoff later 
than half-stroke, separate eccentrics are E*fio«t''aivs, 
used for ateara and exhaust valves. The 

¥ig. 8. — Corliss Valves. 


Separate steam and 
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diaraeters of such cylindrical valves 
range from 4 to 5 times the 
maximum port opening. The 
length of ports is about 
equal to tho bore of the 

Valves are usually located 
at the ends of the cylinder, ujijtRsi 
the steam valve above and the 
exhaust valve below. The 
Corliss gear has small travel 
and slight friction. It gives 
particularly small dear- 
ances, though designs 
differ somewhat in this 
respect. Live steam and 
Sxhaust steam never pass 
through the same port. 

The valve is not suit- ij 
able for use with high ij 
steam temperatures. 

A fundamental feature 
of a Corliss engine is the 
releasing gear. In Fig. 

''10, the crank A is loosely 
mounted on the valve 
stem, and the grab hook 
E is loose on a pin fixed in A. The spring S presses the grab book against the 
knock-off camC, the position of which is controlled by the governor. Crocks 
freely on the valve stem, but the lever B la keyed. to the stem. 

In the left half of Fig. 10, the valve is about to rotate clockwise. This 
rotation b produced by the train A, E, B. Sraultoneously, the rod running 
from B to the dashpot riscB. Aa the motion proceeds, the upper of the 
hardened-steel blocks slides to the right, disengaging from the lower block — 
as indicated in the right half of Fig. 10. A vacuum dashpot then pulls down 
oh B by means of the vertical rod, closing the valve by a quick counter., 
clockwise rotation. The point of dis^agwueiit is determined by the position 
of the cam C,,- 



Fia. 10.— Releasing Gear of Corliss Engine. 
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transfer losses tpressure drops) between c^inders are avoided and the engine 
is mucb simplified and cheapened. Leakage losses are less^ and . the back 
preHure is diminislied because the exhaust ports have' an area' several times 
greater than the usual passage past the exhaust valve. 

. For non-conden&iug operation, some modification of the umflow en^ne 
is necessary to avoid excessively compression pressures. Generally, 
there is some departure from’ the strict uniflow principle. This is either in the 
form of an auxiliary exhaust valve in the cylinder head or additional clearance 
volume (pockets connected with the (ylinder through an automatically or 
hand-operated relief valve). Condensing en^nes also have tb.be fitted with 
one or other of these devices which will come into action automatically in case 
the vacuum fails. Tlie clearance for 100 (200) lb initial pressure is about 
20 (12) percent with non-condensing operation. Auxiliary exhaust valves 
delay the beginning of compression and give a higher mep for a given ratio of 



Initial Steam fissure, Lb per Sq la 
Fiq. 12,— Steam Consumption of 400 
Hp Xlnifiow Engine. 
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Percentoge.of Roted Load 

Fw. 13.— Steam Consumption of 
Uniflow Engine with 27H la- 
Vacuum. 


expansion than is obtMnable with increased clearance volume but probably 
with some small decrease in economy. 

The Steam rates of uniflow en^ncs ore low as compared with other engbes. 
The curves of Fig. 12 for a 400 hp engine may be taken as typical of the 
results obtained by the best American builders of those en^ncs and should be 
compared -with the periormances of the usual type engine aa given in Tables 9 
and 12. The best results may be 5 to 10 percent better than those shown. 
The economy does not improve much for larger sises; for 50 hp, the economy 
is about 10 percent less than for 400 hp. A notable characteristic is the smaU 
Tariation in economy with load; this is shown in Fig. 13. The normal 
early cutoff permits a considerable overload, usually to 175 percent of rating. 
Tests with high superheat have yielded the following results in condensing 
engines: 


Observer Enrine Steam Lb steam per ihp-hr 

Stumpf 241^by39in. 1401b.376F 12.25 

Stumpf 120 lb, 490 F 10,85 

Stumpf lB21b.618F' 9.9^ 

BurmeUter and W^n. .115 to 220 bp 140 lb; 667 F '9.06 to 9.68 

Lentz 100 hp 235 lb, 923 F 6 52 

Lentz lOOhp 4611b, 1018F 5.67, 


Mechanical efficiencies are higl^ ran^g from 92 to 96 percent. These 
engiiies are now being buili in Bzea up to ,10,000 ibp, per cylinder peak load 
capacity, or 20,000 ihp for twin ehpnea. ' 
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Ordinary releasing gears do not wori: well at.s^'ds above ioo rpm. , 
Corliss valves without cHsbngagemcnt, opiated by-,one fixed exhaust eccentric 
and a steam eccentric under control of tiie shaft governor, are a feature of' 
the Bo-called “four-valve” engine. . 

Reversing Geare 

An enpne may be arranged to nm in either direction at will, by (1) iater- 
chan^ng steam and exhaust porte; (2) umg two alternative' eccentrics, with' 
optional engaging gi'aba; (3) shifting the eccen.'tric back by an' angle exceeding 
180 deg + the angle of advance; (4) uang a reversing gear. 

The reversing gear is virtually equivalent to a shifting eccentric, but 
witli greater flexibility of con- . 
trol, since it ehaneca both sKd . ... 

poaitioa md 4,»Tel of the IpSia" 

valve. In addition; the link- ${5 ' ^BsiiCmlr 

age may correct inequality of ' ® 

distribution due to angularity ^ 

ol«TO»a»8ioa. Ildoeanot " m 

actually move the eccentric, i E4<U.5W“ _ Bhck 

but ite ejtcct is the same as 

that due to a movement of 

the extremity of the valve U.— Stephenson Link Reveraing Gear. 

circle from c along gome such 

path as cp, Fig. 5. This path being deter- 

mined, the steam distribution may be exam- 

ined as in Pig. 6. A reversing gear may bo J^'}^ /\ 

used to 5 ve gradual variation of cutoff. /7 \ 

In the Stephenson link (Fig. 11), the /{wy^iLJ?\\ \ 
eccentrics are treated as equivalent to two / \ ' ' \ ■ 

short cranks, driving the eccentric rode, which J \f\d Ih 

Me hinged te the link. The radius of cuiva- I f'li) 

tute of the link is equal to the length of \ // j 

eccentric rods. The valve is moved by the \v / 

link by means of the slide block, rocker, and \l / 

valvcrod. The link may be raised or lowered 
by the reversing lever, reversing rod, bell 
crank, and link hanger. When the link ia in 

its lowest position, the valve derives ite mo- p,Q, 12 .— Diagi'am of Ste- 
tion from the upper eccentric rod eatif<dy, phenson Link 'Motioii. • 
the lower rod eerving merely to rock the 

link about the slide-block pin as a lalcrum. In its uppermost position, 
the link and valve are effectively moved by tho lower eccentric rod ' 
alone. At these positions, the valve teavel is a maximum. A mid-height 
on the link, the travel is a mioimum, and the motion is determined by, both 
eccentric rods. The movement of the bnk from one extreme position to the ! 
ether thus gradually changes the angle of advance and the travel, and both 
be fixed temporarily at any demed value between the extrbmo limits. , 
To minimize riip at the slide-block beming, the dide block shotilc! be immedi- 
ately under the saddle block at the usual running adjustment. 

_ Figure llahows al!akciotionwitt“opeB’',to^ Sometin4Mthetodsaie‘'cn)ssBd”; 
».e., when the ctauk is at left dead i^icr and the eeeeatries ais between it and the link, , 
the pfoiections of the rods cross ea^ «rth&. (Jn dther eoh&Unction, the rods appear 



1040 


THE STEAM EHGINE 


Binaiy Vapor Engines 

Steam is an unsatisfactory worldiig substance because of (1) the limitations 
'which it imposes on the' operating temperature range of the engine, (2) the 
difficulty of maintaining tlie high vacmim corresponding to low exhaust 
temperatures, and (3) the excessive volume of a reciprocating engine required 
at such low pressures. By u^g a vapor with a higher boiling temperature, 
the maximum temperature of the cyde can be mcreased without correspond- 
ing increase of the vapor pressure. 

‘ A steam-sulphur dioxide system has been used in reciprocating engines. 
This extends the temperature range at the lower limit and avoids the neces- 
sity' of maintaining a Mgh steam vacuum. As worked out by Josso, the steani 
expands to about 3 lb abs (142 F) mid on condensation generates sulphur 
dioxide vapor at about 160 lb por aq in. This vapor e-xpauds down to about 
50 lb per aq in. (70 F) before it is condensed. To reduce steam to the same 
temperature would require tlie maintenance of a vacuum of 29.3 in., which ia 
impracticable in a reciprocating engine. The sulphur dioxide engine is of 
small bulk as a result of its high pressure. Added as a third cylinder to a 
compound steam engine, it has increased the power output and thermal 
efficiency about 60 percent. This e 3 ^m has not proved commercially 
successful. 

Mercury vapor and steam make a binary sj’stom which oan be used for 
extending the upper temperature fimit and » so used in certain turbines 
but is not practicable for a reciprocating engine. 

Begenerative Cycle: Quadruple Engines. By using the receivers as 
successive feed-water heaters, remarkably high thermal efficiencies have been 
reached in certain quadruple enginca The cycle of such engines is described 
in Trans, A.S.M.E., 21, p. 181; 28, No. 2, p. 221. The "iVildwood pumping 
engine, 712 hp, 200 ib pressure, partly jacket, used 186 Btu per ihp-min. A 
1,000 ]jp Nordberg compressor with 2.57 lb steam pressure used 169 Btu. The 
steam rate docs not measure the efficiency in this type of cycle. These results 
were reached with saturated steam. A similar practice is common with steam 
turbines (see p. 1258). 

Engine efficiency Is the term used for the ratio of the heat input per ihp 
in the ideal engine using the Ranklne cycle (p. 346) to the heat input per ihp 
of the actual engine. It was formerly called the efficiency ratio (sometimes 
the Rankine efficiency). Its average values are about as follows, expressed 
in percent. Simple enmnes, sinde-valve, non-condensing 61, condensing 41. 
Simple engine, four-valve, non-condensing 70, condensing, 51. Compound, 
non-condensing 72, condensing 69. Triple, condensing 73. Superheat 
increases these values. For the Schmidt high-pressure engine (seep. 1030), it 
is 81.7. Its value is hi^er for theh-p cylinder of a compound than for the 1-p 
cylinder. 

Present Status. The steam engine is used extensively in sizes up to about 
1,000 kw for producing power and for driving compressors; it is also used for 
locomotives and to a diminishing degree in the marine field. Stationary 
engines when hoi'izontal are usually single-cylinder. Vertical engines of 
3, 4, and 5 cylinders are extensively used and operate at higher rotative speeds 
with the advantage of cheaper generators and small floor space; they are 
generally of the uniflow type. 

Compound engines are bmlt for two-stage mr or gas compressors. Triple- 
expansion engines are built for ships. Aggregate turbine installations passed 
those of steam engines in 1924. 
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EeuntricA 

Crank^^ 


cioeeed at certain crank poritiona.) crossed rods, the supply ol steam may be 
cutoS at mid-position nf tlw Hnlr. Whhopen tods, there U positive lead at all positions. 

Figure 12, following the constiirction of Fig. 6, shows the successive equivalent valve 
circles I, II, III, IV, V, as the link is shift^ from "forward" to "reverse" position. 
The “equivalent eceenteic path” ia vpep'. In proiresslng from '‘full" to "mid" gear, 
travel and port opening deo^aae and lead inercaace. The crank positions at cutoff are 
A, At, and Ar, Fioeee^g from mid gear to full reverse, cutoff occurs successively at 
A], A(, A| (rotation now ecunterdockirieel. 

With constant lead, the path gveff would be a straight vertical line. In the Stephen- 
son link, it is a parabola, closely coinciding witii a circular arc drawn through g, g\ and 
e, such that oe >a eg (cos pool m ud'IW), where <n is the ratio of link length to rod 
lengtL (The + Men ia for open rods, the — sign for 
crossed rods.) Lead at full gear, with openrod6,is usp^ly 
Metojfein. 

Radial gears employ a guiding arm in place of a 
link. In most of them, the lead is confitrmt, and the 
path sptg' (Fig. IS) ia a straight vertical line. 

The Hackworth gear (Fig. 13) has the eccentric 
rod FQ terminating at Q in a slide bloeL This 
block moves in a straight dot, the position of which 
is adjustable. The pin F moves in an ellipse, the 
proportions of which are determined by the position 
olth, .lid,.block8lot. The gm eiw. good tom i3,_Hiok'„„th 
distribution with sharp cutoff, and is compact. ygj„. g.. 

In the Joy gear (Fig. U), the valve is moved 
partly from the connecting rod by tire linkage 
a, h, e, but the movement is modified by the 
position at which the movable fulcrum d of 
the radius bar e is set. There is no eccentric. 

A slotted guide (os in the Uackwortb gear) 
may replace e. The Joy gear gives quick cut- 
off, well-balanced and Qx^cratc compression. 

The WalBchaerts gear (Pig. 15) also 
combines two methods of driving: one from 
the crosshcad, through e, f, g, h, and one from 
the eccentric (SO deg out of 
phase with the crank) through 
the eccentric rod, link, and 
radius rod attached at p. The 
slide block by which tile radius 
rod is moved from the link is 
vertically adjustable. When 
the slide block is in Une with 
the link fulcrum, the valve is 
moved by the crostiiead alone. The link radius ia equal to the 
length of the radius rod. If, when the piston is on dead center, the center 
of the link arc coincides with g, the lead will bo constant. Without the cross- 
head linkage, there would be no lap or lead or expansion. The effect of this 
linkage is to increase the displacements of the valve. Minimum travel is 
determined by analyzing this linkage as it operates when the slide block is 
under the link fulcrum. Mosimum travel occurs when the slide block is at 
one of the ends of the link. Unless the prescribed proportions are followed, 
the lead will vary about as it does in the Stephenson gear. The Walschaerts 
gear as applied almost universally to locomotives uses a supplementary 



Fjq, 14, — Joy Valve Gear. 
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^laptniUQiUnk 
Fio. 16. — Walschaerts Valve Gear. 



STEAM-BNQINE ECONOMY 


1041 


TJie types most built .(on tbe basis of. aggregate horsepower) are the four- 
valve and the uniflow; the former, usually, for non-condensing operation. 
Single-valve throttling .engines of small siae are built only for unimportant 
plants. . - ■ . 


Table 13. Histotica.1 Tleyelopmeat of the Eeciprocating 
a Engine 


Ratio of 
expansion 


))i to 3H1 

H 

15 

16 
16 



Engine 


Cornish pumpa, 1840... 
Marine, 185C^1890 

Marine, 1850-1890 

Marine, 1850-1890 

Leavitt at Lawrence, 

1872 

Corliea at Pawtucket, 

1878 

Various power-plant 

engines 

Rockwood and Greene. . 

lUce and Sargent 

Van den Kcrchovc 

Westinghousc 

Leavitt, Snow, Allis, 

pumps 

Allis pump 

Nordberg pump 

Stumpf, uniflow 

Van den Kerehove 

Stumpf, uniflow 

Jdsso (binary vapor)..., 

Ijocomcbile 

Stumi)f,uuiflow 

Schmidt (p. 1030) 

Nordberg 


Mostly quoted by Denton, Steim Institute ind^tor, Jan., 1905; all engines used 
saturated steam except the last mx. ♦ Engines jacketed. 1 190 Btu' per ihp-tnin 
(A) 169 Btu peri!ip*min. J 192Btuperihp-min (etcamsuperheatedSO? F). | Steam 
superheated to 667 F. (B) 167 Btu per ihp-inm (steam superheated). I] Steam super- 
heated to 660 F. (C) 144 Btu per ihp-nun (steam aupeiheated to 1018 D). (D) 136.6 


Btii per ihp-min (steam superlieated to 815 F 
79.4 peieent (steam temperature 581 F). 


gine efficiency based on ihp, 


Relative Efficiency of Steam Engines and Turbines. The efficiency 
of the steam engine, compared with the turbine, depends chiefly on the size of 
unit and operating pressure. Leakage of steam around the blades is liigh in 
’ small tmbinea, and this iosa is peater at higher presBUies. On the other 
hand, higher initial temperatures are used on turbines, in the United States, 
'and the turbine can utilize higher vacuum. In general, large condensing 
turbines require less steam than large condensing engines, but small non- 
condensing engines use less steam than turbines of the same size and pressure 
range. Table 14 gives water rates for «i^cb and turbines.' The figures 
given are the average for a number of installationa and are based on steam 
temperatures of 460 F for small en^es, and 660 F for the larger ones; the 
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outside crank in place of an eccentric. The mechanism is all outside, and 
occupies little width. GutofF and lead may be equalized for the two ends. , , 
Engine Farts 

Bearings (see p. 8G3). Modem engines are nsualfy equipped with pressure lubrica- 
tion. BearicB pressures for hiEh-gmde aide-crank engines average as follows: Crankpin, 
1,300; orosshead pin, 1,700; main bearing, 300; outbtrard bearing, 150 lb per sq in. 

' Crank and orosshead pins arc made large In diameter and short in length to avoid 
deflection. Connecting rod ends arc shaped for stiffness, Wedge adjustment of bear- 
ings is usunliy omiUed. 

• Main bearings of the quarter bra ^pe are still used with side crank frames. The 
tendency is toward bearings in halves, vdth the split at 46 deg. 

Frames arc usually made of coat iron. Bomotimes the metal is held in compression 
by means of tbrongh tie rods. Wdded frames are also used, with cast-iron orosshead 
guides bolted in place. With pressure lubrication, attention must be paid to oil tight- 
ness and quick collccUon and removal of cnl. Proper ventilation of the crankcase is 
essential to retain oil mist 

Crosaheod guides of Koriaonte! cu^nea arc bored and the end face machined at the 
same setting, to ensure alignment. With high-tcmperature steam, the cylinder must bo 
icsulated from the frame either by restricting the contact area or by interposing distance 
pieces; alignment between cylinder and guide under these conditions must be obtained 
by other means. Flat ctoashead guides with sUpper-type crossheads are preferable as 
this type of orosshead can operate with snudlcr running clearance and is therefore 
better suited for high-speed engines. 

Cylinders (ace p. 845) are usually made of a ecmislecl mixture occasionally with the 
addition of nickel Highly auperbeated steam requires careful design. to eliminato 
temperature stresses. Poppet-valve cylinders tor such service usually bare separate 
steam and exhaust eonnection for every valve. Pislon-valvo cylinders, with inside 
admission valves, have a somifiaxible valve housing with the exhaust passages ottachsd 
separately. 

Valves, Unbalanced elide valves are found only on small engines and diteet-aeting 
pumps. Piston valves arc uoivereally used on locomotives, cither single or double 
ported. Surviving also is a form of doublo piston valve, the equivalent of the Moyor 
valve. Piston valves, in most cases, operate in separate cast-iron bushings and h&vs 
snap rings for tightness. 

Corbss valves are found in a voricly of forms. Steam valves are usually doublo 
ported (see Fig. 8). They aro used with superheated steam up to about 100 F super- 
heat. in which cose special ml feeds for the rubbing surfaces of the valve aro provided. 
Non-releasing Corliss gears employ a wrist-plate motion, to reduce the valve travel 
during periods of unbalance. Such gparsreajiire powerful gpvcrnors of the flywheel or 
oil-relay type. 

Poppet valves are in general use with high-grodc engines. They arc usually made 
double-ported, although single-beat valves are used os exhaust valves with uniflow 
engines, Doublo-beatpoppetvalvcshovetwoscalaintwoplBneB. The distance of the, 
two seats should be held as Bintill as possible unless a rffiilient typo of valve (Fig. 7) can 
be used. They can bo made nearly balanced, at the expense of tiglitncss. 

Kigid cast-iron or coBt-steel valves seat in cages mads oi the same material as the 
valve. If seats ore machined titber in the cjdinder or tho cylinder head, resilient 
valves are used to compensate for uneven cxpatiaon, Resiliency is accomplished cither 
by flexibility of the valve itself, in which case a certain degree of unbalance must be 
provided, or by a built-up construction which leqvdres an addiUonnl seal between the 
valve parts. Steam tightness of poppet valves is aa much n matter of design as of work- 
mansliip. Valve stems of poppet valves are sealed in long cast-iron bushings with 
annular grooves to obtain a labyrinth effect; the slight leakage is piped off. Absence of 
friction and wear, except in cases of mUaligiuiicnt, ate adYantages of this type of seal. 

Customary values of steam velodty past valvea are: Steam valves, 200 to 300; exhaust 
valves, 120 to 180 fps. Exhaust port areas of nniflow engines, with the enpne piston 
acting as a piston valve, aio oonadetably larger than can be obtained with separate 
exhaust valves, Such engines therefore can utiUre lower condenser pressures than 
engines of the counterflow type. 
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1,000 . 

Engine 

Turbine 

13 

10 

17.5 

21 

12 

9,5 

15.5 

17 


correspcindms; fcempeiaturefl for turbines arc from 650 to 725 F. The Tater 
rates for a condensing machine are based on 27 in. vacuum for engines and 28^ 
in. vacuum for turbines. 

Table 14. Water Eates for Steam Engines and Turbines 

(Lb steam pa bhp) 


250 Condenslna 16 15 

250 10 lb gage ! 20 27.5 

400 Condensing I 12.5 12 

400 10 lb gage j 16.5 22.5 


While the turbine has largely replaced the reciprocating engine as a prime 
mover, the latter is still used to advantage: 

1. Whore extreme flexibility of epeed control is required, and particularly 
■where reversal of the direction of rotation is necessary, as in locomotives and 
rolling mill engines. 

2. On small non-condensing machines i 

operating at high initial steam pressures, and | \ 

on maclunes operating over wide ranges of ^ ' 

load and where low steam consumption is ^ { 

essential, g M — 

3. For direct drive of reciprocating ma- 2 , '"''n .| | ~ 

ohinery, such as compressors and pumps. ' 

High Back-pressure Engines. For units 
of small capacity, the reciprocating engine ^ 
ordinarily requires less steam per unit of out- 

put than a turbine, This advantage is ft 400 800 1800 lioTSiOO 
marked in the case of high-pressure non- Initial Pr«sure,lbpsrsqin.fl!!s 
condensing maeliines and particularly so when 14— Effect of Initial 

opmting against high baetpressnn, 

Figure 14 show, tte Wr oblamabl. (m j25F, 

supne.oftrom600t<)3,600kwsnpac,ty tram p, 

1,000 lb of steam per hr at various initial 

pressures, at 726 F, and with various back pressures {see Ryan, "Higher 
Steam Pressures in Industrial Plants,” Trans. A£.MJE., 47, pp. 779-797). A 
comparison rvith the perfonnance of a steam turbine — 1,500 kw capacity — 
with initial pressure 400 lb abs, back pressure 180 lb abs, steam temperatures 
650 F for the engine, 725 F for the turUnc, is as follows: 

Approximate Water Rates wiOi High Back Pressure of Steam Engine 
and Steam Turbine 

Load, kw 500 1000 1500 

Engine water rate, lb per kwhr 73 56 53 

'Turbine water rate, lb per kwbr 75 69 68 

Tb« cost of an en^ne generator k greater than that of a turbine generator, 
it occupies more space, and the exhaust is contaminated with oil. Further- 
.nore, the exteri«lheat lossia are greater, so that the over-all thermal effidonoy 




Initial P«ssure,lbpsrsqin.fl!!s 
Fio. 14.— Effect of Initial 
Pressure on Power Obtain- 
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Governors (see p. 85D). .Close reguletioii requires heavy flywheels, ance theiDherent . 
friction of a Bovernor neeesatafes a-change of epeed before the governor can come into, 
action. A heavy wheel reduces sagglBr nocdwation to a point where overreeuladng 
and hunting is eliminated. 

For a-c generator drms/a regulatictn itf 4 to C percent is needed to maintain load dis- 
tribution, if two or more engines run in parsUeL Closer regulation may make load dis- 
tribution indeSnitc. 

Governors of engines driving a-c genmatots have attachments to vary the epeed plus 
or minus 5 percent fw aynchronmng purposes. A small electric motor built into the 
wheel is used with flywheel governors, changing the tension either of the main governor 
spring or of an auxiliary spring. Lay-shaft governors, built with two weights for bal- 
ance, employ a push rod in the hoHow bored lay shaft to actuate the speed-changing 
device. 

Variable-speed engines are nanally equipped with variable-speed governors which 
maintain praclicaliy uniform r^pilation over the speed range. In some cases, indirect 
governing is employed, partienlaily irith speed ratios of 1 to 4 or more. 

The natural frequency of osciltation of the governor must differ sufficiently from the 
frequency of engine lupufses to avoid conditioiu of resonance. 

Fiston rings (eee p. 847) are made of semisteel and are narrow, concentric, and split. 
The jaint ie secured by dowel; or spring-loaded pities. Piston-ring joints should not 
be permitted to travel across porta in the cyiinder wait in unifiow engines. lUngs have 
small wall pressure and do not travel into the counterbore of the cylinder. 

With high-pressure and bigb-temperature steam, piston-ring wear is sometimes a 
problem. Pure steam and the correct relative bardocss of ring and cylinder surface are 
essentia]. 

Piston and Piston Bods ^ee p. 846). Horitontal engines of the slow-speed type 
are built with self-supported pistons. BuU-tiag construction offers a means to compen- 
sate for wear of cylinder and piston. Engines operated with higb-pressure and bigb- 
tempsratures steam should bare floating pistons (tall rod) with piston rings alone mak- 
ing contact with the cylinder wall. Deflection of the piston rod, on large engines, is 
compensated for by cambeting the rod. 
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when, the exhaust stoara is'utilized as' prooeiB steam is'less than that 'of a 
turbine. ‘ , 

The highest steam pressure used for generation of power in the United 
States is 1840 lb at 820 F. Two boilera designed , for 'that pressure are 
installed at the Lockland, Ohio, plant' of the Philip Carey'Mfg. Co'. ' Power is 
generated in two 6,060 hp, five^sylindei, three-crank triple-expansion vertical 
engines, direct connected to 3,700 kw a-c generators. ■ Steam is supplied to the 
throttle at 1,400 lb gage pressure and 800 F total temperature. Steam .passes 
through two Biugle-aoting high-pressure cylinders, two single-acting inter- 
mediate-pressure cylinders, and one double-acting low-pressure cylinder, 
exhausting at 60 lb gage. Plant designed by W. E. S. Dyer. ■ ■ 

Sulzer Brothers build 850 kw wnglt-cylindcr engines with steam'pressures 
of 1,350 to 1,500 lb gage,, temperatur'es 700 to 800 F, and back pressures 
85 to 225 lb gage (Z. Ytr. dent. Jng., 81, 1938), The cylinder dimensions are 
10 X 23.5 in., the speed 250 rpra, and the mep at full rate 670 lb. The 
maximum piston load is 85,000 lb, which is leK than the load on standard 
engines with 150 lb gage pressure operating at 150 rprh. ■ ■ ■ 

Steam. Engines foe Compressor and Pump Drives. The ceciprocating 
engine is specially adapted for driving compressors and pumps; because of the 
higher efficiency of the driven unit, as compared with centrifugal machinery, 
as well as of the lower steam consumption of the prime mover. ' ' 
The following tabulation compares the dufy obtained from a 15 million gal 
cross-compound pumping engine with that of a turbine-driven centrifugal 
pump of the same capacity. Both pumps were built by the same maker and 
instidled at the same plant. The advantage of the reciprocating unit is 
particularly marked at partialloads. i,, , . • ( • 

Duty in Million Ft-Ib per Million Btu 

Capacity, million gal daily 6 8 ,.,12 .15 

Horizontal cross-compound eagioe 141 143 li6 147 

Turbocentrifugal pump ll’i ' 124 

There are in use in this country, in chemical plants, steam engines driving 
compressors and pumps, which operate with pressures of about 400 lb gage 
and with steam temperatures of 600 to 650 F. Some of these engines have 
back pressures as liigh as 225 Ib, necessitating large clearance volumes to 
control compression. 

VALVES AND VALVE GEARING ; 

Hstssssces'. Peabody, “'Valve Geais lor Steam Eaginw,” 'Wiley. .Zeuner, ‘'Treatise 
on Valve Gears,” 8pon, Spangler, ’’ Valve Gears',’! ’K^ey. Dolby, “Valves and Valve 
Gear Mechawams,” Longmans, Erring, "The Steam Engine," Coiabridge University 
Press. ■ ■ ■ ' . • , • 

Valves and Valve Diagrams - 

Action of the Valve. In Fig. 1, the slide valve, shown in cciitral posi- 
tion, admits steam from the steam chest A through the steam ports a, a', and 
allows exhaust steam to flow from 'the cylinder through a, o', to tho exhaust 
port 5. Steam laps (or “laps”) arerepreaentedbyde andnm; exhaust laps 
are represented by fg and }k. (Either or both may be negative. • A negative 
exhaust lap must be leas than the a^mning ateamTap.) ' AdmissioU occurs 
through a when the valve is displace to' the nidit by the lap de, or tiiroiigh a' 
when it is displaced to the left by the lap mn'.'- Maximum port opening, 
usually leas than the port width e/-wUoh j8’'deaignGd' for the passage of 
' eihaust steam; is attained' (on the Irft-dide'of the piston)' when the valve is 



RECIPROCATING MARINE STEAM ENGINES 

BY 

WAYNE T. DIMM 


Reteubnces: BragSi "The Design of Marine Engtnca nnd Auxiliaries," Van Noslrand. 
Seaton. "Manual of Marine Engineering," Van Nostrnnd. Bauer and Rob'ertaon, 
"Marino Engines and BoilerB," Henley. .Dyaon, "PtflcUcal Marine Engineering," 
International Marine Engineering Press, Punnnn, "Vaivea and Valvo Gears," Witoy. 

The theory of steam engines has been repeatedly written up, but theory 
without definite rules to follow is of little valuo to the average practical man. 
Tiie intent throughout this section has been to avoid theory except where 
necessary to demonstrate the reason for a pven practice. 

American marine engine practice has been followed where possible, but 
where tins does not cover the desired ground vefcrcnco is made to European 
practice. 

CLASSIFICATION AND DEVELOPMENT 

Marine Engines Are Classified. (1) According to the arrangement of the working 
parte as (a) horiiontal. (6) inclined, (c) vertical. (2) According to the number of expan- 
sione as (a) eimple, with one or more cylinders. (6) compound, with two or more cylinders, 
(c) triple, with three or more cylinders, (d) quadruple, with four or more cylinders. 
(8} According to the type of propulsion m (a) screw, (t) side-wheel paddle, beam or 
incUnodi (c) stera-whesl paddle, horitontal or inclined. ( 4 ) According to the service of 
the vessel as (a) merchant and (1) naval. . 

Even though several of the earlier types of marine engines hnd vertical cylinders, 
the power was transmitted to tlic paddle-wheel shaft tlirough a long horisontal beam 
and a vertical connecting cod and Utese engines arc spoken of as Iiorizonlni engines. 
Inclined enginca are used in paddle steamers rilber of the sidc-wbeei or stem-wheel type, 
The modem marine ecrew engine ol lodoy is of tho vertical type. 

Simple engines may be either condensing or nonomdensing and may have two or 
noTO cylinders working on the some crankshaft. If noncondensing, tlrey are usually 
spoken of as "high-preesure" Migines. Compound engines were originally built with 
two cylinders, but as the power increased it ieciuno necessary for the purpose of con- 
struction to use two low-pressure cylinders thus making three-cylinder compound 
engines. Triple-expansion cniunps arc often rondo with two low-pressure cylinders to 
secure better balance and more uniform lumiiig momeot. In very large triple-expansion 
enrBni^^,onR,lnwrpr/uuui«uT5i*fn/liw. wAidAV,qf/dulyliw*,nn.arjmimA'd.'t8.^«'..' ^uirh- 
ruple-expansion engines are not rften built with more than four cylinders, but there 
have been noteworthy installations of largo Qiudruple expansion engines having sue 
cylinders among which may be mentioned the American line S.S. "St. Paul," and 
the Hamburg-Araerican S.S. "Dcntschland,” wWch have six-cylinder, four-crank 
quadruple engines with two hi^-pressure (flinders over tho two low-pressure cylinders. 

Screw engines operate at much higher revolutions than engines driving paddle wheels 
and hence differ considerably from paddle-wheel engines owing to the difference in length 
of stroke. 

Merchant and naval engines differ in that no special effort is made in merohnnt vessels 
to save weight or space while in naval vessels this » of tho utmost importance. 

As at present, except in certain types of paddle steamers, horiiontal and inclined 
• engines are of historical interest only, tins section deals chiefly wiUi the modern,' vertical, 
direct-acting screw engine. 

Historical Development of Marino Enginee. The earliest marine engines were 
'horizontal, and for a number of ycore this type was used in war vessels, In these earlier 
war vessels, which were without armor, protection for the machinery was obtained by 
placing it below the water line, Tins fact led to the development of the many carious 
1063 
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displaced its maximum distance to the right; or {on the right side of the piston) 
when the valve is displaced its maximum distance to the left. CutoS occurs 
• when the valve is displaced as for admission,. but is traveling in the opposite 
direction to that which produces admission. Release occurs through a when 
the valve is displaced by ^c amoimt/g of exhaust lap to the left; or through a' 

. when it is displaced by the exhaust lap jk to the right. Compression occurs 
at the same displacements, the directions of valve movement being opposite 
to those for releaee. Admission, entoff, release and compression are described 
. as critical events. 

Valve and Piston Positions. Usudly, the valve 
will have moved a greater distance than de when tiic 
piston has reached the left-hand end of its stroke. 

The excess of movement over de is called the lead. It 
re tie zmeuat o/ open/ng 0 / the stezm pact when the 
piston is on the (adjacent) dead center. There may 
also be (and usually is) exhaust lead, defined as the 
amount of opening of the port on the exhaust side when the piston is at the 
(more remote) dead center. 

The valve is moved by an eccentric, equivalent to a crank, the eccoatrio 
rod being of great length in proportion to the eccentric throw. Displace- 
ments of the valve are therefore regarded as equal to horizontal displaconieiits 
of the eccentric center, and the travel of the valve is equal to twice the 
eccentric radius. If a rocker is used, it may be necessary to write "pro- 
portional” for “equal” in these two statement. 

With neither laps nor lead, the valve would be central (t.s., in mid-travel) 
when the piston was at dead center: the two would be 90 deg out of phase. 
Steam would flow into the cylinder 
throughout one stroke, and otit of it 
throughout the succeeding stroke. 

Lap permits cutoff and expansive 
working. With lap, a 90 deg phase 
difference between piston and valve 
would delay admission, and to avoid 
this disadvantage the phase angle 
is increased, the valve being dis- 
placed from its central position by 
an amount equal to (lap + lead) 
when the piston is on dead center. 

The increase of phase an^e is colled 
the angle of advance , j. The totid phi^ angle is 90 dog -f- /. 

Choice of a Valve Diagram. For most purposes, the Reuleaux diagram 
offers the most convenient method of solving problems connected with a simple 
eccentric valve gear. The Zenner diagram is best for Meyer gear, or other 
double eccentric gears. 

The Reuleaux Valve Diagram. (Also called Mueller or Sweet diagram.) 
In Fig. 2, describe about center 0 a circle of horizontal diameter aok, 
representing the valve travel. Through 0 draw &o, making the angle boa = j; 
and oz,- perpendicular to ho. Lay off oc = lap, op = exhaust lap. Draw 
a/, dem, gpr parallel to bo. Then the lead is cf, and the four critical events 
occur at piston-crank porilions denoted by tlie points d, m, r, g. In inter- 
preting these, the large circle is to be regarded as that described by the piston 
crank, rotating clockwise. The laps are those for the left-hand side of the 



OwdiEet 

Cvf-v/((vni£oti' '' 

Fio. 2. — Reuleaux Valve Diagram 



Fig. 1.— Slide Valve. 
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and ingenious types of horizontal a^nes, among trbich^'cro the tiunk engine (Fig. 1], 
the return connecting-rod engine (Pi^ 2), and the vibrating or slde-leyer engine 
(Fig. 3). - . - 

When the screw propeller first came into use, gearing was used between the slow- 
tuming engine and the propeBct shaR to speed up the revolutions in order to obtain 
proper propeller efficiency. 

As the power of marine en^ee mcreased, with mcrease in steam pressure, it soon 
became evident that marine endues must be vertical in order to be economieal in space. 




Vertical enjones were used in neichani vessels long before they were adopted for naval 
vessels and it was cot until the advent cC armor which aBorded them protection and of 
high rotative speeds wluch enabled ehort atrokes to bo used that they came into use for 
all types of naval vessels. 

The d^elopment of the mariite engine is coveted briefly by R. H. Thurston in his 
"Manual, of the Steam'Enipne.” imrfndi he says: "The steady rise in steam pressmeg 
during the' 19th century is best iUnstrated by naval steam-engineering, In the time 
of Watt hnd up to aboutT840, the uanal preaaure in the low-pressure side-wheel engines 
of that period waafromA toVlband themdeflue-boileis then in use were of the simplest 
and weakest forms. By the middle irf the century the fire-tuhular boiler had come into 
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valve (de and fg, Tig. 1) and'ihe crank portions found are those for the critical 
events referred'to.that.'side of the pwtdn which is controlled by the left-hand' 
aide of the valve. ' ' " ' . , - 

On ka produced, find the center for an arc ox, described through o, with' 
radius representing the' length ®f connecting rod to the same scale as ak now 
represents the stroke of the piston'. For an engine running “ over," this center 
will be to the left of the diagram. For’ohe running “under.” it 'will be to the 
right. Then horizontal lines qx, d3, ml, r2, represent by thcir'lengths the' 
displacements of the piston from its central position nt the critical points, 
again to the same scale as afc repres^ta the piston stroke. 

The dotted 'lines show the construction 'for the other side of the yalve'and 
the other end of the piston. On account of angularity of the connecting 
rod, the steam distribution is different on the two sides of the piston.'' ' ' Cutoff 
may be equalized by using different steam laps on the two sides of the valve,' 
but this would lead to inequality of lead. • The distance et (Tig. 2) represents 
the' maximum port opening (scale oc = lap). Note that (lap -{• lead) ' > 
exhaust lap, if release is to occur prior to the end of the stroke. 

Examples. 1. Given travel, admission,’ release, 'and cutoff. Draw the eirole, 
(FiS.2). Fix points (2 and m Draw dm, determining angular, advance. Fixr-and 
draw rq parallel to dm, determiiicg q. Draw pi perpendicular to dm and gr. Then 
oc ■ lap, op = exhaust lap. Through a draw a/ parsllel to dm. Then e/ » lead, 
a <■ znaxlmum port opening. 

2. Given travel, lead, angle o! advance, and release. Draw the clcde. A.bout 
odrawa elrcle'Of radius ■ lead. Tangent to this circle, dra'wdcm making the angle j' 
with the horisontal, determining d, m. Fix r, and draw tq parallel to dm, determining q. 
Laps and maslmuai port opening are found as in Case (1). . 

The Zeuner Piagram 
intersecting at o; aok 
making the angle j with 
the vertical, and the large 
circle about o of diameter 
representing the valve 
travel. On the diame-- 
ters ok, oa, describe the 
small circles. For any 
crank positiotv 2, the 
valve displacement is o3, 
determined by dra’wing 
the vector o2. About o, 
describe arcs be, de of 
radii equal to lap and 
exhaust lap, respectively. 

Thioug'h the mtersecting 
points b, c, e, d, draw 
radii from o, determining 
Or f, m. and n as the critical piston-crmik positions. The distance iA’ia'the' 
lead, and uk is the maximum port opening. Piston positions are found as‘ 
in Fig. 2, by drawing the circular arc CD through'o, and drawing horizontal 
lines from g, f, m, and n to this arc.' This coustruction gives the piston posU- 
tions ior the left-hand (head end) ad© of the piston in an- engine running' 
‘‘over,” rotation in Fig. 3 being dockwiae. The positions for the crank end 
are worked out by dotted lines. ' 


In Fig. 3, draw jl horizontally, AS vertically, 
C B. ' ■ ' 



ika. 3. — Zeuner Valve Diagram. 
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quite commcm use, and pressurce had riaen to double those above elated. Between 
185Q and 1860, the cuHtomflty pressures in new raginM bad become 20 to 26 lb, and the 
introduction ot the euriaoe-condeneer. remonng the principal difficulty, the later rise in 
pressure waa rapid and has never ceased. The use of the surface-condenser, by reducing 
the loss due to the deposition .of the ealcttun sulphate contained in sen water produced a 
gain of 16 or 20 percent. The' type of hwlcr next'nuide was the cylindrical, Scotch 



Fia. 3.->Side*lever cn^b. 


form with large flues serving as fumacca and the gases returned through tubes, both 
flues and tubes caclosed in one cylindrical shell, and the compound engine introduced, 
the pressures rising rapidly to 60 or 76 lb, these changes resulting in a further economy 
of 30 or even 40 percent in engines designed during the decade 1800-1870. The nest 
ten years carried preasurcs tor compound eo^ea up to 90 and 120 lb and the triple* 


Table 1. Eietorlcal Development of the Marine Engine 


Dale 

Typeofboilw 

Steam pressure, 
lb gage 

T^e of engine 

Piston speed, 
fpm 

1820 


4-7 


■ 175 ' 

1840 


lO-IS 


1850 

Flat-^ided 

20-25 


300, 




Surhice condensing 
Compound 

I8?0 

1880 

Cylindrical 

60- 

450 • 

1835 
■ 1887 

Water tube 

130 

155- 

Triple 

600 

m 


Quadruple 

Quadruple 

700 

900' 



. Z50 

(MerchanO 





Four-eylindei triple 

1,000 

(Naval) 

, 
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Tfat? Zeuner diafrara gives valve displacmests and port openings for all 
crank positions in a eatisfacioiy va^, but ia less accurate than tbe Beuleauz 
diagram for determining the craak poations at 'which the critical events 
occur., . . - 

Example. Given eutofi, angle of advance, and port opening. Draw (in Fig. 
3) AB, fl', and aok, and the drele on jl, of any convenient radius. Fix /, and draw of. 
Draw fg perpendicular to ooi;, detemuning o. On ok as diameter, describe the small 
{dreie, fixing e. About o, desimbe the arc,c:& through e, determining ) and u. Let p be 
‘h fl oe 

the required port openiDg, Then lead = travel = lap = p-^- 

Crank angles and piston positions for various ratios of connecting-rod 
length to length of stroke am g^ven on pp. 1006, 1007, 

' Pistoix valves may be analyzed as in Figs. 2 and 3, but with ''inside edge" 
distribution the displacement of the valve ia (Fig. 1) 
to the left for admission to the left-hand side of the 
piston. 

Multiported valves reduce friction nod clearance. 

Figure 4 shows one form. With a large number of Fro. 4.— Multiported 
ports, this becomes the gridiron valve. Valve. 

Lintits of the Plain Valve. Early cutoS is 
impreoticable with the plats slide valve. The 
point of admission being ^ed, hastening of culofi 
involves larger lap, earlier release and compression, 
and either increased travel or reduced maximum 
port opening. Release can then be delayed by 
increase of eshaustlap, but thia mokes compression 
still earlier. 

The Shifting Eccentric. In Fig. 6, letch, cod, 
ej, and il be the elements of a Zeuner diagram 
^Qg the four critical events atA,o,fc, and;. Let 
it be required to fix cutoff at I, without change in 
admission. Draw ol, and om bisecting the angle S^Zeuner Dia- 

hol. Find a center, on om, for a circle epn, which Eram for Blido ^ Valve 
shsU pass through o and ti, ibe point of interaee- Operated by Shifting fic- 
tion of o! and cf. The required condltioua ore 
met when cpn becomes the valve circle; i.e., when the angle of advance 
is increased by com and the travel is reduced from cd to 2 X op. The sym- 
metrically placed circle on oB now fixes rdease at kt and compression at j:, 
the latter event being considerably hastened. Maximum port opening is 
decreased, but the distribution is superior to thj^ ia a plain slide-valve gear. 

The change in throw and angle of eccentric is accomplfahed in various 
ways such as by using a pivoted orm on the flywheel, under governor control. 
The action may he described by plotting the “path of the eccentric center” 
cp(Fig.5). If this path is strov^ and serlictti, the lead 'will be constant. If 
itia conuei toward o, the travel will be relatively great at late cutoff, and port 
openings small at early cutoff. Equalisation of steam distribution is facili- 
tated when the path is concave toward o. 

Separate Cutoff Valves. Some of the disadvantages cf the plain valve 
are overcome by employing a second auxiliary mechanism, driven from an 
independent eccentric, for eontrol of cutoff only, the point of cutoff being, 
varied by hand or by the governor. In the Meyer valve (Fig. 6), cutoff, 
occurs (on the left-hand ride of the jriston) when 'the auxiliary valve has 





1056 


HECIPROOATJNG HABINE STEAM ENGINES 


expansion engine, coming into use, '1875-1880, the pressure has risen one-fourth or one- 
third more, this type givinga gain of 15 to 20 percent over the earlier compound engmes." 
k brief outline of the development of the marine engine is given in Table 1. 


Steam Pressure. The e&riirat marine engines followed land practioo 
and worked with a steam pressure of 4 or B lb in a single cylinder with a 
cut-off of 0.70 to 0.85. Increase in steam pressure was slow, and it was not 
until about 1880 that 100 lb was reached. The rise in steam pressure was 
limited by the construction of the boilers on the one hand and by the type of 
the engine on the other hand. Flat surface or box boilers could not carry 


pressures over about 30 lb. 
With the advent of cylindrical 
boilers (about 1860) the ob- 
stacle to the increase in steam 
pressure from the boiler side 
was removed, The limit of 
pressure for single-cylinda' 
engines in the early days was 
about 50 lb. As compound-, 
triple-, and quadruple-expan- 
sion engines came into use, 
pressures rose until those in 
use at the present time were 
reached. The curve, Rg. 4, 
shows the increase in steam 
pressure graphically. Except 



in radical or freak designs, Pic. 4. — Rise in steam pressure, 
among which may be men- 


tioned the steam yacht ‘‘Arrow, " which had a triplo-expanslon engine built 


for 360 to 400 lb working pressure, boiler pressures for reciprocating engines 
have not exceeded 300 lb and this pressure is not likely to be exceeded 


unless means are found to make use of greater total expansion. 


Pressure Drop. There is always a drop in pressure between the boilers 
and the throttle valve at the engine, the amount depending on the quality 
and velocity of the steam, the length of the steam pipe, and the number of 
bends and valves in the line. For properly designed piping, this drop 
should not exceed from 5 to 8 lb for merchant work, and from 15 to 20 lb 
for naval work, the larger drop in naval work being accounted for by the fact 
that the distance from the boilers to the endues is usually greater, and, in 
order to reduce pipe sizes and save weight, velomties are higher. 

There is also a drop between the main steam pipe and the cylinder 
through the throttle valve, the engine v^ves, and the ports. In good designs, 
this drop should not exceed from 10 to 15 Ib in either merchant or naval 
work. 


Pressures in Cylinders and Valve Chests. For the purpose of design- 
ing, it is necessary to know the marimura pressure in each cylinder, and the 
pressures in the valve chests. The maxlmuio pr^suro in each cylinder occurs 
at the beginning of the stroke and correspomfe to the initial pressure during 
admission. With slide valves and with piston valves taking outside steam, 
the pressure on the valve-chest covers corresponds to the initial pressures 
in the cylinders. For piston valves takiDg inside steam the pressure on the 
valve-chest covers corro^onds to the pressure of the exliauat from the cylinder 
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ARITHMETIC 

NUMERICAl COMPUTATION 

Number of Slgui^cant Figorea. In any engmeeiing computation, the 
data are ordinarily the result of measurement and are correct only to a 
limited number of ffignificant figures. Each of the numbers 3.840 and 
0.003B40 is said to be pvcti “correct to tour figures”; the true value lies in 
the first case between 3.8395 and 3.8405; in the second case, between 0.0038395 
an'd 0.0038405. The absolute error is less than 0,001 jn the first case, and 
less than 0.000001 ia the second; but the reistire error is the same in both 
oases, namely, an error of less than "one part in 3840.” 

If a number is written as 384,000, the reader is left in doubt whether the number of 
correct sigaiScaiit figures is 3. 4, 6, or 6. This doubt can be removed by wiitisg the 
number as 3.84 X 10», or 3.840 X lOS or 3.8400 X I0‘, or 8,84000 X lOK 
tn any numerical computation, the possible or desirable degree of accuracy 
should be decided on and the computation should then be so arranged that 
the requited number of mguificant figures, and do more, is secured. Carry* 
ing out the work to a larger number of places than is justified by the data is 
to be avoided, (1) because tbe form of the results leads to an erroneous impies* 
sion of their accuracy, and (2) because time and labor aro wasted in super- 
fluous computation. The lalwr of working with six-place tables is neatly 
three times as great as that with fout-pkoe tables. In computations involv- 
ing several steps, it ia desirable to retain one extra figure until just before the 
final result is reached, in order to protect the last figure against the possible 
cumulative effect of small tabular errors. In discarding superfluous 
figures, if tiio fimt discarded figure is 6 or more, increase the preceding 
figure by 1. Thus, 3.14159, written corroet to {out figiireat is 3142; correct 
to three figures, 3.14. Agmn, 6.1297, correct to four figures, is 6.130. 

Addition. In adding numbers, note that a doubtful final 0.2056x 
figure in any one number will render doubtful the whole col- 2 . 572xx 

umn in which the figure Des; hence all figures to the right of 14.25sxx 
that column are superfluous and contribute nothing to the S76,1jxsx 

accuracy of tbo result- 

Subtiactlon. The “Anstriaa’* nr "shop” method is 
recommended. The mental process ia as follows, the figures here printed in 
boldface type being the only ones written down: 

(3 plus how many is 127) 3 plus S is 12; I to tarry. 

17 plus bow many is 157) 7 plus 8 Is 16: 1 to carry. 

3 plus 2 is 7, 8 plus 4 is 14, 


14762 
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or the initial pressure in. the next cylinder. It is usual to express the initial 
pressure in the cylinders and the pressure in the vdve chests as a percentage 
of tlie steam pressure. Table 2 pves the value of this factor for different 
types of engines, the factors being based on the steam pressure at the engine. 


Table 2. Pressurea in Cylinders and Valve Chests 
P B Boiler Pressure tGaRt); p = P - drop from Boiloc to Engitie 


Type of engine 

Compound 

Triple 

Quadruple 

Boiler pressure .• 

)2Sto175 

175 to MO 

200 to 250 

Cylinder 

H-P 

L-p 

H-p 


L-p 

H-p 

1st 

2ci 

w 

L-p 

1 

Initial pressure in cylinders. . 

6.86p 

to 

Q.9p 

O.ISp 

0.9p 

to 

0.95p 

0.3p 

to 

fl.SSp 

O.Olp 

to 

C.«p 

0.9p 

to 

O.OSp 

0,35p 

to 

0,4p 

O.lp 

to 

0.2? 

o.m, 

to 

O.Qlp 

Pressure on valvo-ohcst covers 

for piston valves with out- 

side steam and for slide 
valves 

0.86p 

to 

0.9p 

O.lSp 

0.9p 

to 

0.95p 

0.3p 

to 

0.55p 

0.03p 

to 

O.Mp 

0,9p 

to 

0.95p 

0.35p 

to 

0.4p 

D.lp 

to 

0.1? 

O.OIp 

to 

O.Olp 

Pressure on vaJvc-chcst covers 
for piston valves with inside 
steam 

5,)5p 

3to4 

lb 

aba 

0.3p 

to 

0.35p 

0,03;» 

to 

0.04p 

3to4 

1 

0.35;> 

to 

Up 

O.lp 

to 

0,2p 

O.OIp 

to 

D,02p 

}to4 

lb 

abs 


Expansion. The number of times the steam admitted to the higli-prossure 
cylinder of a multiple expansion engine up to the point of cut*off, incrcnscs in 
volume up to the point of release in the low-pressure cylinder, is called the 
ratio of expansion or tlie number of expansions. If there were no clearance, 
the expansion in the high-pressure cj'iinder would bo the ratio of tlio total 
volume swept through by the piston during ono stroke, to the volume of the 
cylinder at the point of cut-oif, or f = l/h, r hcuig the expansion in the 
cylinder and h the cut-off in ipercent of Uio stroke. But clearance must 
always be taken into account and its effect is to reduce the expansion in the 
high-pressure cylinder and hence throughout the engine. The expansion In 
the high-pressure cylinder, considering clearance, is r = (1 -V c) -r- (i> -V c), 
where c is the clearance volume expressed as a percent of the volume swept 
through by the piston. The total expansion in a multiple-expansion engine 
is the expansion in the high-pressure cylinder multiplied by the ratio of the 
areas of the low-ptesaurc and high-presaore tyhnders. This is on the assump- 
tion that the point of release in the low-pressure Q'iiuder is at the end of the 
stroke, which, for all practical purposes, is eufficlcntiy accurate. 

Example. Cut-oil in the high-preseuic cyUnder is 0.76, the clearance volume at each 
end of the higb-preesure cylinder is 0.12, and the ratio of the areas of the low-pressure and 
high-pressure cylinders, 8; the expaneimi in the high-pressure cylinder, if clearance is 
disregarded, is r ® 1/0,75 = 1.33, and the total expansion L,33 X 8 = lO.U. With 
clearance taken into coneideration, r = (1 -f- 0 . 12 ) -r (0.75 -f 0.12) « 1.29, and tho 
total expansion is 1.29 X 8 = 10.3. The reduction in tile total expansion of the engine 
due to this clearance is therefore 3 percent. 

_ As the number of expansions greatly affects the economy of the engine it 
18 of importance, when designing mi en^e, that the proper expanaion be 
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early cutoff in the , higli-prosaure cylinder increases the total expansion, 
improves the economy of the en©ne, and affects the size of the enpne for a 
given horsepower. The cut off in each cylinder after the high-pressure 
depends on the ratio of its volume to the preceding one. In order to obtain 
a uniform turning moment, it is desirable to ^tribute the power equally on 
the cranks, This distribution may be obtained approximately by varying 
the cutoffs in the cylinders after the high-pressure by adjusting the valve 
gear. In a triple-expansion engine, if the cut off in the intermediate-pressure 
cylinder is increased the book pressoreinthehigh-pressure cylinder is decreased 
and more power ,vrill be developed in that cylinder and less in the intermediate- 
pressure cylinder. Similarly increasing the cut off in the low-pressure cylinder 
will reduce the back pressure in the intermediate-pressure and more work will 
be done in the intermediate-pressure cylinder and lessin the low-pressure. The 
evtoS usual]}’ used in the high-pressure cylinder 0 / different types £>/ engines 
is given in Table 3. 

Data and Performance of Marine Engines. Table 7 giving the sizes, 
proportions, and performances of a number of marine engines for vessels of 
various types well prove useful for reference. Owing to tho scarcity of steam 
consumption data this table lists tho engines of several old vessels on which 
steam consumption tests were made. 

Example, Determine theeiia of a thtce-cylindcr triple-expansion engine for alarge 
cargo steamer to develop 5,000 iHp with 200 lb etcaro pr^ture at the boilere and 27 in, 
vacuum in the condenser. From Tabic 5 wo will eelecl the rpm as 76 and tho piston 
speed as 760 for an engine of this class and Ihp. The length of stroke ntll therefore be 
760 X 12 

ft ^ ' a 60 in. The next step ie to determine the proper M.R.P. to use In ealculat- 

“ A 70 

Ing the area of the low-pressure cylinder. Assume a drop of 10 lb from boilers to engine 
and 16 lb from throttle valve to cylinder.- The absolute initial pressure in the cylinder, 
Pi, will therefore be 190 lb. Assume a back pressure of 4 lb abs. From Toblc 3 tho 
ratio of the areas of the low-pressure nnd the high-pressure cylindors for this pressure may 
be taken as 8,6 and the cutoff in tho high-presmro cylinder at full power as 0,75. Table 
i indicates that the clearance in tho bigh-piessure cylinder may be 12 percent. Expan- 
1+0.12 

Sion in high-pressure cylinder «= expanalon r = 1.29 X 8.6 

(1 + Ioc« 11) 

“= li. Theoretical mep, Pv, « 190 4. From Fig. 10 tho vnlun of 

= 0.31. Therefore Pn = 190 X 0.31 — 4 ■=. 66. Fioia Table G select 

a card factor of 0.68 as it is well in determining tiie site of an engine to allow some 
margin by assuming a safe card factor. M.R.P. then = 66 X 0.68 “ 31.9. Area low- 
5,000 X 33,000 

pressure cylinder « "" ygo x 31 9 '■ “ *** diam ® 94 in. Area high- 

pressure cylinder = 6,900 -r 8.6 = 810 sq in. and diam « 32 in. If the diameter of the 
intermediate-pressure cylinder ie taken 64 in., the rotits of successive cylinders will be 
2.86 and 3.03. 

PEOPORTIONINa OF ENGINE TARTS. 

Throughout this section the 4etiuls of the engine arc proportioned by the 
calculation of pressures, stresses, and factors of safety as is done by the prac- 
tical designer rather than by rules and-empirical formulas.- -As reciprocating 
engines arc no longer being designed for the fighting ships of tho Navy, the 
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selected to suit the other condiUons. The'lotal expansion to use in design 
depends upon the boSer pressure, the cut-off in the Web-piessure' cjdinder, 
and the ratio of the' areas of the low-pressure and high-pressure cylinders. 
The total expansion in the best present-day practice' in marine engines is 
given in Table 3. The total erpaiwloii is approximately absolute initial 
pressure in the high-pressure cylinder A- 22, 17.5, and ' 16 for compound-, 
triple-, and quadruplo-expanaon en^ea ... 


Table 3. Total Expansions for Different Types of Marine Engines 


Type oi engine 

Boiler . 
pressure, 
lb gage 

Cut-off in 
1 h) eylinder, 
percent ! 

Ratio of 
1-p to li-p [ 
cylinder 

Total 

expansion 


125-175 i 

fl.4W.75 ! 

4-5 1 

S.5-7.5 

Triple (merchant) 

175-200 1 

fl.70-0.77 1 

7,54.5 1 

9.5-M 

Quadruple 

200-250 

e.m.71 1 

9-12 

12-15 


Back,Prefi8iire. The term “back pressm’e" is usually applied to the 
pressure of the exhaust from the low-pressure cylinder, although of course 
there is back pressure in the other cylinders due to the exhausting of the steam 
into the next ejdinder. It is of importance to keep the back pressure in the 
low-pressure cylinder as low as possible as this pressure acts on the piston in 
opposition to the steam pressure. In order to keep the back pressure low, 
care should be taken in the de»gn of the low-pressure cylinder to make the 
exhaust passages and exhaust pipes of ample area and free from obstructions 
and abrupt turns, The back pressure in a well-designed low-pressure cylinder 
should not exceed 3 to 4 lb abs. It may be found from the indicator card 
and is usually about 2 lb more than the prepare in the condenser as shown 
by the vacuum gage. 

Vacuum. In recent years, consderable attention has been paid to the 
design of condensing apparatus in order to obtain a higher vacuum. For- 
merly it was the belief among many chief wipncers that there was no gain in 
economy in working with a vacuum over 24 or 25 in, {6 or 6 in. Hg abs) , with 
the accompanying low temperature of air-pump discharge water, as in many 
merchant steamers there isnotenou^ exhaust steam from ausiliaries properly 
to heat the feed water. A high vacuum may reduce the steam used by the 
main enRiae, but when the total heat used is taken into consideration, in case 
of inauffident auxiliary ediaust elearo to heat the iecd water, the fuel con- 
sumed may actually increase. There is a limit to the vacuum to which exist- 
ing engines, design^ without sped^d attention being paid to exhaust ports and 
passages, will respond, and any increase in vacuum over about 25 in. may 
actually prove a loss owing to the increase in power required for air and 
circulating pumps. 

Clearajice, Volumetlio clearance is the volume enclosed between the 
piston and the valve face st the beginning of the stroke and is expressed as a 
percentage of piston ^splscement. This percentage varies with the size 
of the engine, the ratio of diameter to stroke, the location of the valves, and 
the size and length of ports. The percentage of cloaranco is greater in a fast 
running engine, as the ports are made larger to avoid excessive steam veloci- 
ties, The actual clearance volumea of an enpne ate found by measuring 
the amount of water or other liquid required to fill the clearance spaces. 
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Tal}ls 7. Bata and Peiformancea of Marine Gnpues 


Vessel 

Type 

ressel 

Date 

Type 

engine 

Diam cylinders, 
in. 

Stroke 

Virginia 

Kver 


SnsyLtr^lc 

2(17-27-43) 

24 





21.9-54-57 

39 

Vespashn 

Freight 

1909 

3-cpL triple 

22H*3i-59 

42 





23-25-57 


MariiiTia 

Freight 

1915 

triple 

2134-3^-63 

42 

Mel*or ' 



O^yl. triple 

29.4-44-70.1 



CK) taiJrer 

1913 

3-cyL triple 

2434-4134-72 


Madison 

Freight & 1 

1911 

3<yL tripie 

2634-44-74 

54 


pasaengcr i 






irreieht. I 

19N 


29-49-84 


MiaaesoU 

Freight & 1 


J-cyl. triple 

2(29-51-89) 

57 

El Sol 

passenger 

Freight 

1910 


5434-57-96 



Yacht 

1909 


n34-I9.223M6-22‘H9 


Florida 

Bay steamer 


4^yL triple 

2434-40.47-47 

42 

Soutlilaad 

Bar steamer 

1909 

4<yL triple 

2MU5(U50 

42 

Birmincbara 

U. S. cruiser 

1909 

4>cyL triple 

2^3^-46.6^62 


Wlhelraina 

Freight & 

1909 

4.«yLtripld 

35-58.69.69 

60 

South Carolina.... 

U.S. 

1909 ' 

4.«yL triple 

2(32-52-72.72) 

48 

Delaware 

,”Ks. " 

1909 ; 

4*cy1. triple 

2(3834-57-76-76) 

46 

James C. Wallace.. 

Freight 

1905 ' 

Quadruple 

, 1834.2SHj.43M.66 

42 


Freight 

1914 


'934-28 3H1-60 


J, D. Rockefeller .. 

, Oil tanker 

1 1914 


24-35-51.75 

i 

Pres. Grant 

River 


Qu.adruple 

2(25.36-52-75) 

1 SI 


tteamer 





Mason 

Freight & 

1913 

Quadruple 

27-39.5W7 

i 54 

Soxenia 

passenger 
) Freight k 

1 1901 

Quadruple 

' 2(29-41 ).t-i9.84) 

' 54 


passenger 





Moagolia 

Freight & 

1904 

Quadruple 

2(30.43^3-89) 

60 

Cap FinUtetre .... 

^reigh't& 


Quadruple 

2(30.44-62-90) 

55 

Geo. Waahinston.. 

passenger 
Frught & 

m 

Quadruple 

2(18,2-S6.W9.9.\U.2) 



passenger 





Germania 

Tug 


Compound 

13-24 


Rush 

Revenue 

fcdtUl 


Compound 

24-38 

27 



















Gallatin 

Revenue 


Single 

34,1 



cutter 






River 



38 



steamer 





Lancaster 

River 


Beam 

48 



steamer 





Smithfidd 

River 


Beam 

51 



steamer 





Adirondack 

River 


Beam 

18 



steamer 
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CleaiaEce volume may also be calculated from the engine drawings with a 
fair degree of accuracy. Linear or piston clearance (seep, 1077) ia the dis- 
tance between the piston and the (^linder at each end arid may account for 
only a small part of the volumetric riearanec. The steam in the clearance 
space does no work except during expansion and, ns it is not practicable to 
carry compression completely to admission pressure, a certain amount of 
fresh steam must be supplied each stroke to fill the clbaraace space; clear- 
ance therefore increaaoB Steam consumption. Clearance also reduces 
the ratio of expansion (see p. 1057) and consequently reduces the work 
done per pound of steam. 

Although clearance should be kept la small as possible, a cortaia amount is neccBsarj' 
at each end of the cylinder to provide space for the water which may bo condensed 
when starting the engine, or which may be carried over from the boilers. By keeping 
the valves close to the cylinders and making the ports horizontal the values given under 
"short ports” in Table 4 may generally be realized. 


Table 4. Volumetric Clearances in Percent of Piston Displacement 



Short 

porli 

Medium 
length ports 

Very long 
ports 














6^ 

5-10 

12-14 



EFFICIENCY 

Thermal 

The transformation of heat energy into mechamcaf energy or work is 
aocorapliehed by a series of processes called a cycle, during which the working 
fluid passes through successive st-ates of pressure, volume, and temperature, 
wluch, after completion, leaves it in its initial state. The efficiency of a 
cycle is the ratio of the heat energy converted into useful work to the heat 
energy supplied. 

The Carnot cycle as shown in Kg. 5 consists of two isothermal lines ah 
and cd representing the application and rejection of heat at constant tempera- 
ture and two adiabatic lines be and da lepreacnting expansion and compres- 
sion without transmission of heat to or from the fluid. It is impracticable to 
construct an engine to operate on this cyde, but it is important as being the 
most efficient cycle. The effidcncy of the Carnot cycle, Ec = (T\ - Tc) 
j Ti, where Ti, and Te are the absolute temperatures of the steam at admis- 
sion and exhaust, respectively. 

The Rankine or ideal cycle more nearly approaches the cycle of events in 
an actual engine. An engine operating on this cycle. Fig, 6, would receive 
vapor at constant pressure (ab), e^qand adiabaticnlly to exhaust pressure (be), 
exhaust against constant back pressure (e^, and compress adiabatically to 
admission pressure (da). In sueh an 'engine .the exhaust valve would not 
open until expansion is complete, the walla would be nonconducting, there 
would be no friction, no leakage past the valves or the piston, and no drop in 
pressure through the throttle, adinisarai, and exhaust valves. The efficiency 
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of the Ranldnc cycle, Er - q, -i- q, where is beat converted into work by 
this cycle (adiabatic or isentroinc heat drop) and 5 is heat suppbed. 

In the actual engine however the above conditions are not realized and the 
actual efficiency is much less than the ideal. The actual thermal effi- 
ciency, Ea ~ qa A- q, wh^e g* is heat converted into work by the actual 
eugine. 

It is usual to compare the actud effidency of an engine with the efficiency 
of the Rankme or ideal eo^c. This is coiled the cylinder efficiency or 
efficiency ratio, Sr "i- £» = gn •j- gr, and ia the ratio of the heat converted 
into work in the actual cI^iDe to the heat which an ideal engine (Rankine 
cycle) operating with tlie same admissioa and exhaust pressures, could trans- 
form into work. 



Fia. 5.— Carnot cycle for steMi. Fio. 0.— Rankine cycle. 


All the above efficiencies are based on 1 lb steam, and the heat supplied 
to the steam, q, is the heat supplied by the boiler and the feed-water heater 
above the heat of the liquid at exhaust pressure. 

Example. The steam consumption o( a marine eneine at full power la 14 lb per 
ihp-lir. The pressure ia the main steam pipe is 200 lb sage with 60 dog superheat and 
the vacuum le 27 In, Find ( 0 ) Carnot efficiency, ( 6 ) Rankine or ideal effloiency, (c) 
actual efficiency, and (d) efficiency ratio. 

(a) Absolute temperature of steam at 200 lb gage bnd 60 deg euperheat, T\ a 438 4 . 
460 s 898 deg. Absolute temperature of steam at 27 in. vacuum, f, = 115 4- 460 > 
675 deg F. 

„ „ . 898 - 576 

Camol efficiency = — rrr — = 0.36 


(b) The adiabatic beat drop from 200 lb gage and 50 deg superheat to 27 ir 
is best found from an entropy chart. 

Btu 

Heat content of steam at 200 lb gage and SO deg superheat = 1232 


Heat content of steam at 27 in. and same entropy » 901 


1 . vacuum 


laentropic heat drop, gr = 331 

Heat content of steam at 200 Ib eage and SO deg superheat = 1232 
Heat content of water at 27 in. vacuum (115-32 deg) ^ 83 


Heat supplied, g = 1149 

331' 

Rankine 01 ideal efficiency = = 0.29 
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proportions girea here a« forengjnos of morchaiit vessels or of naval auxiliary 
vessels, which, when using rcdprocating engines, follow merchant practice. 

Stresses in marine engines are kept low, and large factors of safety are 
used to make the engines safe agdilst the strains caused by rolling and pitch- 
ing. Furthermore, low stresses and massiVo parts guard against breakdowns 
at sea with their accompanying dangers Jmd delays, 

Indicated and Effective Thrust. It is mual in designing thrust bearings 
for icdpiocating engines to haeft the etre^es and preasureB on the indicated 
thrust and the propottioM of thrust beatings in this section arc on this baaa. 
The actual or effective thrust may he fqund by multiplying the indicated 
thrust by 0.55 which is the comlnned efficiency of engine and propeller, assum- 
ing the efficiency of the propeller 65 pericent arid the mechanical efficiency 
of the' engine; including s^ft bearings and attached pumps, 85 per cent. 

Destructive Loads for Crdumns. The sized of piston rods, connecting 
rods, and other parts acting as struts are determined bj’ treating them as 
columns. This involves the ratio of length (L) to radius of gyration (p), and 
the destructive load for the material of which the part is made. The column 
calculation may be greatly simpliBed by the use of Tabic 8, giving' tho destruc- 
tive loads for various v'alues ofZ> ^ p for different classes of material. These 
values arc based on the results of an extensive series of experiments on 
iron and steel struts made by the Pencoyd Iron Works and published in their 
handbook, The steel used in merchant engines averages about 70,000 lb 
ultimate tensile strength, and Ibis value is used in the safe stresses and factors 
of safety given in this section. These figures should be corrected if steel of 
different ultimate tensile strengtit is used. 


Table 8. Destructive Loads for Iroa and Steel Struts 

(Adapted from Peacoyd'e Eandbeok) 

L s Length of column in in. p ^ Radius of gyratioa in in. 




Medium steel of 


of 


of about 46,000 10 55,00011: 


about 100,000 lb 

L 

tensile strength 

tensile strength 

teneile strength 





Fired 

Hinged 






ends 

ends 

ends 

ends 

ends 

ends 

ends 

ends 

ends 

2n 



44.001 

702100 

702)00 

66.900 

100.000 

100.000 

95,600 




40250 



47200 

74,000 

74.000 

69,300 

40 


40.000 

%M» 

462100 


41.900 

62.000 

62,000 

56.600 




J33W 

44M0 


38AQ0 

60J300 

mm 





30.500 

42000 

42.000 

35.600 

58,000 

58,000 

49.100 

70 



27,750 

402100 

39.700 

32.600 

55,000 

55.100 

45300 




25.000 

382100 

37.400 

29,700 

53,000 

52.200 

41,400 





36,100 


26.500 

49.900 

47,800 

36.600 




20Joe 

34200 

31.900 

23,400 

46,800 

43,700 

32,000 




18.500 

33.100 


21,100 

44,700 

40,400 

28,500 




16300 

31300 


18,800 

42.600 

36.900 

25,100 




14.650 

30.100 

25300 

16,500 

39,400 

33,500 

21,600 





2S20» 


14,200 

36,300 

29,900 

18,200 




11.150 

Z630Q 

20200 

12.300 

34,200 

26,500 

15,700 

160 



9300 

25300. 


10,400 

32.200 

23,100 

13,300 





D.400 


9240 

29,600 

20,300 

11.800 

IbO 



7.500 

21.400' 


8.030 

27.400 

17300 

10,300 

I'^O 



6J50 

19.400 

12,200 

6.990 

25,100 

15,800 

9.060 

200 

17.500 

10 , too 

6J}00 

17300 

11.000 
1 

6.120 

22,900 

14,100 

7.860 
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Actual heat turned into work, per Ib steam, 9 « = 182 Btu 

182 

Actual efficiency = = 0.16 

0.16 182 „ 

((f) Efliciency ratio “^“ 331 “ 

Aside from improvement in mecliaraool features the efficiency of an engine 
may be increased by (1) incrcawng tbe initial steam pressure; (2) reducing 
the back pressure; (3) redudng condensation 'and rcevnporntion in the 
cylinder by (a) superheating, (b) steam jacketing, (c) compounding. 

The effect of increasing initial pressure and reducing back pressure 
is illustrated by the curves in Fig. 7. It will 1x5 noted that a largo increase in 
initial pressure is required to produce an effect equal to a small reduction in 
back pressure. 


40 




o 


Ui 


ABSOLUTE INITIAL PRESSURE. 

Fig. 7.— Carnot and Ranldno efliiaoncy with dry saturated steam. 

CylvnAw OuniensaUtm ani IRtpOTtspoT^AiciTi. 7100 ioWowing treat- 
ment of this subject is from Barton's “Naval Engines and Machinery,’’ U.S, 
Naval Institute; Excepting the loss of beat to the condenser in the exhaust 
steam, initial condensation in the cj'lindcrs is the moat serious loss connected 
with the use of steam as a worlung medium. During admission, expansion, 
and exhaust, there is a complex interchange of heat between the cylinder walls 
and the steam, greatly increasiug the ateam consumption and reducing the 
efficiency. Steam at admisrion comes in contact irith the metallic surfaces 
of the cylinder walls which have been cWlled by contact with the cool steam 
of expansion and exhaust of the previous stroke. Condensation immediately 
commences and continues un^ the temperature of the cylinder walls 
approaches that of the steam. Since the throttle is still open, fresh steam is 
supplied to take the place of the steam liquefied, so that at the point of cut-off, 
much more steam has been supplied than corresponds to the volume of the 
admission space. After cut-off the deposited moisture and water begin to 
reeyaporate as soon as the temperature of the steam falls below that of llie 
cylinder walls, and the weight of tbe steam pr^nt in the cylinder as steam 





■ (i = Distance of center of gravity above auumed ti^ RK o 3021 + 177 = 17,07 in. 
7 of rectangular section = + 12. Total moment of inertia I of section = 2i 4- 

_ADr = 6163 4. 13,335 a ig,84g. " Ti “ tUrtnnee 'to extreme fiber in tension = 17 07 
• r distance to.extreme fiber'in comprmaioo « 15.93 in.' 2, « Mction modulus 
ktension) * j y, = 1163., ; Zs ® seotion modultm '{eoinpreBsiorO => J1+ =' 1245. 
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gradually increases toward the end of the stroke. This heat transferred to 
the steam hy reevaporaticai du ring expsnMon and before exhaust does a small 
amount of work on the piston, but the heat transferred, to the steam during 
eihaufit goes directly to the condenser Uiua Incteaauig the already large 
exhaust loss. In general in a angle c^inder, condensation and loss from 
reevaporation are increased 1^ an increase in the range of temperature 
between admission and e:diaust. 

Superheat. The practjeal advMitages of superheated steam are primarily 
due to the reduction, of the losses cau^ by cylinder condensation. If the 
steam is kept dry to thepmnt of cut-off, these losses are practically eliminated. 
This would probably reqmrc Ingher superheat than is otherwise desirable in 
marine work. In early days with the very low boiler pressures in use, con- 
siderable gain in economy resulted from the use of superheated steam as a 
large quantity of heat could be added mthout increasing the temperature 
to a dangerous extent. As hoder pressures rose to about 60 Ib, the total 
temperature became too hi^ for the construction and materials then in use 
and superheat was discouUnued on the ground that tlie liigh temperature 
dried up the unguents, destroyed the packing in the stufhng boxes (metallic 
packing was unknown), and caused exccs^vo wear in the cylinders. Later 
on, however, the use of superheat in marine engines was revived and during the 
past 20 years there have been many successful installations using modersta 
and high superheat in both morclmt and naval vessels. There is about 
1 per oent increase in economy for each 10 deg F of superheat. 

As steam at high temperature has a chemically corrosive effect on all brass 
and copper besides causing other troubles, the present tendency with reoip- 
locating laaiinc endues is to use modcrato superheat (not exceodiTig 100 
dog F) to ensure dry or slightly euperheated steam at admission. 

With saturated steam the cylinder walls are lubricated by the condensed 
steam and by the oil eutmng the cylinder from the use of oil swabs on the 
rods, but with superheated steam oil lubrication must be supplied and this oil 
must be removed from the feed water before it enters the boOers. On account 
of the high temperature special metalUc packing is required at least for the 
piston rods and valve steins of the high-pressure cylinder. 

Steam Jackets. By constructii^ the cylinder with jacket spaces and 
filling these spaces with live steam, cylinder condensation may be reduced. 
The jacket steam, to he effective, must bo kept in circulation, and this causes a 
Joss by condensation in the jacketa which may entirely offset the gain pro- 
duced by the prevention ol condensation wifliin the cylinders. Tests made to 
determine the economy of steam jackets have usually indicated some gain. 
However, it is doubtful if in everyday practico there is much economy in the 
use of steam jackets on account of general defects in the system and lack of 
attention by the engineers. Also in large engines the thickness of the walls 
interferes with the rapid interchange of heat. But even if there be no 
economy in the use of steam jaedeeta, tiie jacket provides a method of wanning 
the cylinders before starting up. At present, Eteam jackets are very seldom 
used in merchant engines and, when used, only those cylinders are 
jacketed which are 'fitted wHh liners which provide the jacket spaces. In 
naval work it is the practice to jacket ail cylinders. In order to prevent 
excessive condensation in the jacteta, jacket stoem for intermediate- and low- 
pressure cylinders should be reduced to a pressure corresponding to the tem- 
perature of admission steam within the cytiaders. 
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of the extreme fibers on the teo^n and compression sides. Table 9 &ves 
the calculations for the moment of inertia and section moduli for the section 
shown in Fig. 11 . 

Unbalanced Load. The unbalanced load (P) on the high-pressure piston 
is taken as the basis for proportioning and calculating the strength of the 
piston rods, crossheads, connecting rods, and housings and for calculating the 
pressure on the crosshead pins, crosshead slippers, crankpins, and main bear- 
ings. The unbalanced pressure is the difference in the absolute pressure cm 
the opposite sides of the piston at the time of admission and is found from 
the indicator card. The unbalanced load then is the ares of the cylinder 
multiplied by the unbalanced pressure. The unbalanced loads in the 



Flo. 12.— Unbalanced steam pressures in marine engines. 

different cylinders vary wth the ratios of the cylinders and the valve setting, 
the load on the intermediate-pressure piston of a triple expansion and on the 
2d intermediate-piston of a quadruple expansion engine being higher than 
the load on the high-prcssuro piston, but for ali practical purposes the high- 
pressure unbalanced load may be used for all cylinders. The unbalanced 
pressure in all cylinders except the low-pressure vary with the boiler pressure, 
and the curves in Fig. 12, taken from the indicator cards from a number of 
engines, show the unbalanced pressures in the cylinders for different boiler 
pressures. The piston rods, crossheads, and connecting rods are usually made 
the same size for all cylinders. For tiiepurpose of calculating the strength 
of these parts for the low-pressure cylinders of foui^ylindcr triple-e-xpansion 
engines, it is advisable to assume the unbalanced load in these cylinders as 
BO per cent of the unbalanced Itffld in the high-pressure cylinder as the actual 
unbalanced load often runs hi^er than the theoretical 50 por cent. 
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CompoMTidilig. To obtain tbo intt benefits ol high picssures and largo 
ratios of expanaion, it is neccssery that the expansion bo carried out in two or 
more cylinders in order to itsd'ace cylindei condensation by reducing the 
range of temperature in each. Furthermore, the steam reevaporated during 
the exhaust stroke in one cylinder is avaskUe for expansion in the next instead 
of passing directly to the condenser. The usual pressure ranges for com- 
]>ound*, triple-, and quedtuple-expanaon enpnes ate given in Table 3. 

Mechanical 

The mechanical efficiency of an en^e is the ratio of the horsepower 
developed in the cylinders, ihp, to the horsepower delivered to the shoft, 
ghp, as determined by the use of torsion meters. The difference between 
the two ifl the frictional loss. The mechanical efficiency of marine engines 
varies from 0.90 to 0,93 at full power to 0.94 to 0.95 at low powers. Bauer, 
in "Marine Engines and Boilers,*' cites several marine engines in whicli the 
meohnnical efficiency runs from 0.91 for a 1,640 ilip engine to 0.935 for one 
of 4,500 ihp. Archibald Denny in a paper read before the Institution of 
Naval Architects, March, lOOV, gives a curve of mechanical efficiency of a cer* 
tain marine en&ne whidi shows values of about 0.025 at 1,825 ihp, 0,937 
at 400 ihp and 0.947 at 230 ihp. The mechanical efficiency of engines 
with attached pumps will be at least 5 percent lower than the above figures. 

Steam Consumption. It is usual to rate the economy of marine on^ncs 
in terms of steam .consumption per ihp-hr. In general, the steam con- 
sumption per ihp will be 
lower for engines with high 
ratios of expansion if prop- 
erly proportioned as to 
ratios of cylinders, cut-ofi, 
clearance, etc,, than for 
engines with low ratios of 
expansion. Other consid- 
eratiems which improve 
economy are superheating, 
lubricaUfto, Eoud work- 
manship and alignment, 

and proper care and opera- PER CENT POWER 

tion. Very few tests of 8_ — Characteristic reciprocating-engine 

steam-consumption of Btcnm-consumption curves, 

reciprocating merchant 

engiuca have been made and publlsbcd but Table 7 gives the steam con- 
sumption of several merchant and naval engines of different types. ' 

The steam consumption per ihp incToasw aa the power decteaaea. It 
is also usually higher at overload than at designed' full power. These 
characteristics arc shown by the curves in Fig. 8, in which steam consumption 
per ihp is plotted against per cent of power, calling designed full power 100 
per , cent. The steam consumpticia per ihp of merchant engines, which are 
proportioned to' meet the conditions given in Table 3, exclusive of auxiliaries, is 
approximately o& follows; compound 500 to l,Q0Q ihp, 18 to 22 lb; triple 1,000 
to 2,000 ihp, 16 to 17 Ifa: 3,000 te 6,000 ihp, 16 to 16 Ib; quadruple 2,000 to 
4,000 ihp, 12.5 to 13.5 Ib. The use of BUperheat'ahould reduce these values 
about 1 per cent for each 10 deg.' ' , '' • 
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Cylinders 


Cylinder Liners and Barrels. The cylinder barrel, bottom, and valve 
chest are cast in one piece which makes a complicated casting. For this 


reason a good quality of close-grained 
cast iron that will run easily must be 
used. This quality of cast iron docs 
not resist the wear of the piston rings 
as well .as will a harder iron but 
hardness must bo sacrificed to ensure 
a sound casting. On account of the 
high pressure and temperature in the 
high-pressure cylinder it is more liable 
to (raoturc and wear than arc the 
other cylinders and so it is customary 
to fit this cylinder willi a close- 
grained cast-iron liner as hard ns can 
ha conveniently machined. In mer- 
chant practice, it is not usual to fit 
liners in low-])ressure cylinders, but 
they are often fitted in intermediate- 
pressure cylinders. Some owners, 
however, prefer to have liners in all 
cylinders to lesson the cost of renewal 
in case of fracture or serious wear of 
the cylinder bore. 

Figure 13 shows a h-p cylinder 
with a pistOD-vhlve chest and with 
straight and direct ports. This gives 
a much smaller volumetric clear- 
ance than is possil^ie with the long 
curved ports formerly used. It will 
be noted that the top and bottom of 
the valve chest extend above and 
below the cylinder, but tliis is less 
objectionable than large clearances. 
The space between the liner and the 
cyHnder is made small to reduce to a 
minimum the volume for steam in 
case the joints between the liner and 
the cylinder leak. For examining 
tlio valve laps without removing the 
top valve-chest cover, inspection 
holes fitted with covers are provided 
on the side of tho valve chest in line 
with the top and bottom steam ports. 

figure 14 shows a low-pressuro 
cylinder from another engine with a 
double-ported slide-valve chest 



• Fig. 13.— High-pressure cylinder. 


mid with the ports as short and direct as is posable with this type of valve. 
The volumetric clearance is small and the sUdo valve permits the top of tlie 
valve chest to como in line with the top of tho cylinder. A manhole in tho 
bottom allows access. 
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DETERMINING SIZE OF THE ENGINE 

Sfee of IiOW-pteSBMie Cylindw. As tbs low-pressure cylinder must be 
of sufficient size to pass hU stesia used by the engine at terminal pressure 
it is lopcal, in determining the size of an en©ue for a given horsepower, that 
the diameter of the low-pressure cylinder be determined first. The length of 
the stroke, revolutions or piston speed (F.S.), and the mep referred to the 
lovr-presswe cylitvdet must first be selected, riion area low- 

pressure cylinder in SQ in. ~ x m Thediamotersofthehigh- 
pressure and low-pressure c^indetu are determined by the ratios of their 
areas to the area of the low-pressure cylinder. 

Length o! stroke is chosen'to suit the sise of the engine and the conditions 
under which it is to operate and is ordinaiily 0.6 to 0.7 oi the diam of the 
low-pressure cylinder. When there are two low-power cylinders, this factor 
refers to the diam of one equivalent O'Under- 

Revolutions per minute (rpra) also vary with the size of the engine 
and tho class ol servitts. Table 5 pves the revolutions and piston speed 
generally adopted for reciprocating engines for vessels of various types. Pis- 
X . rpffi X stroke X 2 

ton speed (p.S.) m ft per mm = — 

Table 5, Revolutions and Piston Speed oi Reciprocating Engines 


Type of vessel I Rpm I 


T\igbonte and other small craft. . 
Screw river and bay steamers, . . . 

r.nrgc passenger steamers 

Large cargo steamers 


Mean Referred Pressure (M.R.P.). In a multiple-cylinder engine the 
mean referred pressure is the mep that would be required if the work of 
all the cylinders was done in the low-pressure cylinder. BI.R.P. = 

ibp X 33, 0 00 piston rod is not deducted. The 

area I-p X 

is always calculated when the power of an engine is determined from indi- 
cator cards as a means of comparison with other engines, and it is also used 
in determirung the size of the low-pr^ui« cylinder ol a multiple expansion 
engine. The designer in determining the M.R.P. must properly coordinate 
the factors upon which the M.R»P. depends, viz.; the cutoff in the high- 
pressure cylinder, the initial steam pressure, the back pressure, and the ratio 
of the areas of. the low,^rcs3ure and high-pressure cylinders. The initial 
pressure in the high-pressure cyBnder depends upon the drop in pressure 
between the boilers and the cylinder as discussed on p. 1050. Backpressure 
in the low-pressure cylinder has ^ been discussed on p. 105S. TheM.R.P. 
to suit the given conditions is found by calculating the theoretical mep and 
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multiplying this by the car6 factor. The mean referred pressures for engines 
of different types are given in Tabic 7. 

Theoretical Mean Effective Pressure. This is the mean pressure 
o5 adiidsaoTi an'i us tJaewn \is the tiwucUtal diagram in Tig. 9. 

This diagram represents the 
pressure and volume of the 
steam admitted to the high* 
pressure cylinder, the expansion, 
through all the cylinders, tlie 
volume of the steam at release, 
and the theoretical pressure at 
exhaust. It is usual to assume 
that the steam expands in ac- 
cordance -with the law pr = 
constant in which case the ex- 
pansion curve ig hyperbolic 
and the theoretical mop, 


K 





Fig. 0.— Combined actual and theo- 
retical indicator diagram for a triplo- 
expansion engine. 


which P\ ia absolute initial 
pressure, r is total expansion, 
and pt absolute bach pressure. 
To simplify the calculation the 


values of r may be taken from 
the curve in Fig. 10. In. calcu- 
lating Pm it is advisable to use a 
drop of about 10 Ib between 
the bcalcrs and the engine and a drop of about 15 lb from the throttle' 
valve to the cylinder for the ordinorj' arrangement of machinery end piping. 
With these assumed drops 
the absolute initial pres- 
sure, P^, will be 1*1 lb less 
than the boiler pressure 
by gage. Ordinarily a 
hact pteasure ot 4 lb nbs 
may be assumed. The 
value of r is calculated as 
shown on p. 1057, 

Card Factor. The 
ratio of the areas of the 
actual indicator cards to 
the theoretical combined 
card ABODE as shown in 
Fig, 9 or the ratio of the 
actual mean referred pres- 
sure to the theoretical 



10 12 14 16 18 20 
Total Expansion = r 
Fio. 10. 


mep (M.R.P. is called the “card factor." This factor represents the 
Josses due to cylinder condensation, drop in pressure- through ports and- 
passages, and all other losses between the heat available in tho steam and the 
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Thickness of Liners and Barrels, In determining the thickness of' 
liners and of cylinders without liners, aUowanoe is always made for reboring. 
The following formula, in whi{^ P « boUor pressure, D = diam in in., / = 
allowable fiber stress, and c = a constant for rcboring, is used in determining 
the thickness of high-pressure cylinders and liners; thicknoBS » (P X D) 

2l + c. The constant c is usually taken as m. and the stress is kept low; 
1,500 Ib for small and 2,5{)0 lb for large high-pressure cylinders is good prac- 
tice. In determining the thickness of cylinder barrels in which liners are 
fitted, the same formula and the same stress arc used but no allowance is made 
for leboring; in this case jD'=the actual cylinder-barrel diameter. The 
thicknesses of different sizes of high-pressure cylinder liners and of cylinders 
fitted with liners for a steam’ presBure of 200 lb are given in Table 10. For 
pressures above or below 200 lb the thickness should be increased or decreased 
accordingly. It is usual to make the thickneas of cylinders and liners for the 
other cylinders the same as the high-pressure. In designing cylinders much 
depends on the judgment of the designer in giving duo consideration to 
factors such as the minimum thickness of a largo cylinder to ensure a sound 
casting, the ribbing of flat surfaces, and the avoidance of lumps of metal 
which may cause cracks or spongy spots in the casting. Table 11 gives the 
thickness of low-pressure cyiindcre with and without liners. 


Table 10. Thickneas of H-p Cylinders Fitted yrith. Liners 
For 200 Lb Steam Pressure 


Diam of boro 

Tbickness cylinder 

Thickness liner 

15 1 


15Ii 

10 

IM> 


25 

1M 

1H 

JO 

lli ; 

115 

35 i 

Wi 

IH 

<0 


l?i 


Table 11. Thickness of L-p CyllDders 


Diam of bore 

■If liner fitted 

If no liner fitted 


■■■■■ 

HIIIIHIHH 


















13t 



IJi 


Thickneas of Cylinder Walls, Representing the thickness of metal in 
the.cylinder without liners by t, the tidekness of the different walls of the 
cylinder may be taken as foilows: tbiekneBS of metal in bottom = 1; in steam 
ports and valve chest = 0.86t; in Blide-valve face = ,1.3i; in cylinder feet = 
^ to l.lt; in ribs in cover or bottom = t.. 

.The cylinder bottom should he strong ribbed and a good connection 
nade to the cylinder feet as the unbalanced load is transmitted through the 
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heat actually converted into trork in the (flinders. This factor varies with 
the number of cylinders in which expanaon takes place, and various other 
considerations. . For the usual ratios of cylindecs and total expansions the 
values in Table 6 may be used for saturated steam. Methods of calculating 


Table 6. Ratio of Actual to Theoretical Mean Referred Pressure 
(Card Factor) 


Type d engine 

Card factor 



Two-cylinder, eosiMusd p&ddle entiaes 

Two-cylinder, smell compound screw enpoes 

0.62-4.66 

0.5W).66 

Three-evlisder, triple-expsndoo meichtntensinM 

Four-cylinder, tripie-expaosioD merchant engines 

Four-cylinder, qusdrnple-expsntiott merehant entines 

().5W).63 

0.57-0.62 

. 0.60-0.64 


card factors differ in thatPi issometimes taken the boiler pressure and some- 
times the back pressure and clearance are neglected. With superheat the 
specific volume of the steam is increased and larger cylinders ore required for 
the same power. It therefore follows that smaller card factors must be used. 
Data from actual eogincs show' that the card factor is reduced approximately 
1 per cent for each 10 deg of superheat. The use of steam jackets InoreaBes 
the card factor. 

Ratios of Cylinders. The ratio of theareasofthelow-prcseureandhigh- 
pressure cylinders of a multiple-expansion engine must bo taken into consider- 
ation in connection aith the total ratio of expansion. The ratios for different 
boiler pressures and ratios of expansion for well-proportioned marine engines 
are. given in Table 3. The ratios of the areas of successive cylinders, in con- 
nection nith the cutofi in each eytioder, affect Ute power distribution in the 
different cylinders. In practice it is usual to determine the sizes of the 
intermediate cylinders more or less arbitrarily and proportion the cutoffs 
to suit the ratios. In triple-expansio n enpnes the ratio o f the areas of suc- 
cessive cylinders is approxi mately V area 1-p. area h.p, and in quadruple 
engines approximately V*^real.p. area h.p. However, it is usual to 
increase somewhat the ratios of the areas of successive cylindere, toward the 
low-pressure cylinder, approximately as foUows: 



h-p 

2d i-p 1 
lal i-p 

2d Ip 

L-p 

H-p 





' 7,5-8.5 
W2 


2-2.2 

2. 1-2.3 

2,2-2,4 



The ratios of cylinders for engnes of different types are given in Table 7. 

Cutoff. The cutoff in the high-pressure cylinder regulates the total 
horsepower of the engine, and tiie cutoff in the other cylinders regulates the 
distribution of power in the different qdinders. Decreasing the high-pressure 
cutoff decreases the total power as less steam is admitted per stroke. Simi- 
larly increasing the high-pressnre cutoff increases the total power. An 
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feet to the eagine framing. Sometime for very large cylinders' or ■ when 
jackets are used, the bottom is made double. In large cylinders a manhole 
is fitted in the bottom for access as shown in Fig. 14. 

Water Testing of Cylinders. After the cylinder castings are machined, 
they should be tested by water pressure for strength and soundness as follows; 
faigh-pressurc cylinders to 1.5 times the boiler pressure, interrhediate-pressuro 
cylinders to 1.5 times the initial pressures ^ven in Table 2, and low-pressure 
cylinders to 25 lb. 

Steam ports are made as wide as practicable to keep the height a mini- 
mum and thereby reduce the valve travel. The area is determined by the 
steam velocities given in Table 13. The steam ports are made as short and 
direct as practicable to keep the volumetric clearance small and to reduce 
resistance and condensation. Atarupt tutus and projections in the ports 
should be avoided. 

Cylinder Bolting. Cylinder cover studs vary from ia. for a 15-ia. 
cylinder to in. for a 40'in. high-pressure cylinder. Valve-chest cover 


3Scr^v^Powels 



studs vary from 1 to in. for the same size cylinders. One size of studs is 
used for all cylinder covers and one size for all vdve-cliest covers in the same 
engine. Titcho! studs in diameters to ensure tight joints should not exceed: 
3 to 4 for high-pressure, 4 to 5 for intermediate-pressure, and 5 to 6 for low- 
pressure cylinders. The stress in the studs should be based on the initial 
pressures in the cylinders and vdve chests given in Table 2 . Stresses should 
not exceed 3,000 lb for small and 5,500 lb for large studs. The flanges for 
cylinder and valve-chest covers should be 2.6 to 2.8 times the diameter of 
the studs in width and 1.4 to 1.8 times the diameter of the studs in thickness. 
For bolting in the feet see p. 1083. 

Securing Cylinder Liam. It is very difficult to make joints between 
the cylinder and the liner which will remain eteamtight after the engine is 
in commission. It is therefore important that the space between the cylinder 
and the liner, wliich may be filled with steam, bo reduced to a minimum. 
Figure 15 shows a liner supported by a shoulder turned near the upper end. 
The liner extends to the top of the cyliuder and is held in place by the cylinder 
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This method is especially useful -when it is draired to subtract from a given 
nmnberthesumofseveralothernutnbers.'' ' '' ' ' • 


7 pluB'l 18 8; plus 6 is 13; plus 9 Is 22; 2 to catiy. 147B2 

' 5 plus 0 is 5; plus 2 ia-7; plus 8 ia 16j 1 to oarry, 31251 

SpluB lis4; plus lia 5; p\\i 2 2ia7. ' ' 101 1 

fi plus 3 ia 8; plus 6 is 14. 5237J 

6289 


The use of a wavy line to indicate subtraction is also rocoitunendcd, as it 
mil minimize the danger of adding -when subtraction ia intended.- 


Multiplication. In long examplca in multiplication,- 
the arrangement of work here illustrated ia recommended, 
since it fadlitatea the abbreviation of the -work by tbo 39648' 
omission, in practice, of all the figures on the right of the ' 1486 8 

vertical line. 346 92 

The position of tho decimal point should be determined [9 9^ 

hy reference to the first, or left-lmnd, figures of the numbers, 41492|rxx' 
rather than by “pointing off” so-and-so many places from 


the right-hand end. For tho right-hand figures of a number are tho least 
important ones, and in many cases aro entirely unknown (especially when 
the slide rulo or a computing machine is used). Tho menti process for 
determining the decimal point is as follows: 

. (a) If the multiplier ia a number like 3.1416, with only one figure preceding 
the decimal point, think of this number as “alittloover'S”; then tho product 
must be “a littlo over three times tho number which is being multipliod"; 
and this gives the position of the deamal point at once, by inspection. ' 

(b) H the nroitiplier is a number like 3141.6 [or 0.000 003 141 6 ], think ol 
^ number as "about 3, rrith the point moved three places to the right” 
[or "about 3, with the point moved six places to tho left”]; then think what 
&e_Bri 8 wer would bo if the multiplier wore simply "about 8 ,” and shift the 
decimal point accordingly. ' ‘ 

Multiplication Tables. Credo's large volume (G. Roimer, Berlin} gives the product 
of every three-figure number by every three-figwe number; Peters's {G. Reimer, Berlin), 
of every tou't-fsEvire number by every two-figure ivumber. The emallet' table ot H. 
Zimmerman fWin, Ernst, Berlhi) gives the product of every threb-figuro number by' 
every two-figure number. Tsuneta Yano’e Toble (published by the First Mutual Life 
Ins. Co., Tokyo, Japan) gives the same iofommUou os Crelle'a Table in small book form. . 


Division. In long division, where the numbera are given 23026)31416(1 
only approximately, the work can b© much abbreviated with- 23026 

out loss of accuracy by " cutting off” one figure of the divisor 2303) 8390(3 
at each step, instead of "bringing dowii”odoubtfulaeroin 6909 

the dirideud. Thus, 3.1416 + 2.3026 = 1.3644. . 9 ,.. . 

To determine the position of the decimal point in a locn 

problem of fractional division, shift the point (mentally) in 
both numerator and denonunator (the same number of ^3) 101(4 
places in each) until the denominator ia a number in the ' ' . 2 E 

standard form," that is, a number with only one figure pre- 2) 9(4' 

cedi^ the decimal 'point. (This will not change the value ' • ■ ' 

of the fraction.) Then estimate the npprorimate magnitude of the quotient 
by inspection. Thus: • ' , , ■ . 


0.2718 O.QQQ 2718 
3141.6 " 3.1416 


"about 0.000 09" 0.000 08652; 


, 31.416 31,416 

0.002718“ 2.718 


" about 10,000” 


“ 11,658. 
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Beciprocals. The redproeal of is l/J\r. Instead of dividing by a long 
number N, it ia often better to multipiy’ by the recipreed of N. The table 
of reciprocals on pp. 24-27 gives tiie reciprocal of any number, correct to 
four figures. Barlow’s Table {Spou&Ch^berlain, New York) gives the 
reciprocal of every four-figure number correct to seven figures (but with- 
out fatalities for interpolation). The redprocals of numbers having 
more than four figures mn b(^ found by the use of a large table of 
logarithms. 

Reciprocals of 1 £ z tviien z is Small. 

1/(1 -h a) = 1 — a d- (error < a®, if a; ia between 0 and 1], 

= 1 - ® 4- — [error < a?, if a; is between 0 and 1). 

1/(1 - z) = 1 -f- s -{• (error < + 2z*, if z is between 0 and H], 

= 1 -(• z + ** + [error < z* + if * is between 0 and Vi]. 

Nora. l/(a ± b) = (1/8)|1/(1 ± ®)1, where x => b/a. 

Notation by Powers of 10. AU questions concerning the position of the 
decimal point are readily anaweted if each number ia expressed in tho “ stand- 
ard form,” that is, as the product of two factors, one of which is a number 
with only one figure preceding the decimal point, while the other is a positive 
or negative power of 10. Thus, 3.1416 X 10* means 8.1416 with the point 
moved three places to therigbt, that ia, 3141.6. Again, 3.1416 X 10“‘ means 
3,1416 with the point moved ax places to the left, that is, O.OOD 003 1416. 
This notation by powers of 10 should always be used in dealing with very 
large or very small numbers. Among electrical engineers its use is very 
general, even for numbers of moderate dze. 

Square Boot, (a) If four figures of tho root are sufficient, take the 
answer directly from the table of square roots, pp. 12-16. (6) To obtain a 
toot of six or seven figures from the table, use tbe formula: VW «* a + 
[(^f - a*)/2ttl (approx.), where o is tbe nearest value of Viv obtainable 
from the table, with three or (our dphers annexed. Here must be found 
exactly, by direct multiplication, so that at least three significant figures 
of the dfference iV - o* shdl be known correctly; but this done, the division 
of 17 - a* by 2a should be carried to only three figures (logarithms or slide 
rule may be used). 

Note. The eimplest vty to obtda any root of a Bcvea-figure number correct to 
ECven figures ia to use a eeven-place table of logarithms, ii such a table is at hand. 

Square Roots of 1 d: x when z is Small. 

(i 4-2)^ = 1 4-H» ~-\errorlessftian>i®^iTb < i < I'j 
>= 1 i-iix ~ Hz* + [error <H«**if0<z<i] 

(1 - x)^ = 1 - Ifet - [error < if 0 < i < h] 

g 1 - Hg “ “[error < Hai* + Kez* if 0 < a < h] 

Nora. \/o -{■ 6 “ Vo (J + x)^, where s •» hfa. 

Cube Root, (a) If four figures of the root are sufficient, take the answer 
directly from the table of cube roots, pp. 16-21. (6) To obtain a root of 

siz or seven figuresfromtbetable,nMBie formula: V/7 = a + [(N -fl*)/3o*j 
(approx), where a is the nearest value of obtainable from the table, with 
tliree or four ciphers annexed. Here o’ must be found correct to seven or 
tight figures, by direct mnlti^cation, so that at least three significant figures 
of the difference N — a^ timll be known; but this done, the division ofN-a* 
by 8a* should bo carried to onty three or four figures (logarithms or the slide 
rule may be used). 
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cover and expands downward. Three screw dowels, should be fitted at the 
top to keep it from working loose. On account of the small space between 
the liner and the cylinder the liner must be finished on the outside. Figure 16 
shows a liner with a flange on the lower end through which tag bolts secure 
.it to the cylinder bottom. At the top is a dovetailed recess into which is 
calked a ring of soft copper. A 'modification of tliis type is shown in Fig. 
17 which reduces the volumetric clearance. All these methods allow the 
liner to expand and contract freely. 

Counterbore. To prevent shouldeia from being worn in its working sur- 
face by the piston rings, the liner or cylinder is counterbored about in. larger 
in diameter at each end aa shown in Figs. 13 and 14, the length of the wear- 
ing surface being such that the piston rings will either come flush or overrun 
a short distance at each end, say 0 to in. at the bottom and }iiQ% in. 
at the top. On the other hand the length of the counterhore must be limited 
so that, when striking clearances of the piston arc taken, the piston rings 
will not entirely overrun and stick on the shoulders. 


Table 12 


Stroke, in. 

Piston clearances, in. 

Top 

Bottom 

IWI 

If 1 

H 

22-31 

li 1 


32-41 

» 

U 

42-4S 

H 


49-54 

16 


55-66 

55 



Pistott Clearances. Clearance must be allowed between the piston and 
the cylinder at each end. This clcoroncc is usually made larger at the bottom 
tiian at the top as the wear of the bearings in time nnll lower the piston. 
The clearances allowable should be based on the length of stroke rather than 
on cvlindec diai'cw.tiec oa the deatance is made the same ia all eylindets of the 
same engine. Clearances should not be less than given in Table 12 unless the 
pistons and cylinder ends are machined. The cylinder-cover joints will 
slightly increase the top clearances given. 

Cylinder Relief or Safety Valves. Relief valves are provided on top 
and bottom of all cylinders to prevent fracture of the cylinder parts in case 
excessive pressure is built up or water hammer occurs. The diameters of 
relief valves for the different cylinders boar Uio following relations (to the 
nearest half inch) to the diameters of the cylindcre; high-pressuro, 0.10 to 
0.115; intermediate-pressure, 0.065 to 0.085; low-pressure 0.045 to 0.06. 

Safety valves are usually fitted to the receivers and are the same size as 
or slightly less than the cylinder relief valve for the corresponding cylinder, 
^lief and safety valves for high-pressure cylinders are set at 1.10 to 1.16 
times the boiler pressure, for intermediate-pressure cylinders at 1.25 to 1.5 
times the initial pressures in the cylinders as pven in Table 2, and for low- 
pressure cylinders of triple- and qnadniple-expansion engines at about 30 lb, 
A cylinder relief valve of the type genetidly used in shown in Fig, -18. The 
casing prevents the scalding of attendants by the escaping water, the exit 
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being on eact side near the bottom. If it is desired to reduce volumetric 
clearance to a miidmunv, the typo of r^ef valve shown in Fig. 19 should be 
used. The seat of this viJve is fitted in the 'inner wall the cover and the 
exit is through the cored passage (a) to a pocket in the cylinder cover. This 
pocket is drained by a pipe Trifli its fisngc on the same level as the relief- 
valve flange. 

Cylinder Draina, Drain cocks or valves are fitted at the lowest point in 
each cylinder, and valve cheat and gear should be provided for operating 
them from the working platform. The drains are piped to the hot well or 
condenser. The siaca of cylinder drama, to the nearest quarter inch, for the 
different cylinders are: high-pre^ure, 0.04 to 0.055; intermediate-pressure, 



Fio. 18 . Flo. 19. 

KcUcf valve. 


0.03 to 0.04; low-pressure, 0.02 to 0.03 times the diameter of the cylinders. 
The valve-cheat drains arc usually made or in. smaller than the cor- 
responding cylinder drains. 

By-paas Valves, For admitting live steam to the intermediate-pressure 
or low-pressure cylinders for starting the ending ■ easily or for starting the 
en^nc in case the bigh-pr^snro Crank should be on its dead center, by-pass 
valves are fitted. Steam is taken from the main steam pipe orirointhe inlet 
side of the throttle valve. Two-inch to 3-iii. valves aro used for engines of 
1,000 to 3,000 ihp, and 3-' to 4-in. for larger engines.' 

Indicator connections of % dt I'in. for indicator pipes are provided 
at each end of the cylinder/ care hortg taken that the bonne'etions are not 
near the cylinder ports so that the inriishing 'steam during admission will 
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exceed 1,200 Ib. The 07er-all dimensions of bedplates and the distance 
of the side girders and bottom firom the cent® of the shaft, to ensure sufficient 
clearance from the path of the connecting rod, are determined xrhen lajing 
down the engine. The deptb of the side girders is from 1.5 to 2 and the 
width iroto 1.25 to 1.6 times the diameter of the shaft. The width of the 
cross girders is 2 to 4 in. kss than the lengths of the main bearings which they 
carry. The thickness of metal in bedplates foi an 8-in. crankshaft 
is about 1 in. on top and bottom and in. on tie sides. For an 18-in. shaft 
the corresponding figures are and ij^ in. The thickness of flanges 
ioi the holding-down bolts should be 1.4 to 1.8 times the thickness of the 



Uii r_— ~ 

&SJ J 


Fig. 29. — Cast-iron piston. 

adjoining metal and the width about 2.75 times the diameter of the bolt. To 
facilitate casting and handling, bedplates are often made in two or more 
sections bolted together. If the main condenser is built in as part of the 
engine framing, it may rest on top of the bedplate or extend to the foundation , 
in which case the bedplate is bolted to it. Bedplates are secured to the foun- 
dations by bolts passing throu^ cast-iton or steel liners of thickness to suit 
the alignment. The Size and number of holding-down bolts must be 
sufficient to keep the engine in alignment when the vessel is rolling. The 
diameters run from 1?-^ m. for a 1,500- to 1}^ in. for a 7,500 ihp en^ne; 
pitched S or 9 diameters. A cert^ number should be fitted bolts or all of 
thorn should be a dose fit. Sometimes cast-sted chocks, riveted to the 
structural foundation, are fitted at each comer of the bedplate in lieu of 
fitted bolts. 
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nofc;a6ect the pressure recorded by tbe.indicator. The three-way cock to 
which the indicator is connected should be located near the middle of the 
cylinder. ' Valves should be fitted dose to the cylinder at top and bottom so 
the pipes can be closed off when the indicators are not in use. • . , 

Lagging. All cylinders and valve cheats are lagged all over with 1}^- to 
2-in. magnesia block or plaster and covered over with galvanized or planished 
steel secured to the lagging fiangca by screws. ' ‘ 

Stuffing Boxes. The piston-rod stuffing box is usually a separate 
casting bolted to bottom of cylinder (Fi®, 13 and 14), The opening thus 
provided permits the uso of a heavy bar in boring the cylinder. The 
stuffing box should be designed to accommodate any of the standard makes of 
metallic packing to allow change in iJio type of packing. The diameter of 



Fiq. 20. 


Fio. 21. 

Types of motnlUc packing. 


stuffing box for raetdlic packing is approximately diameter of rod plus 2 in. 
for 4rin, rods to diameter plus 3 in. for 9-in. rods. The depth of box varies 
with the design of packing. The space required for soft packing is about tho 
same as for metallic. The stuffing box for a piston-valve stem is usually 
cast with the bottom valve chest cover (Fig. 13) and for a slide-valve stem 
with the valve-chest bottom (Fig. 14). 

•Metallic Packing. There arc many typw in use but all are essentially 
the same in principle, consisting of one or more systems of ring segments hold 
securely against the rod by pressure induced by axial, radial, or circumferential 
springs. Figure 20 illustrates a typical example of' double metallic packing 
used tor high pressure. White metal pacldi^ rings of the inner set are held 
against the moving rod by axial springs and conical Beatings in a retaining 
cup, and those for the outer set by a combinatioa of radial and axial springs 
^thout tho use of tho conical seating. For. lower pressure, tho outer set 
is often made a duplicate of the inner set. Figure 21 is a double packing in 
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Beciprocatiiiff Parts 

Pistons may be of cast iron of box soction (Fig. 29) or of cast steel 
conical in form (Fig. 30). Either form combines lightness and strength, 
As the lelative vjeights of the difiercnt lAstons greatly afiect the balance of 
the engine, the high-pressure piston is often made of cast iron almost or 
entirely solid, and tlie low-pressure piston of cast steel as light as consistent 
with the necessary strength. The, curves in Pigs. 31 end 32 give proportions 
of cast-iron and cast-steel pistons. If the high-pressure piston is of cast 



heh 6olf$/ 



steel, it should be much thicker than indicated by the curves to increase the 
■weight. It is usual to make the depth of face and depth of hub the same lor 
all cylinders. In hollow cast-iron pistons the top, bottom, and ribs are 
generally made the same thickneas, and the number of follower or junk ring- 
bolts corresponds to the number of ribs. For solid east-iron and lor cast-steel 
pistons the pitch of the bolts in diameters is 6 for lugh-preesure, 9 lor inter- 
mediate pressure, and 12 for low-^essuie pistons. Bolts and nuts must bo 
securely locked against backing out and should not project above the iollowor 
face. To prevent bolts from rusting fast in the piston, brass plugs aro some- 
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whict the elements of the inner and outer sets are interchangeable. The 
packing ringg are held s^ainst the morihg rod by axial and drcumfcrential 
springs, When double metallic patMi^ is u^, the chamber for holding the 
outer set is a separate casting bolted on the outside of the stuffing box. For 
high-pressure cylinders using SuperheS'ted steam or saturated steam above 
190 lb, the packing rings must be of a special composition. 

A drain must always be fitted to take off the leakage or condensation which 
would otherwise cause an objectionable drip from tlie stuffing box; these 
drains are piped to the condenser, except the low-pressure piston rod drain 
which is generally carried into the Jow-preasure receiver to prevent air being 
drawn into the condenser. A separator or collector is sometimes fitted to 
prevent cylinder oil from being drawn into the condenser. A commercial 
brand of soft packing is soroetimes used for the low-pressure piston rods and 
valve stems, When metallic packing is used in a new engine, it is very 
important that the steam ports and passages be thoroughly elcmiedi prefer- 
ably by piohllng; otherwise sand and grit will enter the stuffing boxes and 
wear the packing. SoroeUmes the stuffing boxes are filled with soft packing 
untif the grit has all worked out and then the metaffic packiog ig mstalfed. Tn 
desiring stuffing boxes for metallic packing, it is advisable to prepare 
tentative sketches, giving fixed dimensions and limits, and to submit these 
to packing manufacturers for recommendations and criticisms in order to use 
a standard size. For materials for metallic packings, see p. S98. 

Main Steam, Receiver, and Exhaust Pipes and Passages. Steam 
velocities are based on piston displacement. Velocity in fpm a area of 
cylinder X piston speed *■ area of pipe or passage; piston speed is in feet per 
minute and areas in sq in. To avoid drop in pressure the areas of pipes and 
passages should be such that velocities will not exceed those given in Table 13 
but velocities should be kept lower if possible. 


Table 13. Vefoefties of Steam in Pipes and Passages 



H-p 

i First 

1-P 

Second 

1-p 

L-p 

Alisis ihs-v f/pg 

5.5AP 




Steam to first i-p cylinder 


6300 



Steam to second i-p cylinder 



7.500 


Steam to 1-p cylindei' • 




Exhaust to ccndensei - 





Steam through valve liner at ma.'rimuni pott openbe. 

Steam or exhaust through ports of cylinder 

Exhaust through total area of valve finer 

5,000 

6.500 



5,000 

6,500 



4,000 

. 5.DDD 

1 6300 

8,000 


On account of the increased resistance through the throttle valve 
it should be 1^ to 1 in. larger in diameter than the main steam pipe. Veloci- 
ties through cylinder ports should be f^ly high to reduce condensation 
and permit of small dearance volumes, but the exhaust through the valve 
liners should be low on account of the increased resistance. Instead of 
receiver pipes the exhaust from one cylinder is often led to the next through 
a passage cast with the cylinders, ^r long receiver pipes expansion joints 
must be fitted unless expanaou can be taken care of by pipe bends (see p . 942) . 
The exhaust pipe from the low-pressure c^der to the condenser should be of 
ample area and as short and direct as posable as it is important that excessive 
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back pressure be-avoided. Reedver and exhaust. pipes may be cast iron, 
steel, or copper. 

Cylinder covers in merchant vessels are ot cast iron with a single wall 
with deep radial ribs on the outside unless it is desired to use steam jackets 
in which case double walls are used. Double walls may also be used for 
covers of very large cylinders. As it is difficult to calculate the stresses in 



Fig, 22.— Slide-valve chest cover. 

cylinder covers, it is usual to proportion them from successful practice. 
Thickness of metal in cover is about 0.851 for small cylinders and I for 
large cylinders, wliere i is the thickness of cylinder without liner. The ribs 
are the same thickness or sometimes sliEbtly hcavita’. Cylinder covers are 
Conical to follow the shape of the piston and to obtwn greater strength. They 
should be well ribbed to avoid too lai^ fiat surfaces between ribs. The 
Width of the steam joint is about 2.8 X d and the thickness of bolting- 
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times fitted in the piston into 'which the bolts are scrowod, Piston castings 
up to 35 in. diameter should be turned about Hz in- loss than the diameter 
of the cylinder bore and larger pistons about Jffi li^- The top and bottom 
walls of a castriron piston murt 
be of sufficient strength to with- 
stand the shock due to water 
collecting in the cylinder. The 
strength of a cast-stecl piston 
should be calculated by consider- 
ing half the piston as a cantilever 
loaded at the center of pressure 
and breaking through the center 
line. The cross section is divided 
into a number of triangles or rec- 
tangles as shown in Fig. S3 and 
the section modulus found by 
the method on p. 1071. Sttess 

sure per sq in., A is total area of 
piston in sq, in., r is radius to 
center of pressure ® 0.424 X 
radius of piston, and Z is modulus 
of half section. Stress figured by Fio. 33. 

this method should not exceed 

3,000 psi. It is usual to uso a pressure of 30 lb in the calculation for low- 
pressure pistons. 

Piston Elngs. No parts of the reciprocating engine require more caro in 
their design than the piston rlnp, the function of wluch is to prevent leakage 




Fig. 34. Fig. 35. 

Types of Piston packing. 


of steam past the piston by exerting a uniform pressure all around without 
excessive friction., To accomplish this ■was a relatively simple matter when 
lo-w-pressure -wet steam was used, but 'with high-pressure and superheated-, 
steam the duties of the piston rings, espedslly for high-pressure cylinders, 
have become much more exacting. The unequal expansion of the piston and 
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flange about '1.35 X where dia diameter of tbe studs. ' lu large cylinders a 
manhole is fittedin the cover (F^ 14) so that the piston and cylinder may be 
examined without lifting the cover. A false cover of cast iron or checkered 
steel plate is fitted on top of the ribs and the space between ribs is filled with 
magnesia. If a tail rod ia used, the cjdinder cover ia fitted with a stuffing 
box or a closed cast-iron ca^g 
in which the tail rod works. 

Valve-Chest covers for pis- 
ton-vaJve chesta are of the 
same construction as i^liiider 
covers. They contain tho bal- 
ance piston cylinder, when 
fitted, as shown in Fig. 14. 

Valve-chcst covers for slide 
valves are rectangular in shape 
and on account of the large 
area must be heavily ribbed as 
shown in Fig. 22. The width 
of the steam joint should be 
about 2.6 X d aud the thicic- 
ness of the bolting flange 
about 1,25 X d where d is the 
diameter of tlie studs. The 
thickness of metal in cover 
is usually the same as the 
cylinder walla. Slide valves 
are used only on cylinders 
where the pressure is low and 
therefore the design of this 
cover is not so difficult as if 
it carried full-pressure steam. 

It is well however to calcn- 23. 

late the stress in the cover by 

the following method given by Bauer: Experiments have shown that square or 
rectangular' plates, when subjected to a uniform strain undor hydraulic pres- 
sure, split across the diagonal and should therefore be calculated for a bending 
stress along that line. Load on cover (see Fig. 23),? = a X b X p where pis 
test pressure psi and a and b are dimensions ol cover to center 'line oi boite, 
Half of the load may be conridered as aotmg at the center of gravity S of 

? c 

half the cover; then tho bending moment about the diagonal ia “ X g- This 
load is counteracted by the resultant of two forces which act along tho 



= a X f) X p, then 


~ Stress = -7- where Z is modulus of tho diagonal section 

lia- +0' A 

found by the method ^ven on p. 1071. Stresses calculated by this method 
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the cylinder walls and the necessity of proriding for wear render some means 
of adjustment necessary. 

Ordinary concentric rings of square or rectangular section, cut and sprung 
into position, do not exert a uniform pressure but bear much harder near the 
ends. This has a tendency to wear the cylinder bore oval. To overcome 
this and at the same time to improve the steam joint by making the pressure 
of the rings uniform all around the cylinder wall, springs are often fitted 
behind the rings as shown in F^. 30 and 34. Rings of this type should not be 
used as floating snap rii^ unless they are restrained by clamping of the 
follower or by nonelastic bull rings, wMch do not bear against the cylinder 
walls (Figs. 30, 35 to 37). Holes are tapped into the bull ring so that it may 
be removed with the rings without drawing the piston. 

Eccentric or ramsbottom rings, thicker in the middle than at the ends, 
must he used for all snap rings. To prevent steam leaking past them, the 
rings are usually dowelled together so that the joints will come on diamet- 
rically opposite sides of the piston. In addition a brass tongue piece is some- 



Fio. 36, Fiq. 37. 

Types of piston packing. 


times fitted as shown in Fig. 29. Bston rings are always made of hard cast 
iron to resist wear. Figure 37 shows a very saUsfactory type of piston pack- 
ing for high pressures in which the rings are so fitted that when the follower 
are lowsenci thifc rim^ wiil expsend wad fill liiu uyfinder bore and when 
the bolts are tightened tlie rings will be pinched in position. This arrange- 
ment gives the effect of an accurately fitted solid piston -with provision for 
adjustment. Figures 35 and 36 show other satisfactory types of high- 
pressure packing rings. In these the rings float, but the amount is limited 
by shoulders on the bearing rings. F^res 30 and 34 show satisfactory types 
of intermecfiate-pi'essure and low-pressure piston rings, and Fig. 29 a very 
satisfactory low-pressure pairing ring. There are a number of patented 
piston packings of various designs in use. 

Piston Rods. The length is found when laying down the enpne and is 
usually about times the stroke. The rods for all cylinders are made 
interchangeable, if possible. The diameter is determined from the 
unbalanced load, P, treating tiie rod as a column with rmmd ends. The stress 
in the body of the rod =P 4- area and is usually about 2,000 psi. The 
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may safely run as high as 6,000 psi. If a'guide for the slide Valve is cast 
Tritli the cover and is a strength member, it should be considered in calculat- 
ing the section modulus. The pressure is considered as acting to the center 
line of the bolts. 

Strengtli of Flat Plates. In designing cylinders and cylinder and valve 
chest covers'it is often necessary to calculate the strength of flat sections of 
metal between ribs. A number of fomulas for fiat plates have been published, 
but rarely is the same formula satisfactory for both thick and thin plates. 
In cylinder parts the flat plates ore fined around the edges and uniformly 
loaded, and it is usual to calculate them for the test rather than for the work- 
ing pressure. Probably the simplest and most satisfactory method of figuring 
flat plates is by equating deflections, although the strength of a flat plate can 
be determined only approximately. If the plate to be figured is not rectangu- 
lar, an equivalent rectangle should be assumed. Total load, W = pressure 
per sq in. X area. Part of the total load, TFi, is carried by the odgeii (Fig. 
22) and part of the load, TFj, is carried by the edge Li. Equating the deflec- 
tions at the middle of the rectangular plate {W\ -r Tfi) = (Lj< -vLi'). 
Therefore Wx = Flu'* 4 (Li* d-ii*) and Wi = FLi‘ + (Z-:^ +!:*). Stress 

duo to Fi = and stress due to Fj = where i is thickness. 

Stress figured by this method should not exceed 2,000 psi for cast iron, based 
on test pressure, but it will usually be much less than this. 

Framing and Beds 

Framing of merchant engines usually consists of cast-iron housings of 
box section either straight or inverted Y (Fig. 24). In small engines, and in 
larger engines where it is desired to keep the front of the engine open, forged- 
steel front columns are used ■with straight or Y-box housings carrying the 
croashead guides in the back. In engines of intermediate and large sizes 
straight box housings arc generally used in front and Y-housings in the 
back, each housing carrying a crosshcad guide. In very large engines fo\ir 
cast-iron or castrsteel housings may be used for each cylinder each carrying a 
guide.- In naval and yacht engines, where saving of ■weight is important, 
the framing is made up of forged-steol columns and braces. Housings are 
subjected to direct tensile and compressive stress from the unbalanced load, 
to direct compressive stress from the weight of the cylinders, which may he 
greatly augmented by rolling of tho vessel, and to bending stress from the 
crosshead pressure on the guides. As the stresses arc always low, housings 
must be proportioned for rigidity rather than strength to avoid deflection. 
The bending stress from the crosshcad is ordinarily only about 200 psi and 
need not be computed. The direct stress at the top of tho housing from the 
unbalanced load and the weight of the cylinders should not exceed 800 psi. 
The thickness of metal in housings is about 1 in. for a 20-in. and \% in. 
for a 35'in. cylinder. Back hou^gs .should have one-fifth to one-third 
more sectional area than front hoiiangs. Tho thickness of the metal should 
be increased at top and bottom to provide bettor attachment for the flanges. 
The thickness of flanges is about 1.4 times tho diameter of the bolts. 
Number and diameter of bolts securing the housings to the cylinders and 
bedplates 'are determined from the unbalanced load, P. Stresses should be 
kept low to ensure rigidity, about 2,400 lb for the upper and 1,8001b for the 
lower bolts being good practice. .IMameters average about in. for engines 
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, faclor,of safety, wliich is usually about 20, is found by dividing tho destructive 
load per square, inch, from Pencoyd’s tables given on p, 1070, by the stress 
intborod. These destructive loads are based on L 4-p, wliereZ/isthciength 
,of the column and.p, t he least r adius of gyration, both in inches, p = 2) -r 4 
for solid rods and V-D’ + d’ -r 4 for hollow rods in which D is diameter 
of rod and d is diameter of hole. The stresses are kept low and the factors 
of safety high, to permit turning down'if the rods should be scored by tho 




Fig. 38. — Piston rod. 


metallic packing. The piston rod is tapered about 3 in. per ft on diameter 
in tlic piston and 1 in. in tho crosshead (Fig. 38). The large taper facilitates 
tile removal of tho piston. A eoUar at tlic end of the taper against which tho 
piston rests prevents this large taper from splitting the piston. The diam- 
eter of the thread at each end is about 0.7 to 0.8 times tho diameter of tho 
rod and is proportioned from the unbalanced load, P, for a stress of 3,500 to 
4,000 lb. Four threads per inch are generally used for all sizes. Tho 
diameter o£ tail rod, if fitted, is about 0.7 times tho diameter of the piston 
rod, or os large as the threads of the piston-rod nut wll permit. 




Fig, 39.— CentnU-Wock type of crosshead. 

Crossh'eads. In merchant chines the central-block type of crosshead 
with two pins is generally used (Fig. 39). The depth of the central block 
is 1.6 to 1,8 and tho length 1.6 to 1.8 times the diameter of the piston rod. 
.The width, when one slipper is used, is about the same as the depth; with 
two slippers it is made much wider to keep the slippers clear of the connecting 
,rod. The central, block should be figured, for strength as a beam supported 
; at the middle of the' pins and loaded by the unbtdanced load on the pistori rod 
P. Stress -r 4fJ where L is .length between middle of pins and fi is 
resistance of tho section = 6d* Ar 6; b is width less the average width of the 
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with a 20-m. and io- lor a SJ-in. Wgh-presaure cylinder, the lower bolts 
usually being made somewhat krger than the upper. Forgsd-steel front 
oolumns are proportioned from the imbalanced load, P, considering them as 
columns fixed at die ends by the method given under piston rods (p. 1092). 
The full unbalanced load.P, should bo used with a factor of safety of about 
25 to allow for the weight of the cylinders and the increased load due to 
tolling of the vessel. If the main condeoser is built in as a part of the engine 
Iraming, the back housings rest on top of the condenser. 



Enl(ir^ Section of 6ukle Y-t 



Fig. 24. — Caat-frou housings. 


Crosshead Guides. Small en^nes usually have guides of the bar type 
(Fig. 25). This type is favored for tugboat and other engines which do a 
iot of backiiLg as the surface is the same for backing as for going ahead. The 
guide is generally cast iron of box section for water circulation, but when used 
on engines with a stroke as long aa 42 in. cast or forged steel should be used 
to ensure rigidity. The strength of the bar should be computed as a beam 
supported at the ends and loaded in the middle by the load on the crosshcad 
slippers, P: {sec Fig. 44). Stress for cast iron should not exceed 2,760 psi. 
Engines of small and intenne^te axe often have guides of the Single 
type (Fig. 26). The ahead gmde, which is hollow for water circulation, is 
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hole for the piston rod and d is depth. Stress may gafeJy run as high as 
3,000 lb. The si&gle-pin type of crosshead, which usudly consists of 'a 
bearing box on the end of the justoh rod, is also used (Fig. 40) . In this type 
the pin is shrunk into the fork of the' connecting rod. Stresses in the bolts 


lenftHefal 



SHpptrvfy 

I fio. 40.— Singte-pin type of orosshead. 

end cape, due to the unbalanced load P, should be calculated as shown on 
p. 1100, The same stresses ore allowable. 

Crosshead Pins. As the crossboad^pin bearings are oscillating instead of 
rotating bearings, higher pressures per inch are sBowable than on the crank- 
shaft and orankpia hearings. The pressure is produced by the load on the 
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bolted to the back housiag, the same bolls also securing the bacMng guides. 
Tlic load on these bolts = in iirhich a and b are as shown in Fig. 26. 


Intermediate and large engines usually have guides on both front and back 
housings. The guides are usually Bcpaiato castings, coresd ior water circula- 
tion and bolted to the housing (Fig. 34), Very largo engines with four 
housings to each cylinder have a guide on each bousing. The surface of the 


guides is proportioned to suit the area 
of the crosshead sbppers, and the length 
is such that the slippers overrun about 
1 in. at each end to prevent wearing of 
shoulders. The bar and singlc-sIippcr 
types of guides require no adjustment to 
ahow for espansion of tiie cylinder; this 




Fig. 25. Fig. 26. 

Types of crossbead guides. 


IS required with guides on both housings, the adjust'ment being made in tiio 
latter type, to prevent ctossheads from ponnding after tho engine has been 
tuuniug for some time, The working surfaces of the guides are notbned rnth 
white metal but usually have grooves to retmn. tho oil. 

Bedplates for merchant engines are rast iron of box section vnth either 
flat or dropped bottom' as shown in Figs. 27 and 28. The dropped-bottom 
type is preferable as the houangs are shorter and the shaft lower while 
ample, space is allowed for building rigid foundation girders under the bed- 





Fia. 43. 

iJ is resistance to bending = d* -r 10.2. Crosshead pins arc flattened on the 
sides to facilitate the distribution of oil from top to bottom. 

In the singie-pin type (Fig. 40) diameter of the pin is 1.2 
to 1.5 times the diameter of the piston rod and the length j ' 
about 1.4 to 1,6 times its diameter. The pin is figured ns a j 
beam fixed at the ends and loaded at the middle of its length P,l P 
bytheloadoiitheconnectingrod,Pi. Stress -rS Xi2, f 

where I is length of pin and i? is resistance to bending = d* / 

■j* 10.2. Stresses in pins of either type may safely run as 
high as 3,500 psi. f^f ■ 

Crosshead Slippers. Crosshesds with two slippers (Fig. 

39) are generally used in intermediate and large engines, f \ 

For smaller engines one slipper of the typo shown in Fig. f \ 

41 or the box type (Fig. 42) are used. For very large f j 

engines with four housings to each cylinder four slippers are. V / 

used (Fig. 43). Slippers arc usually of cast iron but some-. . 
times of cast steel and lined with white metal. When one ' Fio. '44. 
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Bupported at the middle of the ride ^rdets and loaded ia the middle by the 
unbalanced load, P. Stress =Pi -5-2 XdR where R is the modulus of 
section found by the method on p. 1071.' To ensure rigidity, stress should not 
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slipper is used, the bolts securing the slipper to the central block must be 
proportioned to carry the load when bacMng. When two or four slippers are' 
used the ahead or astern slippers must be fitted with gibs on eaah side as 
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Note. The rimplsat Tray to obtain any root of a BCT’cn-figure number correct to 
leren figures is to use a aeven-pkec taUc o! logarithms, H such a table is at hand. 

Cube Boots of l±x when i is Small. 

(1 + ~ 1 + - [error < if 0 < « < l], 

“ 1 + + [error < }iiz^ if 0 < s < 1] 

(1 - « 1 - Hz - [error <}4i® + Ho®’ if 0 < s < Hi 

^1 - Hz - H®* - [error < Hs®’ + Hs®* if 0 < ® < H] 

Note, + b " Vo(l + *) i where x “ b/a. 

Logarithms 

Tables of Logarithms. The use of a table of logarithms greatly reduces 
the labor of multiplication, division, raising to pOTvers, and extracting roots. 
The table on pp. 42-43 is carried out to font si^ficant figures, and the follow- 
ing explanations should be suffident to permit the use of the table readily, 
even by one without previous experience. For algebraic theory', see p. 113. 

If more than ^ou^fi^ure acomoy ia required, recourse must be had to a larger table. 
Tive-place tables arc aTailsble in great variety; the Macmillan Tables, 1913 or Albrecht, 
"LogarithmiBch-TrlgoaometrBche Tafeln," arc perhaps as convenient os any. If 
Ttioie than five figuiee ate requited, use Bremiket’s six-jAace table, ot proceed at once to' 
a 8evRn.place table: Sehron (Vieweg & Sohn. Braunschweig); Bruhns; Vega-Bremiker. 
If extreme accuracy is required, use the eight-place table by Bauschinger and Peters 
(Engelmann, Leipzig). Logarithmic paper, ace p. 170. 

To Find the Logarithm of Aay Oivoa (Fositive) Number. 

(0) 'Whbn tse Gton Numseb m Between 1 act 10. 

An inspection of the table on pp. 42-43 ehows that as the number itiereftaes 
from 1 to 9.90. . . the logarithm of Umt number increases continuously from 
0 to 0.999. . . For example, log 2.97 = 0.4728; log 2.95 0,4742. 

li the given number coatninalour significant figures, it is necessary to inter- 
polate between the tabulated values, as follows: 

To find log 2.973, notice that this Durober is Ho of the way from 2.97 to 2.98; 
heace its logarithm fliU be (approxunately) of the way from 0.4728 to 0.4742. The 
difleceuce here is 14 units, and Ho cf this ifictence ie 4 the noarcat umt); hence, 
by adding this 4 to 4728, log 2.973 => 0.4732. This process of interpolating should 
be performed mentally; the step of finding the tabular differonco will bo facilitated by 
a glance at the last column on the right, which gives, for each Hob of the table, the 
average of the differences along that line. 

Again, to Snd log 4.0SS; From tog 4.<}9 « (J.CU7; adding Ha of the differenct 
pi), or about 9, gives: leg 4.058 •= 0.6126. Or better, Biaoc Ho of the way fornnrd 
IB equal to Jfo of the way back, find in table log 4.10 » 0,G128, and eubfroct Ho of II, 
or 2, giving log 4.098 a 0.6126. It should be noted that any interpolated value may 
be in error by 1 in the last place, 

If the given number contains more than four agnificant figures, it should 
be cut down to four figures (see p. 88), ^ce the later figures will not aSect 
the result in iour-place computations. 

(1) Ween TEE_ Given NoMBERmLsBS Than IobMore Than 10, itissimply 
necessary to notice that every Mdinumbw can be regarded as obtmnable 
from some number between 1 and .10 by merely Bhifting the decimal point 

and that accordii^tdthetuleat the foot of the table, moving 
he decimal point n places to the right [or left! in the number-column is 
equivalent to adding n [or — n] to the logarithm in the body of the table. 

For example, lo find log 2973.’' Here 2973 ^ 2.973 X 10’ {i.e., 2,973 with the 
oeamal point moved '3 places to the ri^t). JVom the table, log 2,073 = 0 4732 . 
snee, log 2975 = 0,4732 + 3, wluch may be written as 3.4732, 
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Again, to find log 0,0002973. Hero- 0.0002973 = 2.973 X IC* (».e., 2,973 with the 
dccimalpointmovodipkoestotlieleft).- Rom the table, log 2.973 = 0.4732. Hecee, 
log 0.0002973 = 0.4732 — 4. (This may be written as 4.4732, if desired, and is equal 
of course, to — 3,5268; this latter form, however, is not ooavonient in practice.) 

It is thus evident .that tke logari^m of every positive number may be 
regarded as consisting of two parts: a decimal fraction, whicb is always posi- 
tive (or zero) ; and a whole number, which may be positive, negative, or zero. 
The fractional part is called the mantlsial and is found from the table; the 
whole-number part is called the duancteristic, and is determined by 
inspection. 

To Find the Number Correspondinf to a Given Logarithm. 

(a) When the given looabithu la a positove decimal phaction (cearao- 
TERisTic zero), simply reverse fte process for finding the logarithm of a 
number between 1 and 10. 

For example, given log N = 0.4732; to find N. In the body of the table it is seen 
that 0.4732 lies a little beyond 0.4728; henoo N must lie slittle beyond 2.97. By taking 
differences it ie found that 4728 is in faot iU of the way from 0.4728 to the next 
higher loearitlim; therefore N must be Ji4 of the way from 2.97 to the nest higher 
number. But If* of 1 is 0.3 (to the nearest tenth), hence N = 2.973. 

Again, given log N ■ 0.6126; to findN. Here, 0.0120 is of the way from 0.6117 
to the next higher logarithm; therefore N must be of the way from 4.09 to the next 
higher number. But Hi of 1 fhe nearest tenth), hence N = 4.098. 

(&) When otb given looawtbm has ant given vaiue (charactbhutio 
NOT ZEEo), proceed as follows: First, be sure the given logarithm is in the 
*‘Btaiidaid form," that is, a positive decimal fraction (mantissa) plus a posi> 
live or neg.ative whole number C<!^la^acteti8tic). For example, if log N is 
originally given in the form log » *- 3.5268, this must first be reduced to 
the (equivalent) form log N «= 0.4732 — 4 (or 4.4732), before entering the 
table. Having the logarithm given in the standard form, suppose for the 
moment that tlie characteristic is zero, and find in tho table the number 
corresponding to the given mantissa; then move the decimal point to the right 
or left according as the value of the cbaracteristio is positive or negative. 

For example, given log If «• 0.4732 + 3; to find N. From the table, the number 
eorresponding to 0,4732 is 2.973. The chttracteristio ( •}■ S) directs that the decimal 
point be moved 3 places to the right; hence B “ 2.973 X 10* = 2973. 

Again, given log N = 0.4732 — 4; to find If. From tho table, the number corre- 
sponding to 0,4732 is 2,973. The cbaracteristto f — 4.) indicates that the decimal 
point is to be moved 4 places to the left; hence N = 2.973 X ICT* = 0.0002973. 

The number corresponding to a given logarithm is called its antiloga- 
rithm. Thus, if log 2973 >= 0.4732 + 3, then 2973 = aatilog (0.4732 + 3). 

.Note 1. In most tables of logarithms the decimal point is omitted, the tables being 
in fact not tables of logarithms, hut tables of mantiseas. This omission is of no con- 
sequence to the experienced compater but is often perplexing to one who makes only 
occasional use of such tables. . 

Note 2. Many computers prefer to write negarivn charaoteristios in the form of some 
positive number minus some moltiple of 10; thus, 0.4732 — 4 = 6.4732 — 10; 
0.4732 - 13 = 7.4732 - 20; eto. 

Pundamental Properties of Logarithms. The usefulness of logarithms 
in computation depends on the following properties: 

' (1) log (oh) = logo -J-logh; (3) log (o") = niogo; 

(2) log (fl/b) = log a ~ log h; (4) log a/o « (1/n) log a; 

(5) log 10" = n 

It is to be noted also that log 1 = 0, log 10 = 1, and log (1/n) = —log n. 
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The pressure of the slipper on the guide, Pz, is the component of the 
load on the connecting rod, Pi, perpendicular to the guide as shown in Fig. 44; 
p! = ?i sin 8 ov P tan 6. The surface of the slipper should be proportioned 
fof' <a pressure of about 40 pw. When sin^e slippers of the type shown in 
•Jig. 41 are used the backing surface is 66 to 75 percent of the ahead surface. 

Connecting Rods. The usual type used in merchant engines is shown in 
Fig. 45. The crank-end and tarosshead-end boxes and caps are lined with 
white metal and are usually of cast sted, although sometimes of brass. Caps 
arc generally cast in one piece, but cast-iron or brass boxes and forged-steel 
binders are sometimes used as shown in Fig. 46. Setscrews are fitted in 
the ctankpin cap and in the upper end of the connecting rod to keep the 
bolts from falling out when the nuts arc removed, enabling caps and bolts to 
be handled together. For iiilermediate and large engines there should be two 
oil holes to the crankpin with pipes led to the oil boxes on top of the eross- 
liead-pin bearings. If the angle-pin 
type of crossbead is used, the fork of 
the connecting rod is made with solid 
eyes and the pin shrunk in. The 
length between centers of connect- 
ing rods for main engines, is usually 
2.25 times the stroke, but this ratio is 
often made 2.5 for amall cncpncs and 2 
for largo engines. The diameter at 
the upper end is Q.90 to 0.95 times 
the diameter of the piston rod, and the 
diameter at the lower end about 1.25 
times tho diameter of the upper end. 

The rod must always be figured for 
strength as a column with liingcd ends. 

This is done by the method explained 
on p, 1092, except that the load is token 
asPi = P sec. 6, where P is the un- 
balanced load and 6 the angle whose sine ie equal to the crank radius length 
of rod (Fig, 44) . In figuring the factor of safety the stress and radius of gyra- 
tion must be taken at the middle of the rod. The iactor of safety is usually 
about 20. The method of Spring bolts and caps is tho same as e.xplaincd on p. 
UDl, except thatPi is used instead ofP. Thcsaraestresscsarcallowable, The 
thickness over flats at the fork end is about in. more than the diam 
of the rod. The fork should be figrrred fox sUfas by RSEuming an average 
rectangular section at a point A~A (Kg. 47) and considering the total stress 
equal to the sum of the direct tensile or compressive stress and the stress due 



Fio. 47. 


to .bonding. Total stress 


Pi X sin 30“ , GPi X cos 30® X c , 

■ T which may 


25 xa 




be reduced to the form (d -f 6o). The stre^ figured by this method may 
4oa* 

safely be 5,000 to 6,000 lb. 


Bearings 

White metal is cast in the bearing boxes at least thicker than 
required by the finished bearing to albw for hammering in. After tho bear- 
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In buUVnp shafts th® shafts and crankpina are’ shnuik into the webs. 
Square or round keys are always fitted in the shafts and soinetinies in the 
pins. _ , . 


Table 15. Proportions of Crank Webs for Built-up Shafts 

Diameter bore for cianksliaft Di®™ + }H in. 

Diameter bore for ctankpin Diam lua + 1 in. 

Metal around crankehaft 0.5 X diam shaft 

Metal around crankpin y.. 0.4 X dram pin 

Thiokness of webs if sections of shaft arc Jatei- 

changeable 0.68 X dism shaft 

Thickness of webs if sections of shaft aolinter-fPocwoid eyliodcr « 0.62 X dim shaft 
changeable lAfter cyUnder ■= 0.73 X’diam shaft, 


Crankpins. It is usual to mako the crankpin the same diameter as the 
crankshaft, although it ia sometimes made larger to. reduce the pressure, if 
it is desired to shorten the pin, or to reduce the stress, if a long pin is required 
to keep the pressure low. Eatios of length to diameter of pin vary in good 
practice from 0.S5 to l.O for triple- and quadruple-expansion engines nnd from 
1,0 to 1.1 for compound engines. 

The pressure on the crankpin. 
is figured from the thrust of the 
connecting rod, Pi. produced by 
the unbalanced pressure on the 
p\Bton(8eep.l094). Incompnting 
the pressure the actual length of 
bearing surface of the connecting 
tod ia used which is about % in. 
less than the length of the pin. 

Allowable pressures per square 
inch are 200 to 325 lb for triplc- 
and quadruple-expansion engines and 400 to 426 lb for compound engines. 
Some designers give consideration to the heal produced by, the friction of the 
crankpin in proportioning its size, but unless Iho design is out of range of 
ordinary practice this is unnecessary. 

The after crankpin, through which the power from the forward cylinders 
all passes, should always be figured for stress. This pin is subjected to a 
bending moment produced by the torque from the forward cylinders applied 
at the forward end, and also to a bending moment from the torque produced 
by the after cylinder, applied at the middle of its length. These bending 
momenta are combined and the resulting bending moment used in figuring 
the stress as follows; 

Force from forward cylinders appfied at fonvard end of pin, ' 



F ^ forward cylndeis X 33,000 X 12 
^ 2 X 5r X r X Tpm ■ ^ 

Force from after cylinder, appJied at middle of pin, ■ 


„ ihp of after cylinder X 33»000’ X 12 

^2 = n VW V X 1.1- 

A Xo X rpm 
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iag is bored out, it is scraped preferably to its own journal. The metal ia 
held in place by dovetails to in. dwp, arranged in a manner similar to 
that shown in Fig. 4S. The total thiclmesa of white metal should be 
approjimately as follows: %6 ™- 
for Ift-in. to K in. for 2&-in. main 
bearings and cronlqjins; in. for 
7- to 15-in. and % in. for 16- to 
22-iii. steady bearings; % in. for 
S-in. to in for 10-in. crosshead 
pins; 5^ 6 to M i’’. for thrust shoes 
and about H ctosahead 

slippers and other flat surfaces. 

Main Bearings. Two bcar> 
ings to each cylinda or crank 
are usual although, in ordw to 
shorten the engine and save 
weight, one bearing ia often used 
between two cranks, in which case 
it ia made longer than orcUnarily 



n 

p 

n_ 




i 


Upper Half 
Fio. 48. 


-Dovetails securing white metal 
in bearings. 

required, or the hearing may bo in two parts covered by the camo cap, with a 
short distance between them. The bottom boxes may be cast steel, brass, 
or cost iron, lined with white metal. In naval, and sometimes in merchant 
engines, a separate cylindrical brass casting lined with white metal is used 
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•where r == radius of crank, in. 

8 <= stroke, ia. 

C = ratio to max. to jneBa twisting moment as given in Table 14, 
LctL = thelcngthofcrankpiniam.,t!ifinmaximuinbeadingiaomentoaafter 

pin,BTO' = ^'i XB X^. Stressing =Bb where E[, = resistance of 

the pin to bending = D® 10.2 for solid pins and (D* — d‘) -j- 10,2D for hollow 
pins in winch D = diameta of pun and d =» diameter of hole. Stress in the 
crankpin computed by this method ^ould not exceed 5,000 psi for merchant 
engines. 

Thrust Shafts. The diameter is determined by the Classidoation 
Society rules, but it should be figured for stres due to combined bending and 
t'wifiting, the bending moment bang produced by its o'wn weight between 
centers of the end boanngs. The maxiiniuQ twisting moment, T, will 
correspond to the value given under crankshafts. Maximum bending 
moment = (F XB) + 8, -wheTe W is the weight and L is length of shaft 
between centers of bearings in inches. The equivalent twisting moment and 
stress may then be found, as ^own under crankshaft (p. 1106). Stresses of 
5,000 to 0,000 psi are allowable in merchant work. For number of thrust 
collars see Thrust Beatinge, p. 1101. In order to be stiff and not deflect the 
diameter of the thrust, collars should not exceed 1.45 to 1.65 times the 
diam of the shaft. With collara of iheso proportions pressures per square 
inch of 65 lb for the smaller ratio to 40 Ib for the larger ratio may bo carried 
safely. For the same reason the thickness of collars should not be less 
than 0.6 to O.S times the height. To provide sufficient space for stiff thrust 
shoos the space between collars should be 2.8 to 2.6 times tho thickness of 
the collars for oastiiron and 1.4 to 1.6 for east-steel shoes. 

Line Shafts. The diameter is determined by tbe Classification Society 
rules but it should be figured for stress by tho method given under Thrust 
Shaft. If the stress exceeds 5,000 psi for small or 6,000 ib for large shafts, 
tho length between bearings should be reduced. In any event the over-all 
unsupported length of line shafts should not exceed 20 ft to avoid 
deflection. 

Propeller Shafts. The diameter is determined by the Classification 
Sodety rules but tho stresses due to combined twisting and bending should 
always bo calculated. The maxiiBum twisting moment is the same as ©ven 
under crankshafts and the bending moment ia produced by the weight of the 
shaft. The bending moment = (2F XL) -5-8, in which W = weight of 
shaft between bearings, including brass sleeve, if fitted, andL >= length in in. 
between centers of bearings. The factor 2, according to Seaton, ia added for 
rough weather. Stress = equivalent twisting moment -f resistance to 
twisting. The stress in the after or overhung end of the shaft due to com- 
bined twisting and bonding should also be computed. The bending moment 
= Fi XLi, where Wi = -wei^t of propdkr and shaft aft of the bearing, 
and Li = distance in in. from center of propeller to 3 in. inside of bearing. 
Stress = equivalent twisting moment ^ reliance to twisting. (The brass 
sleeve should not be included in figuring the resistance.) Stresses in propeller 
shafts between bearings or in the overhung end should not exceed 5,600 psi 
for small and 6,000 lb for large shafts. Propeller shafts are fitted with brass 
sleeves in the stem-tube or stmt bearings, the thickness of which should not 
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Fio. 50. — ^Typcs oi main bcanngs. 

or ocmsjfit oi a box oi cast steeb cast iron, or brass held in place by a 
steel keeper as shown in g— i’i — 

Fig. 50. Another type of 
main bearing is shown in 
Fig. 61. In this typo the 
cap has lugs fitted over the 
bedplate to strengthen ; 
the bedplate against side 
thrust from the shaft. 

The distance pieces be- 
tween the bottom brass ^ 
and the cap prevent tire v 
bottom brass from nipping 
the shaft in case the bear- 
ing heats. Unless bearings 
are unusually long, two 
bolts are sufficient to se- 
cure the cap. The caps . — ii 

are fitted with oil boxes |i_j , ij 

and a handhole with : { ;l H l| 

cover for the purpose of J 

feeling the shaft and for la ■ * ' 11^1^ 

applying cold water direct- 

ly' to the shaft in case the 

tarmg wams up.- The Fio. 61.-Main beariuE. 

DOttora boxes and some- . . 



times the caps arc cored for water (arculatioh except in small i 
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be less than %. in. tor oil «!>e! ol slafts ip to'18 in., and 1 in. for sli'atts above 
18 in, diam. 

It 18 usual to cover the shaft betweea bearings with brass smveB, tho 
thlcknsss of which may bo about OBe-tiBlf that of the bearing sleeves. 
When brass sleeves are made in several eectioaa the join ts 
between the sections are scarfed leatring about in. 
open space for burning in or calking full of soft copper as 
shown in Fig. 6U In twin-screw vessels where struts 
are used and the propeller '^afts are accessible,' the 
shafts between bearing sleeves arc often protected by 
wrapping with marlin or painting with anticorrorive 
paint. 

Flanged Shaft Couplings. The diameter of the 
coupling flanges on crank, thrust, line, and propeller 
shafts is about l.S to 2 times diameter of shaft and the 
thickness about 0,23 to 0,28 times diameter of shaft 
but the couplings should be proportioned from the 
sire of bolts required. The bolts must be of a sise 
to safely resist the shear produced by the raexiniuro . . I 
twisting moment, f. ^ ^ 


Stress =T ^nXaXr 


Pin 


where n ® number of bolts 

a B area of each bolt at face of coupling 
r “ radius of pitch circle 

Allowable stress is 6,000 to 6,000 lb. Six bolts are 
used unless a greater number ia required to avoid 
excessive site, Coupling bolts arc tapered as shown in 
Fig, 62 except in interchangeable crankshafts in which 
case they must bo straight as shown in Fig. 63. If 
diameter of bolt at face of coupling = A, then propor- 
tions of couplings and bolts when six bolts are used 
will bo as fohows: Thickness of coupling, B = 1.2A; 
distance from outside of shaft to pitch drcle, D ~ 0.9A ; 
distance to outside of coupling, C = from in. for a 
2-in. bolt to in. for a Z%-ixL bolt; diameter of 
thread, F = 0.754; depth of nut.G = 0.75A; depth of 
bead for straight bolts, M = 0.7 to 0.654; rise of head _ 

OToss comers, N = 1.384; taper for tapered bolts = % 

in. per ft on diameter. — . ' 

, Clamp Shaft Couplings. When the propeller 

shaft is too long to be withdrawn inboard or if 

it is desired for other reasons to wUbdtaw it out- 

board, a removable coupling of the damp type of cast or forged steel as shown 

IB Fig. 64 is used. The two fore-aad.*ft bsya in each shaft transmit the 

torque and should be figured for shear from tha maximum twisting moment as 

shown under Propeller Shafts, .p. 1108. The diameter of coupling is from 1.7 

to 2.0 times the diameter of shaft. The length must be suffideat to keep the 

key stresses within the allowable limit and is usually from 3 to 4 times the 
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The masimum pressure on the main bearings is produced by the 
unbalanced load and occurs trrice each revolntion, once up'ward and once down' 
ward, and is usually tafccn as the ba^ of figuring the pressure for purposes 
of deagn. The allowable pressure per square inch from the unbalanced 
load taken by two bearings tuns from 125 to 175 lb. The ratio of len^b, to 
diameter of main bearings is 1.0 to 1.15. The unbalanced load is not a true 
measure of the load on the bearings, but as it operates iu the nature of a blow 
tending to destroy the oil film and bring the shaft and bearing metal into 
direct contact, it is always well to figure pressures in this way in addition to 
any other method used. 

The true load on the main bearings is a function of the power passing 
through them and increases from forward to aft, as the power from the for- 


/onwrf 



Fig. 52. — Thrust bearing, horseshoe type. 


ward cylinders exerts a turning force on the after crank webs, which is trans- 
mitted to the bearings. Higher pressure per square inch is allowable on the 
after bearings as the turning force transmitted through them is more uniform 
and, therefore, is more evenly distributed around the bearing. In designing, 
however, it is usual to proportion the bearings on the average load and make 
all bearings the same length except the extreme forward bearing, which, hav- 
ing no power passing throi^h it, firequoitly is made 10 per cent shorter than 
the intermediate hearings. For a similar reason it is desirable to make the 
estreme after bearing, through which ah the power passes, 10 percent longer 
than the intermediate bearings. The average load on each bearing, from the 
ihp X 33,000 ,, 

power, IS ; — : — The allowable pressure per square inch 

P.S. X no. bearings 

from mean load runs from 80 to 120 lb. In the bearing pressures given 
above consideration has not beai given to the weight and inertia of the crank- 
shaft and reciprocating parts, or the centrifugal force. The pressure due 
to weigtit amounts to an additional 40 to 60 psi, but the effects of inertia and 
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diameter of Bhaft. The bolts should be as close to the shaft as possible and 
large enough to cause the coupling halves to grip the shaft tightly. "The bolts 
are sometimes heated through the openii^ in the sides of the coupling while 
tightening up, in which case there will be a stress due to contraction in addi- 
tion to the initial tension. The foUowing.foTtnula adapted from Bauer gives 
the total area of all bolts on both sides at bottom of threads: Area = C X i 
X (-0 — d) "t- 2, in which D, d, and J = outside diameter, bore, and length 
ci coupling, respeetively, and C.ia a constant = 0.25 to 0.35. When going 
astern, the propeller thrufit-w carried by ptojections on the iadds of the 
coupling which fit into ^ooves turned in the shafts. These projections and 
the metal between the grooves, and the ends of the shafts should be figured 



Proportions of shaft couplings and bolts. 



Fig. 64.— Clamp shaft coupling. 



for shear arid crushing due to the astern propeller thrust. Astern thrust in 

. astern ihp X 33,000 , „ 

pounds = y ^ g where V = astern speed of the ship m knots. 


The astern ihp may be tdten as 80 per cent of the ahead ihp and V as GO per 
cent of the ahead fuO speed. 

Shaft Brake, In twin-screw and sometimes in single-screw vessels a 
brake similar to that shown in Fig. 65 is fitted to a shaft coupling aft of the 
thrust bearing to keep the shaft from turning while making repairs, or, in 
.twin-screw vessds, to keep one draft from turning wliile under way with the 
other engine. 


Valve Gear 

The two general classes of valve gears which permit of reversal are (1) 
link motion with eccentrics and (2) radial gears with or without eccentrics. 
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centrifugal force are small. Some desiguers. in' determining allowable 

bearing pressures, take into pressure and the rubbing 

speed of the bearings, but for mcrdiant marine engines this is not considered 
necessary unless the eapncs of a size and speed beyond the range of 
ordinary practice. 

Main bearing caps and bolts most be proportioned for the maxununi 
imbalancedload,?. The tensile Stress in the bolts =F -i- (2fi X alwheren 
ia number of bolts in one bearing and a is area at bottom of threads. The stress 
itt'the bolts, on account of the intemuttent and suddenly applied load should 
not exceed 3,500 lb. The cap is figured as a beam loaded in the middle and 
supported at the ends. Stress = K -s- (8 X 2R) for caps cast in a single 
piece, whore I is distance between bolts, and R is section modulus which is 
determitied by the method ^ven on p. 1071. The section modulus is always 
figured under the white metal and the handhole and oil hole taken out. If 
the cap consists of a box with a kcc^r, it is 'considered that the separate 
box has the effect of making the load on the keeper a mean between conccn- 



Fio. 53. 

Thrust s^es. 


Fiq. 54. 


trated and distributed load, and the load is assumed ae all being taken by the 
keeper and stress = Pl A- (10 X 2K). On.account'of the intermittent and 
suddenly applied load and to secure stiffrie^, the sti'esses in' caps should not 
exceed 2,5W psi for cast steel, 1,500 lor cast iron, and 3,500 for n lorged-steel 
keeper.' ' ' 

Thrust Bearings, The horseshoe type of thrust bearing {Pig. 52) js 
generally used with reciprocating engines as the nuts on the side rods provide 
iuea,na of ad)ustmeut. The aumber ol shoes and their area ate deter- 

n,'. XJ.I. .nr'u-v ihpx 33,000- ihpx 33.000 

mined from the indicated thrust T, which or — ^ ^ ^ — 

•rpmXPX% 5X101.3 

■where P is pitch of propeller in feet, % is percent slip, and 5 is speed of the 
vessel in knots. For diameter'of thrust' ‘collars, seep. 1108. In this 
typo of bearing the effective area of the'thriist shoo is 'only about 70 percent 
of the annular area of the thrust eolW. The pressure 'oh the shoes is' 
usually 40 to 60 psi, but with very stiff tbimt collars and'shoes pressure 
as high as 65 lb may be carried The thrust shoes' (Figl 53) are cored 

for water circulation and are usually of cast-iron, although sometimes of cast 
Steel, and are lined with white metal on both faces. The thictoesa of the 
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In America Stephenson link motion with two eccentrics is the most com-- 
mon type oi -val-ve gear used hut radial geajs of tire MgxshaU type, with one 
eccentric, and the Joy type, worked by links from the connecting rod, are 
ircqneutiy nsed. 'With Stephenson link motion tim valves are in the fore- 
and-aft center line of the cylin- 
ders although sometimes -the 
high-pressure valve is placed on 
the side of the cylinder and the 
valve motion transmitted from 
the liub through a tocher arm 
With the Marshall and Joy types 
the valves are on the side of the 
cylinders and hence the fore- 
and-aft length of the engine is 
less. A valve gear to be'perfect 
would have a motion that would 
instantly open the valve wide at • 
the bc^nning of the stroke and 
instantly close it at the point of, 
cutoS without wire drawing; it 
would also instantly open itwide 
to exhaust at the end of the 
stroke and instantly close it 
whenexbauBtU completed. To 
more nearly attain this motion, • 
double-parted and trick 
yalvea are 'often introduced. 

This motion . is more .nearly 
approached by radial valve gears 
than by .link motion. With 
radial valve gears the lead is 
constant or nearly constant for 
all cutoffs. This is considered 



a very desirable feature by some designers. 


Fio. 66,— Shaft brake.' 


Stephenson Iiink Motion. Tn.this type of valve gear there are two 
eccentrics keyed to the crankshaft, each operating an eccentric rod connected 
to a common link as shown in Fig. 106. The positions of the eccentrics are 
such that one eccentric rod operates the valve for going ahead and the other 
for going astern, the common link'acting as the means for changing from one 
to the other. The valve stem is connected to the link block which slides on 
the link and changes the positions of the eccentric rods relative to the valve 
stem. When the block is in mid-ppation,- there is practically no motion 
imparted to the valve and the cnpne stops. "When it is in extreme position on 
the go-ahead eccentric rod the link h in full goat and linked up when the 
link block is in any position between extreme and mid-positions. Reversal 
is accomplished by moving the links by the auapcnaloaiods so that the sliding 
block is changed from the go-ahead to the go-aatern eccentric rod which 
reverses the motion of the valve. Each cylinder may be linked up inde- 
pendently by means of the screw in the slotted reverse arm thus moving the 
links to bring the sliding block into the detired intermediate position. When 
linked up both eccentrics act on the valve and the motion is equivalent to 
that of an eccentric with less eccentridty and greater angle of advance 
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thrust shoe, including the babbitt, ^<rald,be 2.S to 2.6 times the thickness 
of the thrust collar for cast iron and 1.4 to 1.6 for cast steel. Sometimes 
instead of the customary dovet^d babbitted surface, aloose babbitt or bronze 
face is secured to the "go-astem” mdeof tbo thrust shoe by screws as shown in 
Fig. 64, Liners may then be inserted behind the face to take up wear. In 
calculating the stress in the thrust shoe it.is considered as a beam sup- 
ported at the centers of the ade rods, the load being takeii as a mean between 
concentrated and dieinbuted. .Ben^ng. moment = K -r lOn, where- 
L,)='distance between side rods in in. and n ~ no. of shoes. The modulus 
of the section at the center is found in accor<knce with the method given on 
p. 1071. Stress = bending .moment. -r- section modulus. In order to avoid 
deflection, .which would cause unequal bearing on the surface, stresses in 
thrust shoes should be kept lo-w, good practice being not over 1,500 psi for 
cast iron and nob over 3,000 lb for cast sted. The tensile stress in the aide 
rods is calculated by dividing tbo total indicated thrust by the area of the 



Fio. 65.— Line-shaft steady bearing. 


rods at the bottom of the thread. A stress of 5,000 to 6,000 psi is allowable 
for either steel or bronse rods. Steady bearings of the same design as the 
line-shaft steady hearings are fitted at each end of the tlu'ust bearing bed- 
plate as shown in Fig. 62. The length of these bearings is 1.0 to 1.1 X diam 
of shaft. Sometimes the cap is lined with white metal but this is unnecessary. 
A stuffing box i's fitted around tlie fower fiafl' oi' the shall; to retain the oil fn 
the thrust-bearing bedplate. A pipe coil for ivater circulation for cooling the 
oil is fitted in the bottom of the thrust-bearing bedplate. 

The all-round type of thrust bearing is occasionally used. To permit of 
adjustment, the “go-ahead” and “go-astern” bearings are separate, although 
both are fitted on a common bedplate. In this type the bearing surface 
covers the entire annulus of the collar, and as the collars on the shaft, owing 
to their form, are less liable' to deflect, they may be made of larger diameter, 
necessitating the use of fewer shoes to maintun the same pressure per square 
inch. These bearings, however, lack 'the adjustability of the horseshoe type 
and are now seldom used in marine -work. 

Sole Plate. The thrust .bearing is bolted down, .through elliptical holes, 
on a sast-iron sole plate wbidi is riveted to the hull foundation. Adjusting 
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resulting in shorter vahre traTel and a change in lead, cutoff, release, and 
compression. The chmge in these function i» shown by the valve diagram. 




The-go-astern eccentric ie set at the same angle relative to the crank as the 
go-ahead eccentric but on the opponte &de of the crank. 

Open and Crossed Rode. With the eccentricity toward the links, the 
eccentric rods are open vb'en arrant as'shown at a and h, and crossed 
when arranged as ahowa at c and d (Fig. 66). In full gear the valve motion 
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wedges are fitted at each end between the bearing, flanges and projections on 
the sole plate. It is very important that 'the JoundatiPn under the^sole plate 
be strong, and rigid to avoid defleclaon. • Sometimes to ensure rigidity it is 
preferred to cast the sole plate .with Y-ahaped legs on the forward end for 
bolting to the main engine bedplate. JPor merchant vessels of low power it 
is satisfactory to omit the sole plate and to bolt , • 
the thrust bearing to the hull foundation .on 
.liners through which the bolts pass, chocks . 
being riveted forward and aft of the bearing . 

, and liners driven up hard agiunst tbe bearing 
flanges to lock the whole solid after bearing is . 
adjusted. Low stresses (not over 4,000 pri in 
single shear) should be allow’ed in the rivets • 
securing the sole plate and in the holding-down ' 
bolts securing tbe bearing. 

Line-shaft Steady or Spring Bewlngs. 

It is tmstoTtimy to ranko stendy bewringa tba 
.same diameter as the shall, it being unnecessary 
to increase the shaft in the bearing even if it is 
desired to leave the rest of the shaft rough- 
turned; only one bearing is generally used to 
each section of shaft, but with large shafts a 
bearing is sometimes fitted at each end of each 
shaft to farilitatc fining up and handling. The 
lengths of steady bearings vary from 1.25 to 
1.5 diameters and the pressures per square 
inch ai projected urea due to the weight of 
the shaft run from 35 to 50 lb. If the distance 
between bearings is too great, the shaft may 
deflect due to vte weight and cause heating of the 
bearings. With only one bearing per shaft 
' a safe length between center of bearings it 
-feet ' - c Vd in which d = diameter of shaft in 
in. and c = 5 to 5.5. Figure 55 shows a typical 
steady bearing. The pedestal is of cast iron 
lined with white metal, and provided with an oil 
receptacle. The cap, whi^ is usually merely 
a shell almost touching the shaft at each end to 
keep out dirt, has vnek-feed oil boxes and a 
handhole for feeling the shaft. The hearings 
are sometimes piped for water wrculation. 

Caps are secured by (our bolts, the diameters of 
which vary from 1 in. for an 8-jn. bearing to 
l}i in. for an 18-in. bearing. For tho same 
size bearings the holding-down bolts vary 
■ from 1 to l}^ in. diameter, pitched about 6 
diameters, Ring oQing is sometimes used. 

Stern tubes in merchant work are of cast iron and in one piece unless very 
long (Fig. 56). The thickness of the casting' in the stern frame and 
between bearinp varies from 1}^ in. for a lO-in. shaft to 2^ in. for a 20-in. 
shaft.' The minimum length of tho after bearing.is 4, times the diameter 
of propeller shaft under the bearing sleeve according to Lloyd’s rules, but this 
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IB the same lor open as for crossed rods Imt, w'nen fhe gear is linked up, tW 
effect on the valve functions is materially different. The curves in Fig. 67 
show that with open rods a greater range of cutoff ihsy be obtained with a 
atnaller reduction of port opening than with crossed rods. As the gear 
with open rods is Httked up, the lead increases while with crossed rods it 
decreases and may become negative, linking up with crossed rods decreases 
the valve travel very rapidly with consequent reduction of both steam and 
exhaust port openings and therefore crosa^ rods are not as well adapted for 
expansive working as open rods. With crossed rods the links are thrown 
toward the back of the engine when in ahead gear, which leaves the front of the 
engine open for oiling and inspection. Also the suspension rods arc much 
longer which reduces the dotting aclaon of the Vmk block. Most marine 
engines are fitted with open rods. 

sup of the Link Block. In laying out a valve gear the slip or slotting 
action oi the lirvk block on the liate should be pven consideration , Although 
this sEp has no practical effect on the action of the valve, the length of the 
suspension rods and the 

point of suspension ■ ■ ■■ 

should ba chosen to re- 
duce this action as much 
as possible on account of 
wear. The nearer the . • 

link block te the point of .. 

suspension the smaller - HP ■^‘‘*** , 

will be the slip. If the 
links are suspended 
directly over the position 
of the link block when in 

M gear ahead, the slip .,., 1 ^...,..... 

may be considerable when 
the engine is reversed but 
this is of little importance 
if it is a minimum for tiie 
usual working position of 
the links. When the 
probable location of the 
reverse arm has been 
detemmed, the path of 
tne point of suspension 

for one complete revolution should be plotted for full gear ahead, and astern 
and maximum linked-up poation ahead .and astern and clearances carefully 
checked. By examination of these loops, oxamples.of which are shown in 
Fig. 68, it may be possible to choose a position of the reverse arm which will 
reduce the slotting action. 

Marshall Badial Valve Gear. This type of marine-engine valve gear 
as usually constructed in America haa the valvo rod conuccted to the eocen- 
tno rod outside of the point of attachmemt of the guide link while European 
prMtvee is to make the connection between the guide link and the eccentric, 
the arrangement- of this gear for oach cylindor, consists of one eccentric 
mounted on the crankshaft, giving motion to.a short and massive eccentric 
rod i (Fig. 69) which is guided at a by iho link B and is connected at b 
to the valve rod D. The guide link B is supported at d by the bell crank 
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sometimes is made longer. The length of the forward bearing depends 
on the length of the stem tube, but the minimum length is l}i timee the 
diameter of shaft. The pressure due’ to weight of the shaft, sleeve, and 
propeller should not esceed 30 psi for the after bearing and 20 lb for the 
forward bearing. In aU. cases a steady bearing is fitted on the lino shaft as 
close as possible to the inboard coupling. The stern>tube bearings are 
usually of lignum vitae contuned in brass bushings, made in halves, the joints 
being in the horizontal plane ali^tly inclined fore and aft to facilitate with- 
drawal. The thickness of the wood, which always bears on the end of the 
grain, runs from 1 in. for a liHn. shaft to in. for a 20-in. shaft. The 
thic^ess of the brass bushing under the wood for the same size shafts 
is about and % in. The stem tube is held in 
place in the stern frame 1^ a cast- or forged-steel 
nut in which there are bolee or slots for a spanner 
wrench for tightening up. Four threads per inch 
are used for nuts of all sises. The thickn^ of the 
nut should be about in. for a lO-in. shaft and 
6^ in. for a 20'in. shaft. At the forward end of 
the stern tube is fitted a stuffli^ box of the usual 
type for soft packing. 'Very often a bronze or 
oasViion bushing is substituted for the forward 
lignum vitae bearing. 

No lubricant other than water b requited for stern 
tubes with lignum vitae bearinga. There ebWd he a pipe 
oonneetiontQ one oi the salt-water pressure pun pi in the 
engine room for washing oat the stem lube and also a 
connection for draining the apace between the forward 
and after hearings. Sometimea the after bearing is 
babbitted and the forward bearing bronze busked, in 
which caee a protecting atuffing bos must be fitted 
between the ptopeKer and the after end of the etern lube 
to keep out sand and dirt With these stern lubes oil ia 
used for lubrication. There are several patented sterr 
tubes and protective stuifing boxes on the market 

Stmt Bcariogg. In twin-screw vessels iu 
which the steru lube is not carried back to the 
propeller a separate bearing is carried tn the strut 
for taking the weight of the shaft aud propeller. 

The length of the bearing, the thicknessea of the 
•itTrtd. iliu. bT.— "SstiMiDai 

square inch correspond to Ibe figures pven for the stuffing box. 

after stern-tube bearing. 

Lignum vitae is a greenish-brown, hard, heavy wood of specific gravity, 
1.10. It is used for stem-tube and etrut bearings, and makes an excellent 
low-pressure bearing when lubricated by the free circulation of water. 
Lignum vitae for use in bearings should be generally straight, sound, and 
well seasoned; it should be free from injurious shakes, wormholes, exces- 
sive sap, large or unsound knots, and other injurious defects. Ordinary 
season checks, small amounts of sap, dight heart and ring shakes are not 
generally considered defects. 

Bulkhead stuffing boxes of cast iron are fitted where line shafting passes 
through a water-right bulkhead (Fig. ST). The box and gland are in halves. 
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lever C tavii^ its axis at c and connected by the rod f to tlic reverse arm G. 
The valve rod D may be connected to the valve stem direct or through 
a rocker arm, The gear is Unked up by shortening the valve travel which 
is done by means of the adjustment block in the bell-crank lever C. The 

movement of the point m 

h is an ellipse as shown / 

inclined to the horizontal / f 

in one direction for ahead / h 

motion and in the oppo- 

site direction for aBtern 4^^ 

motion, the chMige being j jj 

effected by the reversing | jj 

engine through the re- '/'wW ! 

versing rod f. The an- / jj 

gle between the eccentric / '-if ij jj 

and the crank is either 0 j Mlif Ir^ 

or 180 deg according to L I 

whether the valve is j r'y/ j 
driven direct or through' f 
a rocker arm or whether j ■ •i’MJ/ 
it takes steam inside or J { 

outside. Lead is con- / j s0<v^ jm. ■ 
slant, and a sharp cut* / j 

off and good steam /tf-fe ; \ 

distribution are obtained / / (u^) \ 

but to the curvature at / 

the path of the point a, , / ■ ■(/ 6 

the top and bottom cut- 1 iT ' 

offs are unequal. The 

largo number of joints 

subject to wear results in 

excessive lost motion and J^___ 

L"2t b”‘made“ e«". 

oval-valve diagram is used for this type of gear and it is usually worked out 
by means of a simple model. 


Joy Radial Gear. In tWs type of valve gear no eccentrics are used, the 
movement being taken from the connecting rod by a series of links. By 
utilizing the reciprocating and vibiatii^ actions of the rod a movement re.sults 
which gives almost equal cutoff for both sides of the piston for ail points of 
expansion, less compresrion at short cutoff, and much quicker action at the 
points of admission and cutoff than is given by Stephenson link motion. 
Lead is constant. The vibraiine Mk A (Fig. 70) is connected to a point 
on the connecting rod and to the radius rod B. The movement of the point 
a is an ellipse and of the point 6 an arc of a circle as shown, Another lever C 
with a fulcrum at d is connected at c to a point on the vibrating lever and at e 
to the valve link B which actuates thevralve stem <?. The fulemm d is con- 
nected to the reverse lever J) or to a link block sliding in a slotted link. 
The movement of the point e is an dlipse, the inclination of which from the 
horizontal, as effected by the poation of the reverse lever B, or slotted link, 
■governs the degree of expanaon. The en^e b reversed by inclining the axis 
of this ellipse the other way by means of the reverse lever through the link F. 
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The stuffing box is carried oa a portable plate in halves large enough to ship 
the shafts and bearinp. Soft packtog is used.' 


Shafting 

Arrangenient. The location of the after 
end of the shafting is determined by the 
diametw and the depth of immetaon of the 
propeller. In single-screw vessels a clear- 
ance of 4 to 6 in. must be allo'wed between 
the tips of the piopellei and the stem frame 
shoe. In twin-screw vessels ample clear- 
ance between the tips of the propellers and 
the hull must be allo'wed fsBep.1425). The 
htight of the forward end of the drafting 
is determined by the depth necessary for ft 
alroag aad rigid foundstion xmd«t the main 
en^e bedplate. Sliafting is kept parallel 
'with the base lino of the vessel except irhere 
the inner bottom or the water tanks under 
the en^ne makes this impossible. In 
twin-Bcrcw vessels it is often impossible 
owing to the arrangement of the machinery, 
to keep the shafting parallel in the horisootal 


The shaft ttl tmel Is fitted iU entire length with 
a platform from which the bearntga mny be 
attended, The Sotward end of the shaft tunnel Is 
isolated from the engine room by a sliding water- 
tight door operated from above. Overhend la 
the tunnel are located eyebolts or other lifting 
gear for handling tbe propeller and thrust shafts 
and the atem-tuhe bewings. Tbe propoHer shaft 
is drawn inboard for exatninaiion unless its length 
is ptoHbitive. A water sendee jape ia carried 
through the tunnel with a conacctiou to each 
heariiig and to the stem-tube stuffing box. Tltis 
pipe fe usually led so it can be used as a handrail 
figure 58 shows the arrangement of shafting for 
a Hngle-Borew vessel with the madnnery located 
in the stern. ' 








'll 


CrftiikshsJts for merchant engines are 
usually of the “built-up" type, ».e., the 5 
pieoes of shaft, webs, and pins are forged j 
BCpwately and shrunk together. Tor naval \ » 
engines, yachts, and other »i^nes where 
88'ving of weight and space is important, , ^ 
crankshaits are ‘'solid-lorged" and usually | 
hollow. In order that one spate section of ^ 
crankshaft may serve for any crank, the 
sertions are often made interchangeable «id 
sometimes interchangeable and reversible, i.e., one'apaic section will servo lor 
any crank with either end forward. The oror-all dimenaiona of cylinders and 


Fro. 58. — Arrangement of shafting. 
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Vox i'm typ'i of valve geaT tha oval-valve dia^ata ia used and it is best 
worked out by means of a simple'model. The defects of the Joy gear are the 
large number of joints subject to wear, resulting in excessive lost motion, and 
the difficulty of inspecting and 
taking care oi the crosshend and 
crankpin owing to the obstruction 
oi the moving' parts wliile the 
engine is running. ' . 

Action of tho Valve. The suc- 
cessful operation of the engine de-' 
pends upon the proper design and, 
setting of the valves. The action 
of the valve is the same whether 
piston or flat slide valves are used, 
and tiie elementary principles ftpply 
to both. In mid-position, the valve 
rot only covers the steam ports, 
hut ovcilapa the edges of the ports, 
as shown in Fig. 71. The amount 
of overlap a, on the steam side is 
the Steam lap and on tho exhaust 
side i>, the exhaust lap. The 
exhaust jap b is positive if over- 
lapping t'he edge ol the port and 
n^ative when not covering the 
port, The other elements arc c, 
steam port Width; d, maximum 
steam port opening; e, exhaust port width; /, minimum exhaust port 
opening; and g, half travel. The complete cycle of distribution of steam 
in the cylinder consists of admission, expansion, release, and compression, 
Admission begins through e, when the outer edge of the valve has traveled a 
distance equal to the steam lap 
a and uncovered the edge of the 
steam port (point of admis- 
sion), and ends when the Valve 
has reached this point again, 
traveling in the opposite direc- 
tion (point of cutofl). Ex- 
pansion then takes place until 
the inner edge of the valve has 
uncovered the edge of the steam 
port to exhaust (point of re- 
lease) . Exhaust continues un- 
til the valve closes the port 
traveling in the opposite direc- 
tion (point of compression). 



Fjo. 70.— Joy radial valve gear. 



Pig. 71. — Elcmoatary slide valve. 


From tide pmnt compression takes place until' the valve Is again opened to 
admission. The maximum steam port opening d U usually less than the width 
of port c, and is reached when the valve has traveled its maximum distance 
from mid-position. The amount which .the Btown port is open when the 
piston is at the end of the gtrolm ia the lead, or steam lead. Similarly 
,the amount which the exhaust port is open' is the exhaust' lead" commonly 
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bedplate are incteased ii the sections of crankshaft are made interchangeable, 
or interchangeable and reversible. This question is discussed on p. 1153. 

The diameter of the crankshaft for a merchant engine is determined 
from the rules of the Clas^cation Sodety under which the vessel is con- 
structed, but the designer should alwa;^ ciUeulale the stress in the after end of 
the shaft produced by the comlnned ben^g and twisting moment. Maximum 


twisting moment in inch-pounds, T-= 


63,000 X flip 
rpm 


X C, where C = ratio of 


themasimumtothemeantwistangmomeut. Thisratiovarieswithtbenumber . 
of cranks, as shown in Table 14. -The bending moment is produced by the 
twisting moment, which, for allpraetaodpurposes, may be taken the same as T, 
considered at the middle of the crankpiu. Then maximum bending moment, . 
B = TXi‘5-8Xr, where L = ^stance between edges of bearings of after 
crank in in. + I in. audr = radius ofmnk in in. Then equivalent ma.rinium 
twisting moment, T, = B -b B Vl + (T **• B)*. 

Stress in shait « T, + A, where Ri is resistance of the shaft to twisting 
« B’ -f 5.1 for solid shafts and (D* - -f 6.1D for hollow shafts, in which 
Z) = diameter of shaft and d « diameter of hole. Stress should not exceed 
6,000 psi although it is often less than this, due to the desire of owners to 
have shafts larger than required by the Classification Society rules. 


Table 14. 


One- wank... 
Two-erank. . 
Threc-craak. 
Tour-crank.. 


Katio of Mazimun to IMean Twisting Moment 
Batio for Average Cut-of of 
Typo of Engioo 70 Percent in E-p Cylindera 

3,00 

1,50 

1,83 

1,25 


TheeSect of inertia isnot considered ID the above ratios. According to Bragg, inertia 
may locreaee tl>e ratio for three-eran): enginca os much as 18 per cent, while for engines 
with cranks at 180 and 00 deg, the inertia effects are nearly balanced. 


Crank webs for merchant enjoncs arc usually of the type shown in Fig. 69, 
with straight sides, although they are sometimes made as sitown in fig. GO 


Big. 69. — Crankshaft. 



to cave weight; the weight saved, however, does not justify the extra labor 
involved. Crank webs are subjected to a beading stress in the direction of 
rotation due to the maximum twisriog moment and also to a bending stress in 
a iorc-and-aft direction owing to the unbalanced bad on the crankpin. These 
stresses, however, are small and need not be computed, if the webs are pro- 
portioned by Table 15. 
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called release. To bring the ed^ of the valve into proper position relative 
to the edge of the steam port when the piston is at the end of the stroke, it is 
necesBaiy to move the ecc^tnc Enough «n angla which will move the valve 
from its central position a distance equal to the steam lap plus the steam lead. 
This angle is called the angU of ^vance. 

Valve Punctiona. If there were nather lap nor lead, the valve would be 
central each time the piston reached the end of the stroke and steam would 
enter the cylinder throughout one strote and be exhausted throughout the 
next. There would be no expansion and no cotapresaon. The use of lap 
makes cutoff and expansion posable. It 
is customary to make the top steam lap 
slightly larger than the bottom lap to 
lessen the difterence between the top and 
bottom cutoffs. Stoam laps of 1 to i}i 
in. are commonly used in marine engines. 

Positive exhwist lap retards tire period of 
release and makes compression earlier 
while negative exhaust lap has the opposite 
effect. The amount of lap, whether 
positive or negative, ie determined by the 
exhaust opening which should be wide 
open at the end of the stroke. Exhaust 
lap, if negative, should always be less than 
the steam lap to avoid a passage for steam 
from one end of the cylinder to the other 
at the moments of admission and cutoff. 

Frequently exhaust lap is sero but it may 
be as much as it in. Steam lead is 
generally settled according to the judg- 
ment of the designer. The inertia of the 
moving parts relative to the area of the 
piston should be taken into eonaderation 
in determining lead as or<Knarily compres- 
sion is not sufficient to overcome the 
inertia of the moving parts by the time the 
piston reaches the end of the stroke. 

Lead therefore helps to cushion the 
plsiivn ani toniid W greaW iw 
than for small cylinders. It may vary 
from in. in small bigh-pressure cyUndeis 

to \}i in, in large low-pressure cyliadera. 

On account of the ang^srity of the con- 
necting rod the bottom lead is always mado 
more than the top lead. Top lap plus 
lead must always equal bottom lap plus lead. As linking up increases 
the lead with open rods sod decreases it with crossed rods, as shown in 
Fig. 67, normal lead is made greater mth crossod rods. lead with Mar- 
shall, Joy, and other radial valve gears b constant for all grades of expan- 
sion. Tho cutoff for equal power in each cylinder of a multiple-expansion 
engine depends on the relative volumes of ^le cylindors as discussed on p. 1066. 
With Stephenson link morion the bottom cutoff is from 5 to 9 percent less 
than the top cut off due to the angularity of the connecting rod. Belease 



Fto. 72. — Effect of angularity of 
the connecting rod. 
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To Multiply by Logarithms. Knd froin tho table the log of each factor, 
and add; the result Tvill be the log of tho product. Then find the product 
itself from the tabic. 


Exampis. To find • 

X = (4,09S)(0.0002973)(72.1) 

Answer: * = 8.784 X 10~» 

- 0.08784 

To Divide by Logarithms. ' First Method*. ' Kud irom the table tho 
log of the numerator and the log of tho deaominator, and subtract the second 
from the first; the result will be the logarithm of tho qitoticnt. Then find the 
quotient itself from the table. 


log 4.09S ° 0.GI26 

log 0.0002973 « 0.4732 - 4 

log 72.1 - 0.8570 + 1 

log X » 1.9437 - 3 = 0.9437 - 2. 


EmiPLE. 
Answer: * 


0.0002973 
= 1.378 X 10‘ <=• 13780 


• log 4.098 = 0.G125 

log 0.0002973 = 0.4732 - 4 
log I = 0.1304 + 4 


It order to avoid negative mantissas in cases where a larger mantissa 
would have to be subtracted fiom a smaller, taodU y the upper logarithm by 
adding and subtracting 1. 


Exauple. To find x *• 

u3.4 

Answer: x *> 4.590 X 10"‘ 

« 0.0004590 


log 0.0291 "■ 0.4G39 - 2 ■» 1.4039 - 3 
log 03.4 » 0,8021 + 1 «*■ 0,8021 + 1 
logs 0.0018 - 4 


But if tho logarithma arc written with tho cbaraolerHliea in front, and the "shop 
aethod’’ of auhtraction is mod (seep. jdg o.o291 "2.4C39 

88 ), then do suoh special dovico is here ]^,g 53_4 b 1,8021 

teqriied. Thus: ' 

log X ° 4.6GI8 

To Divide by Logarithms. Second Method: Instc-ad of subtraotmg 
the log of a number, it is often convemeut to add the cologarithm of that 
number; the colog of ^ being defined by: colog ®log(l/iY) = -logA^ , 
To find tho colog of a number, write the log, of tlie number in the stand- 
ard form, and subtract it from 1.0000 - 1, ae in the following examples: 

1.0000 - 1 1.0000 - 1 • 

• log C9.5 = Q.8420 + 1 log 0,0002973 « 0.4732 - 4 

colog C9 5 “ 0.1580 - 2 colog 0.0002973 = 0.5268 + 3 

• This subtraction should bo performed mentally. Thus, to subtract the mantissa, 
subtract eaoli digit from 9 until the last non-aero digit is .arrived at, and subtract this 
from 10; to subtract the characteristic, follow the regular rule of algebra ("reverse the 
sign and add"). • Hence, ii the logiBillnnTtBclt is already written down, orennheread 
ofi from the table without interpolation, the oologorithm can bo witten down at once, 
by inspection. The use of oologarithms is not essontial in logarithmic cornputation,' but 
it oftcn facilitatca a compact arroiigoment of tha work, especially in cases where tho 
denominator of a fraction is itself the product-of two or .more factors. . 

' To Find the' nth Power of a Number by Logarithms. Find, from the' 
table^ tii.e log of the number, and multiply it by n| tho result will be the 
ioganthm of the nth power of that number.' Then find the power itself from 
the tables. ' ' ‘-s. . ■ 

•EsAnnB i. Find I = (0.0291)* ; ■ logO.(B91 - 0.46S9 - 2 : 

Answer: . I =. 2.464'XHr» 3 ■ ■ • 

, .» 0.00002464 log*: - 1.3917 - 6 - 0.3917 
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Example 2. Find ® = (0.0291)>-« log 0.0291 - 0.4639 - 2 - - 1.5361 
Anawor: x - 6.825 X 10-» 1.41 

- 0.00682S 15361 

61444 
1SS61 

logs -2,1669 

« 0.8341 - 3 

To Find the nth Boot of a Number by Logarithms. Find from the 
table the log of the number, and divide it by n; the result mil be the log of 
the nth root of that number. Than find the root itself from the table. 

Example. Find x - ^4.098 log 4.098 = 0.6126 
Anmr; 1.600 log s'® 0,2012 

In order to aroid fractaonal characteristics, if the characteristic is 
not divisible by n, make it so divisible by adding and subtracting a suitable 
number before dividing. 

Example. Find x = ^0.0004690~ log 0.0004590 = 0.6618 - i 
Answer: s = 7,7U X 10-> 8 )2,6618 - 6 

= 0.07714 log * =■ 0,8873 - 2 

Sut If the chaTncterietic is positive, it ia rimpler to write it Is front of the mantissa; 
and then divide Greedy. 

THE SLIBE RULE 

The slide rule ia an indispensable aid in all problems in multiplication, 
division, proportion, squares, square toots, etc., in which a limited degree 
of accuracy is sufficient. The ordinary 10 in. Mannheim rule (see below) 
costs S3 to $4.50 and ^ves three significant figures correctly; the 20 in. 
rule ($12.50) gives from three to four figures; the Fuller spiral rule (330) 
op the Thaehep cylindrical rule ($35) gives from four to five figures. For 
many problems the elide rule gives results more rapidly than a table of !oga> 
ritbms; it requires, however, more care in placing the decimal point in the 
answer. In all work with ^e elide rule, the position of the decimal point 
should be determined by inspection (sec p. 89), only the sequence of digits 
being obtained from the instniment itsdf. l^pidity in the use of the in- 
strument depends mainly on tho skill with which the eye can estimate tho 
values of tiie various divisions on tho scale; expertneaa in this respect comes 
only with. Ttiutfim. ThftfoJJAWnn^ <>x);lanaijnnaehmM 
mit the use of the ordinary alido rule euccessfully without previous experience 
and without knowledge of logaritfuns. 

Multiplication and Division with a (Theoretical) Complete Loga- 
rithmic Scale. Consider a complete logarithmic scale (D, Fig. I), assumed 
to extend indefinitely in both directions, only the main section, from 1 to 
10, however, being usually available. Note that the divisions within tho 
several sections aro identical, except that the numeral attached to each divi- 
sion of any one section ia ten times tiie numeral attached to the corresponding 
division in the preceding section. [The distances laid o5 from I are propor- 
tional to the logarithms of the corresponding numbers, the distance from 1 to 
10 being taken as unity.] Conmder also a duplicate scale C, numbered from 
1 to 10, and arranged to s^de along the fixed scale J) as in the figures. By 
means of such a scale D and slide C any two numbers between 1 and 10 
(and hence any two numbers whatever, with proper attention to the decimal 
point) can be multiplied or divided, as in the following examples. 
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(sometimes called exhaust lead) should bo ewly enough to giro a free passage 
for exhaust to avoid wire drawing; 7 to 16 percent is the range for marine 
endues, Coraptesslon should not be owned beyond the pressure of 
admission; it varies from about 6 pspcent in high-pressure cylinders to about 
12 percent in low-pressure cylinders. The angle of advance is the lap angle 
plus lead angle and may range from 33 deg for high-pressure to 45 deg for 
low-pressure cylinders. With valves taking outside, steam the eccentric 
precedes the crank 90 deg plus angle of advance,, and with valves taking 
inside steam the eccentric follows the crank 90 deg minus angle of advance. 
Although the angularity of the connecting rod affects the position 
of the piston with reference to the crank, the length of the eccentric rod 
with reference to the throw of tho eccentric is so great that the displace- 
ment oi the valve , is considered equivalent to the vertical travel of the 
center of the eccentric and the valve travel equal to twice the radius of tho 
eccentric. 


Valve Travel, It is important that tho travel of the valve be kept as 
short as practicable to reduce frictional loss. The travel of a piston valve 
may be reduced by increasing tho diameter and of a slide valve by making it 
double ported, or in case of very large cylindera with long strokes, triple 
ported. The valve travel of all ej^ndera is kept the same if possible but it is 
often found, when working out the valve diagram, that it is better to increase 
the travel of tho low-pressure valve. The travel is usually 2 to 3 times the 
width of the stoam port. 

Angularity of the Connecting Bod. Inspection of Fig. 72 will show 
that, for tho same angular poslUon of the crank relative to the beginning of the 
stroke, tho piston moves a much 
greater distance on the down stroke 
than on the up stroke. If Fig. 72 
represents the positions of the piston 
and crank at cutoff, it is evident 
that with a connecting rod of infiiulo 
length, the piston would have trav- 
eled equal distances and ac and db 
would be equal to en and gk and the 
cutoffs would be equal; but the 
angularity of the connecting rod in- 
creases the cutoff on the down stroko 
and reduces it on the up stroke mak- 
ing oc = eo and dh = gm. Actually 
a movement of the crank of 120 deg. 
with a connecting rod length equal to 
4 times the crank, corresponds to a 
cutoff or piston travel of 80 percent 
on the down stroke and 70 percent 
on the upstroke. To partly over- 
come this difference, the top steam . 
lap is made larger than the bottom. However, this difference with Stephenson 
link motion can never be reduced bdow about 5 percent. . • 

Zeuuet Valve Diagram. In .layii^ down a valve diagram the valve 
travel, ciitoff, steam lead, and exhaust raleaso arc' assumed and the other 
functions^ determined by trial. ; The Zeiiner valve diagram' is generally used 
for Stephenson link motion and is constructed as follows: . 



73.- 


-Construction of' Zeuner 
'valve diagram. 
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Lovekin Assistant Cylinders; " In this type of balance cylinder' '{Fig;' 851 
the' admssion of steam to the nndereide of the piston is controlled by the' 
movement of the piston past a steam port. The steam is taken directly 
from the chest and the action is auromatic. Its purpose is to balance' the 
inertia force of tho valvc'gcar on the down stroke as well as the weight, by 



Fig. 84. — ^Trick piston valve. 


than lS « ? r ?' Wto" t» « pressure higher 

to i,rov,'Hr? !■' “ “I™ ^rPlttel ou top ol the p&tou 

tosHw rlewP stroke, ' In this 

required is only that necessary to replace the 'stearii which 

condenses as there are no exkanstporte. ' • V steam winch 
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In Fig. 73 let the line AB-be the direction of travel of the valve.' ' With 0 
as a center describe the eirde DKS \rith radius equal to the eccentricity (full 
size) and also the evankpin circle ASB reduced to a convenient scale. Assume 
A top and B bottom of stroke. Offset AC from A equal to the top cut-off and 
drawthe'eorresponding crank poshionOS, using the length of the connecting 
rod reduced to scale, as ii-radius. ’With D as a centor draV a circle with 
radius equal to the top steam leaid and' from F a line FG tangent to this 
circle. ' Bisect this line with a normd ‘HJ through 0. A circle ESO with HO 
as diameter will represent the movement 'of the valve from the central posi- ' 



tion. The angle HOK is the angle of advance, W the steam lap, and LH 
the maximum steam opening which occurs at crank position 02. The 
steam opening for any other crank position 05 is ft/. Draw 01 through 
G which passes through the inteiscetion of the steam lap circle FAS and the 
valve circle HSO. The line 03 dso passes through the intersection of these 
circles. . The points S and F, therefore, represent tlie opening and closing 
of the valve. Complete the construction for tiie bottom of the stroke in a 
similar manner. Offset BM from B eq^ to the top exhaust release and draw 
the crank- position 04. Also dra-w OB making angle G02 equal to angle 402. 
The point 6 on the crank orcle is the crank position when top compression 
begins. With a straight line connect points N and P and, with 0 as a center, 
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Valve Load, k number oE formulas are in use for obtaining tho loads on 
the valves in order to ptopoilion bearing surfaces and the strength of the 
various parts of the v^ve gear. Some formulas take into account the 
weight and inertia of the valve gear andothers the friction of the valves. Any 
formula must be more or leas eminrical, and it is well to simplify the calcula- 
tion by basing the load on the friction of the valves only and keeping the 
pressures and stresses low enon^ to cover all other contingenciea. The pres- 
sures and stresses mentioned under valve gear details have been found by 



successful practice to be satisfactory and are based on valve loads found by the 
following formulas:- 

Valve load inlb*=L“cXhXIXpfor slide valves 

«= c X wd X fi X p for piston valves 

where c = cocfhclent of friction 
6 and I = width and length of slide valve 

d and h = outside diameter and iengtii of top -f- bottom piston valve rings 
p s unbalanced absolute pressure between tho steam and exhaust sides 
of the valve 

The constant e should be taken 0.15 for intermediate-pressure and low- 
pressure slide valves and 0.22 for high-pressure and intermediate-pressure 
piston valves which values'are high enough to cover almost dry surfaces, a 
condition which is liable to occur. For low-pressure cylinders, p should be 
taken not less than 30 lb for compound, 25 lb for triple, and 20 lb for quad- 
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draif a circle tangent to 'l^P. . The radius OR of .this circle is the exhaust 
Jap. If this circle lies within ..carde HO, .the kp is negative and, if ■within 
citde 0/, the lap is positive. When the width of .the port is loss than HL, 
an arc XFZ is drawn making the distance YL equal to the port opening. The 
steam lap, lead, release, and valve travel must be , adjusted until considered 
satisfactory for the required cutoff. The diagram is always laid off in the 
same manner relative to the top of the stroke whether the valve takes steam 
inside or outside. A separate diagram must be drawn for each cylinder. To 
TOP 



BOTTOWl 


Fig. 75.~Zeuner vdve diagram for crossed eccentric rods. 

find the valve functions for linked up positions, see Fig. 74, which is a com- 
plete diagram for open rods. The arc CD is described through point C 
from a center on OB extended and ■with a ra^us equal to 

Length of eceentrio rod X 2 X EC (Fig. 74) 

2 X distance between eccentric rod pins on link 

_ Considering the length of tlie arc CD as equivalent to the length. of the 
link, Jay off proportionally from E the points 1, 2, 3. etc., to represent linking 
ito of 1, 2, S, etc., in., and describe drdes with Ol, 02, 03, etc., as diameteisi 
From these circles the points of admission, cutoff, release, and compression, 
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Tuple engines; for other cylinders p may be taken from Table 2. ’ For slide 
valves the total area of the back of the valve is used, neglecting the effect of 
the relief ring, if any, as the valve gear must be proportioned to operate the 
valve should the relief ting fail to -work. The lo^ for piston valves depends 
on the fit of the valve rings. With tight linga and dry surfaces the load may 
exceed that given by the formula. The valve loads for all cylinders should 


be determined and, unless tho loads 
are materially different, the valve gear 
proportioned from the largest load and 
the parts made the same throughout 
the engine. . Often, however, the valve 
load for the low-pressure cylinder is 
much greater than for the other cyKn- 
ders, and it is not unusual to increase 
the size of the parts for this cylinder. 
Tho following details of valve gear 
cover Stephenson link motion, but the 
details of other types may be designed 
in the same manner by using the valve 
loadLasabasis. 

Valve Stems. When ono valve ie 
used, the valve stem ie fitted with a 
cap and adjustable brass bushing 
at the lower end (Fig. 86) which 
attaches to the link block. When 
there are two valves, the stem (Fig. 87) 
is screwed into a crosshead, which 
connects to the link block. Piston 
valves are secured to the stem by a 
collar and washer below and lock nuts 
above the valve. Adjustment of the 
valve along the stem is mode by 
chanpng the thickness of the washer. 
To provide for wear of a slide valve 
and to allow tho steam pressure to hold 
it Smly against its seat, the hofe 
through which the stem passes is made 
oval. Nuts above and below the vnlvo 
are locked against a pipe distance piece 
over the stem or in some other manner 
so that the valve is free on the stem. 
The diameter of the valve stem below 
tho valve is determined by the raetiiod 
given under Piston Rods, p. 1092, using 
the valve load L and a factor of safety 
of about 30. The stress at the bottom 
exceed 3,000 Ib. The cap and bolts ar 
connecting rod caps and bolts using the 
collars, nuts, caps, and bolts are forged' 



Fm. 86. Fig. 87. 

Valve stems. 


of tiic thread in the valve should not 
B proportioned in a manner similar to 
same allowable stresses. The stems, 


, Valve-Stem Grossheads. Whra two piston valves are used a crosshead, 
usually of cast steel, of a design amilar to Flgi 8S is 'used, Tlie lower end of 
the crosahead carries the bushing for attaching to the link block. 
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corresponding'to tho linked-UD poations, may bs found in the same mannor 
as for fuU-goar conation first duoiibed. For crossed rods tho arc CD 
is laid off from a center oa #. ’ 


OA extended instead of on 
OB as shown in Fig. 75 
■which is a complete dia- 
•gram for crossed rods. 

' In some cases the links 
are arranged for carrying 
the cutoff beyond the 
point of attachment of the 
eooentrio rods thus increas- 
ing the valve travel and 
decreasing the angle of ad- 
vance; this may be repre- 
sented on the diagram by a 
proportionate extension of 
the equivalent link line CD 
(Fig. 75) beyond the point 
0 and is generally called 
overhung gear. The 
difference between open 
and crossed rods can beet 
be understood by compar- 
ing the valve functions for 
different cutoffs as shown 
by the curves in Fig. 67, 
which are drawn tor valve 
gears with open and cross- 
^ rods suitable for the 
same engine. For crossed 
rods in this case it was 
found advisable to over- 
hang the links in. to get 
the benefit of larger valve 
travel and the proper range 
of cutoff without reducing 
too much the steam open- 
ing and steam lead when 
linked up. The large 
steam opening and steam 
lead at maximum linked- 
out position necessary to 
obtain good running con- 
ditions In the maximum 
linked-up position may be 
noted. 

The oval-valve diagram 
is frequently used in con- 
nection with radial valve 



gears. Its construction for Marshall 'valve gear is as follows: 

. The path of the lower valve rod pn 6, during one revolution, is plotted by 
laying off to a convenient scale or by use of a dmple model, tbo locations of the 


Pia. 76. — Construction of o'v^l-valve dutgram for Marshall gear. 
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Valve-Stem Guides. The valve stem must be guided at the lower end 
to prevent the side strain due to the angulariigr of the eccentric rods or the 
action of the links, from bending the stem 
or throwing a pressure on the stuffing box. 

For a single valve this guide may be a 
separate casting or cast with the lower valve 
chest cover as shown in Fig. 88. The bear- 
ing surface will be ample if the diameter in 
the guide is made to in. more than the 
diameter of the stern and the length 3 ijmos 
the diameter. The guide is lined with' 
brass and fitted with a Tcmovabie cap. 

When a crosshead is used, the guide is 
cast iron or steel as shown in Rg. 89 with 
adjustable brass ^bs fitted in the croeshead. 

As one valve is liable to work much stiffer 
than the other and throw continual pressure 
on the guides, it is advisable to make the 
bearing surface almost double that used for 
a single valve. The upper end of the valve stem is guided by the balance 
piston or by a bronse bushing in a cast-iron hood. 



Fig. 88.— Valve-stem guide, 
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centers of the eccentric rod, the suspenflion pin d on the bell crank and the 
attachment of the swinpng link B to the eccentric rod at o, Fig. 69. On 
the eccentric circle ABC (Fig. 76) with a radim = 

2 X eccentric X length of conncoting rod ^ 

Btfoke 


arcs are drawn corresponding to each tenth position of the piston. The inter- 
sections of these area with the eccentric drde marked 1, 2. 3, etc., for the down 
stroke and 1', 2', 3', etc., for the upstroke, are used in plotting the path of the 
lower valve rod pin, which is done lor full gear ahead, masimum linked up, and 
astern positions as shown. Points on the path of the valve rod pin are marked 
to correspond to the piston portions. In Fig- 77, draw lino DE reptesenting 
the stroke of the piston to a convement scale and divide into tenths. On tho 
left side of line DE plot the portions of the valve for the down stroke of the 
piston which are found by scaling off the vertical distances of the points on 
the path of the valve rod pin. from tho are PGf, the radius of which is the length 
of tlie valve rod. On the right ride of DB plot the pOBitions for the up stroke. 
A line through these points will describe an oval figure representing tho 
positions of the valve for the corresponding pori- 
tiona of the piston. Draw the diSeront Up lines 
for steam and exhaust parallel to DB, the left ride 
representing the down stroke and the right side the 
up stroke. The intersections of the Up lines and 
the oval represent the points of admission, cut- 
oS, exhaust release, and compression. If the 
exhaust lap is positive, the lap line is drawn on the 
opporito side of its steam Up and, if negative, on 
the same side. In the diagram shown in Fig. 77, 
the top exhaust lap Is soio. A separate diagram 
must be drawn for each cylinder. Tho diagram 
shows that increasing the steam Up decreases the 
lead and the cutoff, and increasing the exhaust Up 
makes release later and compression earlier. Owing to the angularity of the 
connecting rod and the curvature of the path of the point a, Fig. 69, the oval 
is not a true elhpae but one end is fuller than the other which shows that the 
top and bottom cutoSs are unequal. To partly overcome this the laps are 
made unequal. As lead is constant for all grades of expansions ovals drawn 
for linked-up positions will all pass through the same top and bottom points 
of lead. 

Valve Diagram Data, When the valve diagrams have been drawn for 
each cylinder the data are tabulated on tho drawing for easy reference os 
shown in Table 16. It is also wril to plot on the drawing, curves similar to 
Fig. 78 showing the changes in the valve functions for different link positions 
80 that the cutoff, release, coinpresrion, etc., may be easily read for any posi- 
tion of the links, Table 16 and Fig. 78 are from tho v^ve diagram of an 
actual en^ne. 

Plat Slide Valves. On cylinders in which the pressure wiU not cause 
excesswo wear, it is costomsTy to use a riide valve. If the cylinder is large 
this valve may be double-ported as riiown in Kg. 79 or even triple-ported to 
reduce the travel and to ^ve qvuck-doang ports. The faces of the valve and 
seat are sometimes scraped to 'a true surface but usually, if these faces are 





Fxo. 77,— Oval-valve 
diagram for Marshal! 
gear. 



Fig. 91.— :^ntric and eccentric straps. 
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planed at right angles, th<gr ^vill soon wear to a good surface. To reduce 
friction, grooves are often cut in the bearing surface of the valve or scat so 
steam may enter and act as a lubricant. Care must be taken that the valve 
has sufficient bearing surface in order to keep the pressure per square inch 
within proper limits. If the ports are very wide, one or more central bars 
must be used. Even tliough pressure per square inch on a slide valve may 



Pig. 7S.— Changes in valve functions for different link positions. 



Fig. 79. — Doublo-ported slide valve with relief ring. 


be low, the total pressure, due to the large area of the valve, and consequently 
the force required to move it, is large. For this reason, it is customary to use 
a relief or balance ring, as shown in Pig. 79, or similar type to relieve the steam 
ptesBurc on the back of the valve, and th.viSTedu.ee the wear on the valvo face 
and seat. The ring is held steamti^t against a plancd surface on the inside 
of the valve chest cover by spring and the space uisidc of the ring is connected 
to the condenser or to the reemver of the next cylinder, These springs also 
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trie rod pins, two of which are extended to form the suspension rod pins, 
are riveted through the link bars. The suBpension'rods, for merchant engines, 
are generally attached to the go-ahead eccentric rod pins to reduce the slotting 
action of the link block in ahead ge». The depth of the bars is made about 
three times the thickness and the dista&ce between, eccentric rod pins 
six to Bovon times the eccentricity. The eccentric rod pins are propor- 
tioned for a bearing pressure of 600 to SOD psi. The area of the suspension 
rod pins is about three-fourths that of the eccentric rod pins, Each link bar 
is proportioned as a beam, supported at the eccentric rod pins, to carry 
half the valve load, L, in the middle; 6,000 to 6,000 lb stress may be allowed. 

Link Blocks. Figure 90 shows a forgcd-eteel link block of the usual typo. 
The pin for the attachment of the valve stem is proportioned to carry the 
valve load with a pressure of 600 to OSO psi. The length is made equal to 
the diameter. Brass faces or pbs, proportioned for a pressure of 250 to 350 
psi, are fitted between the link block and the links. 

Eccentric Rods. The diameter of the eccentric rod is determined in 
the same manner as a connecting rod using hinged ends, the valve load, L, 
a length equal to the distance between the centers of the eccentric strap and 
the pins on the links, and a factor of safety of 1$ to 22. The diameter 
of the lower end is made about 1.3 times that of the upper end. The rods 
are forged steel fitted at the upper end with adjustable brass bushings secured 
by a forged steel or brass cap. The fork of the ahead rod is usually made 
symmetrical and the astern rod offset (sec Fig. 107). The fork should be 
proportioned as explained under connecting rods, allowing a stress of about 
4,000 lb. The lower end of the rod is secured to the eccentiio strap by two 
bolts which must be proportioned to carry the valve load. The len^h of the 
eewntrio rod varies from 8 to 15 times the valve travel. 

Eccentrics. The usual type of eccentric (Fig. 91) is of cast iron although 
the smaller part is sometimes forged or cast steel. The parts are held together 
by bolts about 1 in. tor a 12-in. to 2-ln. for a 30-in. eccentric. The keyway, 
which is always in the large part, is often made wider than the key and side 
keys fitted so that small changes in the angle of advance nay be made. 
To secure the eccentric against moving sideways a setscrew is fitted, 
or the ahead and astern eccentrics are bolt^ together. The joint between 
the parts is stepped to take ride strain off the bolts. The width of the 
eccentric is determined from the valve load, L, the projected area being such 
that the pressure per square inch b 60 to 140 lb. 

Eccentric Straps. Figure 91 shows a cast-steel eccentric strap lined with 
white metal of the typo generally used. A Up at each side of the bearing 
surface keeps the strap in place. The strap should be sufficiently stiff 
not to pull away from the eccentric where boltod to the rod or cause exces- 
eive friction by closing in at the rides. The bolts oonneoting the top and botr 
tom must safely carry the load on the valve gear. As spare eccentric straps 
are usually carried, the top and bottom pulB are often made from the same 
pattern to reduce the number of spare parts (sea Fig. 107). The lower 
part of the strap is proportioned by considwing it as a beam supported at the 
centers of the bolts and loaded in tho middle with the valve load, L, allowing 
a stress of not over 4,000 Ib for cast steel. 

Reversing Gear 

For small engines reversing is accomplished by a hand lover attached 
directly to the reverse shaft or by some band-operated gear, either worm and 



alve Dlagi'a.zii Sa/f^a. 
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■ffheeL or screw. Bbr large engines, steam reversing gear is fitted. The 
■‘'sJl-rQund‘' type is almost nniversa^ used in European practice, and the 
"dreotracting ” type in American practice* 
lie all-round type (Fig, 92) oontista of n small one- or two-cynnder 
en^ driving a worm and worm wheel. The worm wheel is connected 



to an arm on the reverse ^aft lqr.a connecting rod and a crankshaft or a 
conneRting rod and a pin in the rim oi the wheel. The engine is usually 
fitted with a flywheel of largo diameter with a light smooth rim readily 
aceessihle for use as a handwheel for starting the reversing ’engine when 
on dead center, or in making slight movements of the valves. The flsarheel 
also forms an emergency means of starting the valve gear in case it should 
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serve to reseat the valve in ci^ it is lifted ofi its seat by water ia the cylinder 
cr any other caase. 

Slide-valve False Face. A hard clos^^^lned cast-iron false face or liner 
is generally fitted to tlie cylinder as a working surface for a slide valve, as 
shown in Fig. 80. This liner varies from about 1 to 2 in. thick depending 
on the size of the en^ne and is firmly secured to the cylinder by a number 
of bronze screws set about in. below the surface to allow for wear. 



Fig. 80.— Slide-vnlve false faoe. 


Piston Valves. It is customary to use a piston valve on the blgh-preseure 
cylinder as tbe wear of a sHde vdve is excessive under high pressure. The 
volumetric clearance is more than with a slide valve, owing to the steam 
passages extending around the valve but the use of straight ports reduces this 
difference. A piston valve, if properly fitted, works with little friction but 
is not as steamtight as a ^de valve and, as it cannot lift from its seat if dirt 
or an obstruction enters the port, it is liable to stick and throw severe strains 
on the valve gear. For the same reason water ia the cylinder is unable to 
escape. Piston valves take inside Bte&m whon the steam enters the cylinder 
post the inner edges of the valve rings and outside steam when the steam 
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stick. The all-round type olgottis also useful in warming-up as the reversing 
engine mny he kept running luid continuoudy. reversing the valves. It is 
less liable to be damaged by careless handling, and the engine may also be 
arranged to operate the turning gear. The valve gear for the reversing engine 
is sometimes fitted with a “follow-up” gear which stops the reversing engine 
when the gear of the main en^ne has 
reached the desired poaition.. An indicator 
is usually fitted so that the valve portion 
may be readily seen. BomeUmes a brake is 
fitted 50 that the en^e may be’ stopped ‘ 
quickly and held at any point. li ‘ . 

The ''direct-acting" type (Fi^. 93 and M 
106) consists of a'cylindor with a connecting j;:i;| 
rod directly connected to the reverse shaft ^ 
arm, one stroke ol the piston moving the 
reverse shaft from ahead to astern position. , ' ,-ft • 

Tho valve gear, of this enpne ia operatedby • ' ** 

a hand lever fitted with a quadrant-' for D^ilofVolve 
securing it. A follow-up gear stops the • i 
reversing engine when the gear o^ithc mein ' , 
engine has reached the <^ired position. ' 

Tlie piston should be provided with, stops at 
each end of the stroke; conasting of sprinp 
or of bosses on the piston which strike the 
cylinder head. The valve of the reversing 
engine is usually of the D slide typo. A V- 
notch is often cut-in the steam lap at each 
end of the valve (Fig. 93) which makes the 
steam balance maintained by the follow-up 
gear more sensitive and tiis movement of 
the piston more easily controDcd by slight 
movements of the valve. To provide a 
cushioning effect, the revcrang-gcar of a 
large installation sometime has an oil or'-, 
water cyUndcr in tandem with the steam 
cylinder -with a valve in tandem, so that 
any movement of the steam valve and piston 
causes a corresponding movement of the 
hydraulic vdvo and piston blowing the 
fluid to flow from one end of the hydraulie 
cylinder to the other. The fluid may be 
throttled, so as to regulate the speed of the 
movement, Sometimesthebydiaulicojdin- 
der is also fitted with an auxUiary hand 
pump which may be used as a hand revers- 
ing gear or as an emergency gear in case the main engine valve gear sticks. 

The Bias of reversing engine is detornuned more or less empirically 
but, with constants taken from praelice, the fidlowing formula, adapted from 
Bauer, gives good results: . . 

P X « 



—Direct-acting re- 
verang engine. 


PROPOmomm op engihe parts 


1126 


enters past' the outer edges. The gea^l type of piston valve is shown in 
Fig. 81. Large piston v^vea are often made with caet-steel ends riveted to a 
central section of steel tubing, as ahovnr in Fig. 82. The rings are socnctiwes 
held against the valve liner by apringa but, on account of excessive wear, it is 
better to use solid rings or, to provide for adjustment, to have the rings cut 
and the en^ fastened together by screws or boUa as shown in Fig. 82. ' The 
diameter of the rings may then ba increased by the use of liners. On inter- 
mediate-pressure cylinders, either piston or sUde valves are used, according 
to the idea of the designer. To avend cxce^ve distances from the center 
oi the cylinder, two piston valves may be 
used instead of one m discussed on p. 1153. 

Piston Valve Liners. A hard close- 
grained cast-iron liner is usually fitted in 
the valve chest as a worldng surface for a 
piston valve as shown in Fig. 81. • Tlie 
thickness varies from about % to iK 
depending on the size of the enpne. The 
bridges in the steam port (see Rg. 81) are 
arranged diagonally to ensure enual wear 
on the valve rings and are usually about 26 
per cent of the circumference of the valve. 

The openings in the valve liners are 
accura^ly maohlned. The ends of tho 
lineis are counterboted to allow the valve 
rings to overrun a short distance at each 
end. 

Expansion Valves. With the ordinary 
types of vaWe gear and the usual valve lap# a 
variation of cutoff of 15 to 25 per cent may be 
obtained. If a greater range or an, earlier ouU 
off U desired, a separate expanrion or cutoff 
valve, consisting of an auxiliary valve, working 
on top of or within the mun valve and driven 
hy a separate eccentric, is fitted. Ihis valve ie 
arranged so that the cutoff desired may be 
obtedned hy chaatpng its position by mean# of a 
screw. To obtain a wide range the main valve 
ie usually designed for a very late cutoff as the 
auxiliary vaWs tan efleiil only an eariler entail. 

The other ftmetions of the main valve are not 
changed, Althoughaeldom fitted at the present 

. r,„.81,_C,.t-ironpWonv*«. 

TrlcfcValvfls. To obtain a quieket aadfulte opraung of the steam port, trick valves 
are sometimes used. Figure 83 shoTOatrideslidQ vnlvo and Fig. 84 a trick piston valve. 
Passages ate cored tliiough tho valve and so arranged that their entrances just over- 
lap the end of the valve seat or Kner when the valve Is at the end of its stroke. As the 
valve uncovers the steam port at one end, the cored passages admit steam to the soidd 
port from the other end of the valve. The sridth of the trick porta k such that they arc 
completely open to steam at tho same time as the steam port.' Exhaust takes place 
only through the inner passage of the main vrfvc in the same manner as valves of the 
ordma^- type. The vaivo diagtani fat & trink veirole drawn in the same manner m for 
an ordinary valve keeping in mind flat the steam opemeg is the sum of tho openings of 
the mam and the trick valves. ’ • ■ * 
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i-heic d'and s '= diia. atid strots rf leversing engjae 

J =• maximum load oa onfi main engine valve' (sec Yalve Load) ■ 
t = hall travel ol the vaiveS" . ' 
p » boiler presB. (gage) 

■ n = revolutions of revising engine required to reverse main 

; . engine (= I for direct-acting type) 

■ e = constant- ■ . 

Ail dimensions aro in inches. If a dpuble-cylindci- aU-round engine is used, d* 
is 'tiie sum of tbe .squares of the Wo cylinders. 'For tbree-cyliuder triple- 
expansion engines with cranks at 120 deg, Bauer's'yalues of c, modified .to 
agree mth.tlie above formula, are 7 for.dircct-acting, and 17 for alUrpund type; 
and for four-oyiindet tripW and quadTuplc-oxpaimon enginea with cranks 
at 90 deg. 10 for direct-acting, and 23 for all-round type, However, reversing 
engines are oiten made oi su^ aze that the consttmte are from 1)^ to 2 times 
these values. ; ' ■ 

For the dircot-actiag type the diameter of the reversing cylinder may be 
taken roughly as 0.15 to 6.23 times the diarootor of the low-pressure cylinder 
for all types df engines and the stroke 2 to 3 tiroes the valve travel. For the 
all-rouad typeitis usual to make the stroke aboutoqual to the cylhiderdiametor. 

Reversing Geer Load. The vaTvous parts of the reversing gear are 
proportioned ;from the reversiag-ei^e load, P » Ap, whore A = area 
of reversing-dnginc cylinder and p » steam pressure, which lor purposes of 
design is taken as boiler press. As this maximum load comes on the gear only 
in case the valves stick, stresses figured by this method may run much higher 
than ordinary working stressj^. For simplicity and in view of the margin of 
safety in using boiler press, tiie angularity of the reversing-engino connecting 
rod and the suspension rods is neglected. 

RoverMiig-englne Piat«n Rod, Coimeetitig Rod, and Ctoashiead. 
The piston rod js forged steel tapered at each end and secured to the piston 
and the crosshead by nuts. The crosshead (Fig.vi06) is of cast steel or com- 
position and carries the forged-steel connecting rod pin and the crossbead 
guide shoe which is oompoation bushed if the crosshead is of steel. The con- 
necting rod (Fig, 106) is a steel forginE with a solid brass bushinB at the 
erosshead end and a split brass bushing with stecleap at the other end. The 
piston rod and connecting rod are proportioned by the method given under 
main engine; piston and connecting rods, udng a factor of eafety of 8 to 10. 
The direct tension in the piston rod at the base of the threads may run as 
high as 10,000 lb. , The stress in the crosehead pin is figured, in the ‘same 
manner as a main, crosshead pin of the same .typo, a stress of about, 5, 000 lb 
being allowable. The bearing preBsnra, on the crosshead pin may be as high 
as 3,500 psi. TheTength of cdnuectmg tod is usually about 
times the stroke of the ■reversing enpne. ■ ' , 

Reverse Shaft. The reverse .shaft (Fig.- 106) is forged steel and supported 
by bearing bolted to the er^ne hou»^ of to the cylinders, ',The stress' 
in the shaft is figured from the equivalent twisting moment. Usually at one 
or both ends of the shaft a reverting arm is located outside of the bearing,! so- 
that it is oyorhung. The reversing-engmo arm should be located near 
the middle of the.shaft to l^p toraonal stress® low; and near a bearing to' 
reduce bending; The equivelent twisting moment is figured at'each rov^Bing 
arm to ' determine' the maximum value between bearings' and 'overhung.' 
The stresses are then found by dividing thehffgrat equivalent twisting moment' 
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Balance Cylinders and Pistons. To relieve the eccentrics of a large 
portion of their load, a balance .cylinder mth its piston attached to an erden- 
sion of the valve stem-is often fitted in the upper valve chest cover of heavy 
piston or flat slide v^ves as shown in Figa. 106 and 107. Tire underside 
of the piston is in communicataon with the valve, chest or. receiver and the 
upper side connected to tire condenser or a steam chest of lower pressure. 



The area of the isston is made such as to just support the weight of the valvo 
and gear so that the valve load is made ujr entb^y of friction. In case of the 
■ low-pressure valve, where the low steam pressure in the chest would necessi- 
tate a very large balance piston, the underside of the piston is sometimes 
connected to the intermediate-pressure iirstead of to the low-pressure chest or 
receiver. The pistons are 'solid cast iron packed with several small cast-iron 
rings. The balance piston acts as a guide for the upper end of the valve stem. 
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for each condition by the le^t&nce. If T = twisting mo ment and .B a 
bending moment, the equivalent twisting moment = B+ B\/i + (3'-r- J5)*. 
The resistance to twisting = D‘/5.1 where D is the shaft diameter. The 
maximum twisting moment occurs at the reversing-engine arm, and =P XL, 
where L = length of the arm. Usual^ the maximum equivalent twisting 
moment between bearings will be at the reversing-engine arm. If there is 
also a reversing arm between the same bearings, the bending moment used is 
the resultant of the components of the bending moments. For reversing 
arms at the ends of the shaft, the twisting moment is the product of the load 
on the reversing arm times the length of the arm. For reversing arms 
between the ends and the revei^g'eniine arm, the twisting moment will be 
the sum of the tmsting momenta of all the arms between the end of the shaft 



Fib. 94.--Eeverrin|-engine arm. 


and that point. Stresees in leveise shafts figured by this method may safely 
run from 8,000 to 10,000 lb. 

The reTerBinit-englne arm (Fig, 94),., usujly of cast steel of I sa&tion., 
is figured for bending stress near the bub due to the reversing-engine load P. 
If b - distance from center of the pin to the section taken and B » resistance 
P X b 

of the section, stress « — 5— • This stress may safely be 10,000 lb. The 

A 


pin in the reversing-enpno arm is proportioned for a bearing pressure of 
about 3,000 lb due to the load?, and al^ for bending stress. If f = length 
P X f X 10 2 

of pin and d = ^ameter in the arm, stress = — 2 ' Xd^ ' allowable 


stress may run as high as 18,000 lb. Diameter of reversing-engine arm boss 
= l.Otiroesdiameteroftboshaftatidthelengthequaltoshaftdiameter. The 


lengths. of the reversing-en^e aim and the reversing arms are proportioned 
approximately go that' • 
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TiO 4 b's ^ 2 . 1, stoiting vith point 1 oi the fixed scale, 

run the eye along from 1 to 4; tien set the 1 of the slide opposite this point 
4, and ntn ihe aye foiward oltmo iht slide /rom 1 to 6; the point thus reached on 
the fixed scale is 24, which is equal to 4 X 6. This process gives the distance 
irom 1 to 4 plus the distance Irom 1 to 6, and is, in fact, n mechanicnl method 
of adding the logarithms of these numbers; hence the result is the product 
of the numbers. Conversely, 

, 

r ; ) 

i i'; stT.Ufe 

I J 4x6 -if 

Fig. 1. 

To Divide 4 bt 6. In Fig. 2, starting with the point 1 of the fixed scale, 
run the eye along from 1 to 4; then set the C of the slide opposite the point 4, 
end run Ae eye Bacftinord along the iUiefrom 6 to 1; the point thus reached on 
the fixed scale is 0.667, which is equal to 4 ^ 0. This process gives the dis- 
tance from I to 4 minus the distance from I to 6; and is, in fact, a niechanicaJ 
method of subtracting tlie logarithms of these numbers; hence the result is 
their quotient. 

1 

• I' 1 T t 

CL.J .t'jSa H i s~ * S fcHsb t tt « «i) 

' S 

Fro. 2. 

Multiplication and Division, Using Only a Single Section of tho 
Scale, If only the main sccUon of scale D is avmltible (as is usually the case 
in practice), the result of multiplication may fall boyond the scale, as it does 
in Fig. 1, In auch cases dfutde the ^rsl /odor Ip lO h^ore becinnino to multiply; 
this will bring the result within the scale, without afiecting the sequence oi 
di&ta. 

For example, to multiply 4 by 5. Baring found that tho setting shown in Fig, 1 
ia not Buccesaful, reset ihs slWe a$ in Pip. 3, with 10 instead of 1 opposite 4; run the eye 
backward along the slide from 10 to 1, thus rendting tho (unrecordod) point correspond* 
mg to 4 10 ; then, continuing from this point, fun tho eyo forward along the slide 

from 1 to 6, as before; the point finally reached on the tnain scale is 2.4, which has the 
same sequence of igits as the required value 24. Alter aVittle practice, this preliminary 
step of dividing by 10 will be performed almost intuitively. Whether or not this step 
w ustiessaiy ia any given caso. can be deteinnned only by trial. 

The general rule for multiplication may be stated as follows, if pre- 
ferred: To find the product of two factors, find one factor on the fixed scale; 
opposite this, set (tentatively) pmnt I, of the slide; on the slide find tho sec- 
ond factor, and opposite this read the product oa the main scale, if possible. 
If. the product falls beyond the scale, he^ over again, using point IQ of the 
Budo instead of point 1. 

In division also, tbfl result may toil b^rond tiie main section of tho scale, 
M it does in Kg. 2. In such cases, it roffices merely to jnnlfipli/ (he result 
oy 10 in order to bring it within th& seele; this will nob afiect the sequence ol 
digits. ' ' . . 
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Tot example, to divide 4 bjr 6, aet the dide aa la Fie- 4, and follow out mentally tbe 
steps indicated by the arrows. It mil bo noUced that the supplementary step of multi- 
plying by 10 ie performed by KinplyiuiuuiiEtlio eye along the slide from 1 to 10 without 
resetting the elide; for this reason, divisioti on the slide rule is slightly cosier than 
mulUplication. ... 

— ^ 

'a ~ s''*~s 6 





The Ordinary Mannheim Slide Snle has four scales, A, B, C, D, as 
Bhown in Fig. 5. Scales C and D ate essentially the some as the C and D 
scales described above, and the principle just explained shows how they are 
used in multipUcarion and dhririon. The faot that the D scale covers only the 
m^n section from 1 to 10 (all decimal pointe being omitted) is practically no 
restriction on the Bcope of tbe scale, as is seen in the preceding examples. 
A runner ia provided, so tiat intermediate positions reached in the course 
of an extended computation may be indicated temporarily on tbe scale without 
the necessity of reading ofi their numerical values, The best runners are 
those which have no ride frame to obscure the numerals. 
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In problems involving successive multiplications and divisions, arrange 
the work so that muiUpUoation and dtvirion are performed alternately. 

For example, to calculate — divide the product o K t by d; muldply thia 
’ 0 X a 

quotient by C| and rivide ihla product by e. Eaob operation will require only one shift- 
ing either of tho slide (for mtdtiplioetioa) or of the runner (for division). 

To multiply a number of different quantities by a constant muftipitcr s, set 
tho point 1 of slide oppodte x, and read, by aid of the runner, the prod- 
ucts of s by all the quantities which do not fall beyond tbe scale; then reset 
tho slide, sotting 10 instead of 1 opporifce x, and read the products of x by all 
the remaining quantities. 

' To divide a number of different quantities by a constoni dwfsor y, first 
find (by the slide rule) the quotient 1 -v p, and then use tlua as a constant 
multiplier. 

Scries A and B are exactly like scales G and D, except that they cover two 
sktions of the complete logarithmic scale, the graduations being only half 
ns fine. Either pair of scales may be used for multiplication and division; 
C and D give more accurate readings, but have the disadvautnge that in the 
case of multiplication the slide must often be shifted to the other end in order 
to keep the result on the scale — an inconvoiueDce which is not present when 
the less accurate scales A and B are employed. 

By the uSe of both prira of scales, problems in squares and square roots 
may be readily solved; for every number on A, except for the decimal point, 
ia the square of the number direotly below it on D (use the runner). 
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Distance bet, eoc. tod pins on Unfa ^ length of reversing aim 
• Length of reversing arm * length of reversing-ongino arm 

The foEow-up gear of the reversing is often attached to a pin in the 

boss of the reversing enpne arm, as shown 'in Fig. 94. 

. 'The reversing arms 95) are.usnally of cast steel of I section and 
should be placed near a bcaring.to reduce bending moments in the shaft. 
Each reversing arm is fitted •with a screw 'worldng in a crosshead ha'ving a pin 
at each end, to ■which the suapenaon rods arc attached so that the Enkoge of 
any cyhnder may be varied by adjusting the aerew. The slot in the revers- 
ing arm should he approximat^y parallel with the suspension rods in ahead 
gear. and perpendicular to them in astern gear so that Unking up. has no effect 
when going astern. The roverang arms are also figured for bending stress 
near the hub. Let Q = Ibe load on tbo atm, h\ = distance from center of 
crosshead to the section taken, and fii « rwistance of the section. As tlie 
reversing arms for all cjdinders are usually made the same, Ki and hi -will be 




Fio. 95.— Roverang arm. 

the same for all cylinders, but Q wiU vary in, proportion to the valve loads. 
If i « length of reversing-engbe arm from conlor of pin to center of shaft, 
Li « corresponding length of tbo reversing arm, then the total load on all 

revoTSing arms, Tj « J X c". The load Pi is divided among the reversing 

Li 

arms in proportion to the valve loads, Le., the bad Q on any, reversing 
'atm is equal to Pi X the ratio of the 'vidve load foe that nylinder to the sum 
of the valve loads. Stresses may safely run as high as 10,000 lb. ■ The diam- 
eter of the Teveiang arm boss = 1.6 times and the length 0,8 times diameter 
of shaft. The adjusting screw is figured for direct tension at the bottom of the 
threads, the load being <2 and the allowable stress about 5,000 lb. 

The tevetBingTarm crosflhead (Rg. 95) is figured for bonding stress in a 
section through the middle, through which the adjusting screw passes. If 
L' « distance between centers of Buspenaion. rod pins, B = width and D 
= depth of middle section, and d * diameter of hole for the adjusting screw 

™ to 6,000 ft. TSi 6 tioashead is slso 
figured as a cantilever at the ooHer, where the.tapered portion joins the central 
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has returned to normal, the pivoted wOi^t is returned to its original position 
by the' springs, and the detent, Di alters the position of the paivls, PP, so that 
the upper pawl picks up the lever, fl, and-opens the throttle. Should the 
speed continue excessive the repeat^ movement of tlie weight causes the first 
pawl to remain set, and the throttle rem'ains closed until'the speed has become 
normal. This governor is also fitted with an emergency weight, A, whicii 
comes into use in the case of very racesave 8pe(^ such as would result from 
losing a propeller dr breaking a shaft. The action of the weight. A, causes 
the weight, W, to be locked which results in the throttle remaining shut 
until the en^ne stops and the throttle can be unlocked. ' This governor may 
be arranged to operate the reversing gear instead of the throttle. 

Handling Gear. All gear necessary for the control and mancuvcrlnE of 
the engine should be located at one point and .arranged for quick and ksy' 
handling under omorgency conditions. The levers for operating the throttle, 
butterfly valve,, and reversing.engine are usually located together on a bracket 


Bis. 105.— A^inaM governor. 

fitted to the side of the forward or second housing at a convenient height 
from the engine-room floor. The receiver-steam and cylinder-drain controls 
are located on the same side of the en^nc as the throttle control but not 
necessarily at the same point, 'The butterfly valve, used for quick control 
of the engine when racing due to pitching of.the vessel in a heavy sea; is also 
connected to the governor, if fitted, for automatic control under.such condi- 
tions. The various water-service and lubricating-oil cocks are placed where 
most convenient; 

Working Platform and Gratings. The .engine controls 'are handled 
from the erigine-rpo'm floor, but gratings should be placed wherever necessary 
to provide access for oiling, indicating, and maEng repairs on tlie'main ongino 
as well as for access to other eqiMpment about the engine room. The usual' 
arrangement consists of a grating allarcmnd the engine below the bottom 
of the cylinders with cross' gratings' between the housings for access to the 
croesheads and buffing boxes . imoVaa grating is fitted all around the engine 
near the top of the cylinders for useVhen indicating or making repairs on' 
cylinders or pistons, ' ' 
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block. TMs section is usually circular and, if Z = distance from center of pin 


to section taken and d = diameter of section, stress = 


QXlX lQ-2 
2 Xd^ 


This 


stress is usually bigher than the stress in the central block, and runs about 
8,000 lb. The pins are proportioned for a bearing pressure of about 1,000 lb. 

The suspension rod (Fig. 96) is figured as a column with hinged ends, 
loaded \vith half the reversing-arm load. The lowest factor of safety is 
usually in the low-pressure rods and runs about 30 to 40. The caps and bolts 
are figured in the usual manner. 



Turning Gear 

Provision is always made for turning the engine for the purpose of setting 
the valves, making repairs, or for keeping tbe bearings and working parte in 
condition wlien in port by turning the engine several revolutions when con- 
sidered necessary. A simple form of turning gear used on small engines 
consists of recesses in the coupling, or a notched wheel attached to the shaft 
to which a bar or jack may be applied. For larger engines, a worm wheel 
is fitted on the shaft or coupling and operated by a worm which may bo dis- 
engaged by having the worm shaft pivoted or the worm working on a feather 
on the shaft thus allowing it to be moved axially out of gear when the turn- 
ing gear is not in use. This worm is usually actuated by a small single- or 
double-cylinder engine although a ratcliet lever is often used on engines of 
small size. If hand operation is used, the ratio of revolutions of the worm 
to the revolutions of the engine is about 50:i. If an engine is used, a second 
worm and wheel are introduced, making the ratio of gearing such that 
the revolutions of the turning en^ne required for one revolution of the mifin 
cTi^e is from 1,200:2,001) or eveumore for very large engines. The 
turning en^ne operates at 200 to 400 rpm and it required 5 to 8 min 
to turn the main engine one revolution. The cnipne should be of sufficient 
size to turn over the main engine in port with steam pressure of 80 lb or less. 
A flywheel is usually fitted and the cupne has a change valve, links, or shifts 
ing eccentric for reverang so the imun engine may be turned in either direc- 
tion. Holes in the rim of the flywheel for inserting a bar provide means for 
turning the engine by hand, "nie engine is generally located on the engine 
housing or bedplate, a typical arrmigemeiit being shown in Fig. 97. If an all- 
round reversing engine is used, it is generally also arranged for turning through 
a belt, chain, or shafting and a separate tn^o is not required. 

The following formula, adapted from' Bragg, may be used for determining 
D* X S 

the size of turning engine: d’s = — = — X C where i and s = diameter 

A 

and stroke of turning engine U and jS = diameter of low-pressure cylinder 
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Lubtic&tioa. Merehoiki engines ere fitted witb gravity lubrication to all 
bearings, crosshead guides, and thrust and line-shaft bearings. Oil cups or 
boxes may be fitted directly on the part to be lubricated, but it is usual to 
provide a bos or reservoir, of a capadty to last several hours, on the side 
of each cylinder from which japes are led to the cups or boscs on the engine. 
These boses or reservoirs have small tub^ fitted with wicks leading up 
through tie oO, which by ci^ary attraction and siphon efieeb feed tie oil 
through a sight feed to tte point to be lubricated. Tho size and number of 
wicks control the fiow. Recepiades mounted on rapidly moving parts into 
which oil is dropped from tie distribating eystem should bo packed with 
curled hair held in place by a perlorated cover or wires to prevent tho oil 
being thrown out and to keep dirt from plugging the pipes. An oil box is 
mounted on each main bearing cap with one or mote tnbes feeding the bearing. 
A cup is fitted on each ecceitrio rod with a pipe leading down to the eccentric 
strap. For all valve gear, mr pump, and reverang- and turning-engine parts, 
where the movement is mtermittent, an ml cup of commercial make is 
usually fitted, The crosshead guides have oil piped to both the forward and 
after sides and lead by amiable drillings to the face of the guide, on which are 
oil-retaining grooves. At each stroke a wiper on the orosshead dips into a bos 
fitted at the bottom of the guide and distributes on the face of the guide the 
oil that runs down into the cup. Oil boxes ou top of the crosshead pin caps, 
lubricate the crosshcad pins through driUinp in the caps. The same boxes 
lubricate the crankpin through ono or two pipes lead down the connecting 
rod. The thrust bearing is lubricated by a cup with capillary feeders on each 
shoe with oil channels lead to the face of each collar, The base of the thrust 
bearing is usualiy filled with oil in which the lower part of the collars is 
immersed. The line-shaft bearii^ ore lubricated either by oil cups with 
capillary feeders mounted on the caps or by a block of grease plao^ in an 
opening in the cap wluoh lubricates by rubbing on the shaft. The piston rods 
and valve stems are lubricated by oil swabs while the engine is running, the 
oil thus carried into the cylinder usually being all that is required for internal 
lubrication with saturaW ateam. Wth superheated atesm, oil must be 
forced into the cylinder by a lubricator. The oil is distributed around the 
bearings by grooves cat in the white metal so arranged that oil will not leak 
out the ends of the bearings. The grooves are about to in. wide and 
3^ to ^ in. deep, 

Water Serrloe. Connections for circulating sea water are led to tho 
parts of the main en^ne, thrust, line-sbaft, and atern-tube beaiini^ which are 
liable to heat. These connections may circulate water in cored passages in 
the part to be cooled, thereby providing indirect cooling, or the water may 
be allowed to fiow on the part to be cooled thus providing direct cooling. 
The main bearings and cro^ead guides are generally fitted with indirect 
service. Direct service throx^b to 5i-in. pipes, taken off a main supply 
pipe, is supplied for almost every bearing, in addition to hose connections 
for emergency use in case of excessive local heating. These pipes are on 
adjustable fittings to direct the flow of water within certain limits and arc 
fitted with valves so that they may be operated individually. The crank- 
pine ate often served by a transrerae perforated pipe on each side distributing 
water thereby from above during s complete revolution. The thrust shoes 
are cored for indirect water dreulation, and sometimes cooling coils arc fitted 
in the oil chamber in the base. , Direct water service is also provided by 
branch pipes similar to those on the main oigine and so arranged that water 
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and stroke of main engine R ~ ratio of geamg C — ©instant. All diwen- 
sions are in inches. If a double-ig^lindcr tuming-ci^nc is used, d- is the sum 
of the squares of the two cylinders; if there are two low-pressure cylinders, D* 
is thesuffi of the squares of the two. For M^cngdradet turning engines a safe 
value of the constant C is 1.75 for three-cylmder main engines and 2 for 
four-cylinder main engines. The constants may be reduced somewhat for 



double-cylinder turning engines. The stroke of the turning engine may be 
equal to the diameter of the cyImdcTorl'or2in.les3. A range of strokes of 
from 5 to 8 in. is sufficient for all aaes of mmn engines. ' 

The si20 of turning’ engine may also be dotennined from the turning moment 
required at the main engine crankshaft, for which Bauer gives the formula: 
M (ft-lb) = C X d X ihp + rpm, in whi(ffi d is the diameter of the main 
engine ciauiahait and C a constant whicii is about 280 for, very light engines 


•et^trfTop, 



Looking A'fi". 

Fia- 106. — Triple-expansion engine designed and built by the Newport News Shipbuilding and Dry Dock 

Company. 
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and 560 to 670 for heavy en^Ees. If this formula is used, the turning engine 
should he made large enough to give at least 1,5 times tho twisting moment 
required, with 30 to 50 lb mep, taking into account the gear ratio and the 
efficiency of the gearing which will he from 13 to 16 per cent. 

For merchant engines the main and auxiliary worm wheels have cast teeth 
and are generally of oast iron. The main and auxiliary worms are single 
thread and generally of cast iron although sometimes forged steel or hard 
bronze is used. For very large en^cs the auxiliary wheel may be bronze 
with cut teeth. The mwn wheel is usually split which requires that an even 
number of teeth be used. The pitch is made in even quarter or half inches, 
The following proportions of tiia worms and wheels may be used; 

Per cent of total gear ratio in mm and auxiliary gears: 75 and 25. 

Pitch diam of main whed: 4 X diam main engine crankshaft. 

Pitch of teeth in mmn wheel: 3 in. for a 40-m. to in. for an 80-in. wheel. 

Pitch of teeth in auxiliary wheel; to 2^ ia- fot ah sizes. 

Pitch diam of worms: 3 X pitch. 

Length of worms over teeth: 3.5 to 4,5 X pitch. 

Height of teeth in wheds: 0.7 X pitch. 

Height of teeth above pitch circle: 0.8 X pitch. 

Thickness of teeth at pitch circle: 0.46 X pitch. 

Width of face of whe^: 2 to 2.6 X pitch. 

The strength of the wheel teeth, shafts, and other parts should be figured 
by tho usual methods. The loads on the teeth may be found from tho power 
of the turning engioo, assuming a mep of 30 to 50 lb, and taking the efficiency 
of each worm 40 per cent, et^ set of thrust collars 95 per cent, and each 
set of bearings 96 per cent. If nt and m » no. of teeth in the auxiliary and 
main worm wheels, n and rt - radius of the auxiliary and main worm wheels, 
and C “ 2.0 for single- and 1.5 for double-cylinder turning engines; maximum 

twisting moment on turning-cn^e craabhaft, T ^ 

rpm 

Twisting moment on auxiliary shaft, Ti = T X ni X 0.40 X 0.95 X 0.96 
= 0,36T X ni. 

Force on auxiliary worn wheel teeth, Pi « Ti + n. 

Twisting moment on main engine shaft, Ti - Ti X ni X 0.40 X 0,95 

X 0,96 = o.aan x ni. 

Force on main worm wheel teeth, Pi = T* + n. 

Attached Pumps 

On merchant ships, with engines of about 5,(100 ihp and under, it is cus- 
tomary to drive the main air and bilge pumps through linb and beams from 
one of the main engine crossheads, usually the low-pressure. Frequently the 
feed and sanitary pumps arc also driven in this manner. The pumps are 
vertical, single-acting, and the stroke is about 45 per cent of the stroke of the 
main engine. The arrangement of attached pumps and gear is shown in 
. Fig. 107. 

Main Air Pumps. The bucket type of (attached) air pump in which 
there are foot, bucket, and head valves is shown in Fig. 98. The bucket, 
which is fitted with soft packing, has a deptti of face of ^ to of the diam. 
The pump is located so that the condensate flows from the condenser by 
gravity into the bottom of the pomp. The down stroke of the bucket closes 
the foot valves and forces the trapped air and water throng the bucket 
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may be played on eaci collar. The bases ol the line-sbaft bearings are nsu- 
ally piped for irater drcnlation, Tclnle the cap may be fitted TOtb direct service 
from above. The supply of TOter is tafan from the discharge side of the 
main circulating or other pump, and in the case of indirect service, tvhich is 
usnaEy in use trhen the maia engine is nraiung, this tvater is returned dther to 
some pump suction or to the Inige. The ctrculatioE for the grades is often 
tahen from the sanitair pomp in trhich case the tvater is returned to the 
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sanitary system. The trateriKed in direct service drains to the bilge. The 
water-service sj-stem for the main en^c is sometimes kept separate from 
the sj-stem supplying the thrust bearing and line-shaft bearings on large 
installations, hut usually one sj’stem suffices. 


• . pnopomomm m ssam parts 


mi 


valves. On the up stroke the bucket valves arc dosed nnd the air and water 
pass through the head valves inU) thepump discharge. The up stroke (otma a 
partial vacuum below the bucket which causes wr and water to flow through 
the foot valves. The Edwards typ® of (attached) air pump in which there 
ace only head valves (Fig. 99) is 
row generally used. .The absence 
oi foot and bucket valves reduces 
the liability to breakdown and 
increaseatheefficiency,' Thefaca 
of the bucket is packed by water 
grooves as shown and is about 
one-iourth oi the diameter in 
depth. The condensate flows by 
gravity into the conical base of the 
pump and the bucket, which is 
dso conical, on its down stroke 
forces the water through the 
ports to the upper aide of the buck- 
et. On the up stroke the bucket 
closes the ports and the trapped 
air and water are forced through 
the head valves into the pump 
discharge. The clearances at top 
and bottom of the stroke are made 
much smaller than for the bucket 
type, H fo H in. at the top and 
% in, at the bottom being suffi- 
cient. The angle of the bottom 
and the bucket is about 130 deg 
and that of the direction of dis- 
charge through the porta about 35 
deg from the borisontal. The 
ports occupy about 76 per cent of 
the circumference of the liner and 
their area is 36 to 60 per cent of 
the area of the bucket. In tine 
type of pump a relief valve, on&- 
sixth to one-cighth the diameter 
of the pump, is always fitted at 
the bottom (Fig. 99) to avoid 
damage in starting up if an exces- 
sive amount of water has accumu- 
lated. With surface oondensera 
the rate of displacemeflt of 
the low-pressure piston on a 
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double stroke to the displacement ol the air pump bucket on- a single.' 
stroke is about 28 for the bucket type Mid about 35 for the Bdward^type. For- 
eilhw type tho ratio of the area throuBh the, valves to the wea of the 
bucket is about 0.27 and the ratio of tha area of the suction and dis- 
charge openings to the area of the bucket is about 0.18. . The air pumo 
barrel is usually of cast iron fitted with aremovable brass liner, in large sizes 
a manhole, which forms part of the cylinder; wall, is fitted fot^aocess to'the 


m Liberty sliips. {Courtay of NavHcd Gazette,) : ' , ' 

Hes, taps, dies, screwjack, chain falls, soldering copper, and ratchet drill. 
Also a full set of special wrenches for the main engine and large wrenches for 
the stern-tube nut and propeller nut. 


^ j Suitable Kfting gear should be provided over the engine for 
iiitmg the cyhnder covers and drawing the pistons and valves. This near 





Unless the pump discharge is taken off in such a maimer that there is a 
head of waler on the discharge valves, Uiese valves are kept submerged by 
casting a rim around the valve deck or the pump cylinder as shown in Figs. 98 
and 99. Tim head of water .keeps the ••ralves dosed on tho down stroke. 
A standpipe, open at the top, connected to and usually the same size as 
the discharge pipe, extends about 15 ft above tho pump discharge and serves 
as a relief in case an abnormal amount of waterentera tho pump when starting 
up or from any other cause. ' 

Air-pump valves are now nsnally made of three sheet bronze disks about 
thick (Pig. 100 ). Rubber is liable to be affected by the oil which 
finds its way into the steam from the InbiicaUon of the stuffing boxes. Light- 
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ness, -which is essential t(j good effidenty, is obtiuned .by, rising biass disks. 
Holes in the middle and lower disk&css ^own, allow. the suction to act.oa all 
the disks, which, aaasts in seating % vrive and prevents the ;cdgeg from 
. curling. The valve seats, which are 'also brass, are in the .form of grids to 
reduce the unsupported area 
of the disks. . A biass-^ard' 
on a stud regulates, the lift 4'^^s 

of the valve which roust be 
such that the circumferential 
discharge area is equal to the . 
clear area througli the seat. . 

'There may be one rb-w of 
large or t-wo ro-ws of small 
valves. 

Feed pumps are of the 
plunger type, single-acting, 
and are worked from- one or 
both ends of the air pump 
croashcad. The plunger 
works through a stuffing box 
fitted with metallic or soft 
packing. The inlet and out- 
let valves are carried in a 
valve box which is cast sepa* 
rate from the pump barrel 
to reduce the cost of roplace- 
monb in case o-ne or the other 
is damaged. The vnlvee are 
of brass with springs to assist 
in seating. An ait vessel 
and a relief valve are fitted 
on the pump or in the dis- 
charge piping. Feed pumps 
are designed for a theoret- 
ical capacity of about 2.25 
times the boiler evaporation 
except for small engines 

■where the ratio is increased. _ ^ . , 

Tta evapotatioo may be ' Fie. 100.-BreKe mr-pump valve. 

assumed as 20 lb per ihp for compound engines, .16 to 17 lb for triple, and 
15 lb for -quadruple engines. and other attached pumps usually have 
cast-iron. barrels and valve boxes and brass plungers, but steel plungers are 
often used for feed pumps to avoid excessive -wear. No definite ratios can be 
given for the sizes of bilge and sanitary pumps, as their capacities 'depend upon 
the type of vessel. 

Attached Pu®p Gear, The beams are made up of two pairs of steel 
plates connected by a rocker shaft which works in bearings on the engine 
houanp (Fig. lOi). Thelink pins at each ^d are carried bet-ween the plates. 
Each link consists of two steel bars with buahinp at the ends. The working 
parts are designed for the load-on the pumps 'whicli is taken as 30 psi on.the 
air-pump bucket and 20 pa on the phm^ra of the other .pumps. ' These 
pressures are -higli enough to cov'er the weight of the reciprocating parts as 



Spiff Pin, Srerss 
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consists of one or more chain blocks of suitable capacity hung from travelers 
fitted to a strong I beam placed fore and aft above the centerline of the 
engine at a height.Bufficient to lift out the piston ■with rod attached. In the 
bottoms of the cylinders are tapped holes for eyebolts for attaching chain 
falls for handling the main bearing caps and other heavy parts. 

Arrangement of Cylinders and Cranks. The order in ■which the cylin- 
ders are arranged beginning with the forward cylinder is called the order of 
cylinders. Different orders of' cylinders is discussed under Balancing, 
p. U69. The order in which the cranks pass the top center ■when the engine 
is going ahead is called the sequence of cranks. The high-pressure is com- 
monly caEed the leading crank when the sequence is high-prcssurc, inter- 
mediate-pressure, low-pressure. Similarly the low-pressure is the leading 
crank when the sequence is low-pressure, intermediate-pressure, high-pressure. 
A right-hand engine has tlie working platform on the starboard side, and the 
cranks in passing their top position turn to the starboard. In other words, a 
right-hand engine turns clockwise when viewed from the after end. 

Engine Designs. Figure 106 shows a triple-expansion engine in which tho 
ports are short but not as short as if the valve chests were extended above 
and below the cylinders. The crankshaft is in three interchangeable and 
reversible sections, so that one section of spare shaft may be used for any 
cylinder with either end forward. The top and bottom of the eccentric straps 
are made from the same pattern to reduce the number of spare parts carried. 
Figure 107 shows a quadtuple-cxpanaon engine with the parts as short as it is 
possible to make them. 'Hie crankshaft is in four interchangeable but not 
reversible sections. The position of the links and reversing arms indicates 
that the engine shown in Fig. i06 has open eccentric rods and the engine in 
Fig. 107, crossed rods. These are representative merchant en^nes, the pro- 
portions and details of which are in accordance with the methods given in 
this section. Figure 106n shows the slide-valve reciprocating engine used in 
the Liberty ships during the Second World War. Figure 107o shows a uni- 
fiow engine used in the same service. 

DRAPTING-EOOM METHOD OF LAYING DOWN THE ENGINE 

The following method used in the design of a quadruple-expansion engine 
is presented by Mr. B. Meurk formerly ol the Engineering Department of the 
Newport News Shipbuilding and Dry Dock Company: 

In the engine taken as an example the crankshaft is in four interchangeable 
sections; piston valves are ured in the high-pressure and 1st intermediate- 
pressure and sUde valves in the 2d intermc(Bate'pre8Sure and low-pressure 
cylinders; liners are fitted in the high-pressure, 1st intermediate-pressure, and 
2d intermediate-pressure cylinders. The size of cylinders, crankshaft, 
coupling bolts, connecting rods and bolts, crosshead, and main bearings are 
all determined according to the method previously described. The best 
balance of a quadruple-expansion engine is obtained when tho order of 
cylinders^ is high-pressure, low-pressure, 2d intermediate-pressure, and 1st 
intermediate-pressure and when the sequence of cranks is high-pressure, 
lat. intermediate-pressure, low-pressure, and 2d intermediate-pressure, and 
tliis arrangement only is discussed. 

Block out the low-pressure and 2d intermediate-pressure cylinders, valve 
chests, and slide valves and enough of a valve diagram (Fig. 108) to determine 
the stroke of the eccentrics and the areas of the passages necessary in the 
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well as the working pressure (orTscutm). The up stroke load is used. The 
pump beams are proportioned for a bending stress of about 4,600 lb at the sec- 
tion B (Fig. 101}. If P is the total toad at the pump end, A, 6, and t, the 
■ width and thickness of onobwm plate at B, and d the diameter ol the rocker 

■shaft in the beam plate, the stiesS in the beam at B =■ — The 

pins are proportioned for working pteMures in the link bushings of about 
400 lb at A and 300 ib at B. The toad at C is found by multiplying the load 
at A by the ratio x/y. The toad on the rocker shaft at £ is equal to the sum 
'Ol the loads at A and C. The workiiig pressure on the rocker shaft bearings 
Is about 160 lb. The air-pump load only is used when figuring the pump rod 



and the bending stress in the middle of the pump crosshead. If the breadth 
and depth of an average section in the middle of the pump crosshead are 
i and h, the average diameter of the hole d, the distance between the centers of 
the link bearings I and the load on the pnmp rod Pi, the stress In the central 


block a 


Pll 


- .L j. The ait-pump tod ia figured as a coluKin fixed at the 
4n*(D — Q) 

ends, by the usual method, u^g a factor of safety of about 20, and also for 
tensile strength at the bottom of the threads, the allowable stress being 
about 3,500 lb. The Hnk rode and caps are proportioned by the usual 
methods. 


Piping »nd Fittings 

Throttle Valves. The aMity to maneuver quicHy requires that the 
throttle, valve be balanced for easy handling and arranged for convenient 
operation from the working platfonn either by a lever or a handwheel. The 
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cylinders and slide valves to ^ve the proper steam and exhaust, velocities. 
This is done to determine the shortest distance between center lines of 
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cylinders and valve stems. Lay down the crankshaft and main bearings 
(Fig. 108) allowing dcarance between the sides of the crank webs 
and the crankpin and mmn; hearing brasses. The distance between main 
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bearings Nos. (2) and (3) and Nos. (6) and (7) should be made as small as 
possible, olearance only being allowed for tiie coupling bolt nuts. The 
distance a is settled by allowing clearance between the after main- 
bearing brasses and the 1st intermediate-pressure eccentrics and sufficient 
space for the coupling bolt nuts. The outUnc of the cylinder and valve chest 
covers should next be completed {Fig. 108) facing oif the covers and offsetting 



tie stead eccenttie rod about H in, il-neeesaaiy to close up tlio centers. The 
mdtt of the main taring giidere is defemimed by allowing the brasses to 
overhang about 1^4 in. at the sides .to allow for fitting water-service pipes, 
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double-seated valve, sometimes called the. double-beat poppet, sho-wn in 
Fig. 102, is the type most commonly used. One disk is made slightly larger 
than the other so that the unbalanced pressure will act to close the valve 
yet not be so great as to cause difficulty in opening it by bond. To reduce 
the uneven expansion between the valve disks and the valve body, the dis- 
tance piece between the disks is generally made of the same material as the 
body. If the valve is operated by a hand lever, 
it is well to fit a ga^ screw with a handwheel to 
limit the stroke or to lock the v^ve tight when 
in port. Large single-seated valves should 
be avoided as they are slow in cloang and re- 
quire special halaucing arrangements which are 
delicate and liable to give trouble. A throttle ' 
valve fitted with balance piston and pilot 
valve is shown in Fig. 103. Unless this valve 
ia carefully designed, it will not be balanced 
sufficiently to operate with a hand lever. The 
balance piston sliould be on the engine side of 
the valve where it is less apt to chatter than if 
on the steam side. The combined disk and 
cylindrical valve, fitted with a pilot valve as 
shown in Fig. 104 (from Bauer), is easy to 
balance and gives good adjustment but is 
rather slow to open and shut. Steam leaking 
through the valve liner presses the disk firmly 
on its seat. As the spindle rises, the pilot valve I04. 

is opened, the steam above the di^ escapes, 

and the main valve is easily operated. Tlie flow of steam is regulated by the 
uncovering of the openings in the valve licer. 

A butterfly valve (Mg. 102) is often fitted in the steam line in addition to 
the throttle valve for quick handling when the engine is racing. The angle of 
travel of the valve is generally from 60 to 90 deg. The valve ia controlled 
by a hand lever from the working platform and is attached to the governor 
gear if fitted. 

Governors. To prevent racing in bad weather or if the engine is suddenly 
relieved of its load, a governor is often fitted. The governor may be actu- 
ated by the pressure under the stern of the vessel or by the revolutions of the 
engine above a predetermined speed. In the first type a pipe is led from a 
chamber connected to the water at the stern to a pressure chamber at the 
engine fitted with a diaphraginv Ai^ chango in draft at the stern due to 
pitching of the vessel will vary tiie pn^re on the diaphragm which, through 
suitable gear, operates the reversing capne which in turn controls the speed of 
the engine by moving the links. Governors of the second type may make 
use of the centrifugal force of revolving wm^ts or of the forco of inertia. 
Governors operating on the fatter prindple are more frequently used, one of 
themostpopular being the AspinallshowniiiFig. 105. This device is carried 
on the air-pump beam or on a rocker arm supported on one of the housings 
and actuated by a link attached to the crosshead. The mechanism consists 
of a spring-retarded weight, IF, whose inertia at speeds of about 5 per cent 
in excess of a predetermined speed is suffident to overcome the spring and 
set the pawls, PP, so that the lower pawl on, the next up stroke, picks up the 
lever, H, w^hich closes the throttle valve. When the speed of the engine 




1156 


RECIPROCATING MARINS STiiiJf ENOINES 


Before advancing further, it is wdl to look into different arrMgements of 
valves and crankshaft. Witt the fia-wt. or(kr of cylinders, the variation in 
the dimensions X, Y, and Z for different arrangements of valves and crank- 
shaft may be noted in the following table, which is made up for an engine 
with cylinders 26-, 38-. 5&-, 81-, by Sl-in. stroke. 



X 

1 

Y 

Z 


Fig. 108 

31 ft lOM in 

29 ft 9H in 

19Mln 

Crankshaft in four bterchangeabie 

Fig. 109 

2tftnH in 

27ft21f!n 

2ft7Hin 

Crankshaft in two interchangenblo 

Fig. 109 

« ft i fit in 

22(t2Kin 

tiVtin 

Ctankshaii in two intettbangsaWn 
sections. Forward end of shaft cut 
off (one scare section only rcouired) 

Fig. no ^ 

1 

28ft im In 

27 ft 2H in 

tin 

Crankshaft in two interehangsabls 
sections 
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• A scale of sines, tangents, and logarithnifl is often printed on'the back of 
the slide. ■ For further details concemmg'tiio me of the slide rule in various 
probloma, see the instruction books furnished wirii each instrument: Wm.-.Coxi 
"Manual of the Mannheim Slide !Rul0”;.F. A. Halsey, " Manual of the Slide 
Rule”; etc. 

Other Types of Slide Ilulos. Tho duplex elldb rule (S5 to 818 noaot^ng 
to length) shows on ono face the regular A, B, C, D sealea, and on the other face lie 
loalea A, B', C, D {where B' and & arc' tho same as B and £?, only numbered in the re- 
verse order), with a runner cncirdios tho whole scale. This arrangernont makes 
possible the solution of more oompHcatfid problems with' fewer settings of the slide, but 
if the rule is to be used only for simplo problema, tho' multiplioity of scales is rather con- 
fusing] Less ooraplioated is the polyphase rule, vriiich is like a Mannheim rule with 
the addition of a single inverted scale, O', printed in the middle of the slide, The log 
log duplex slide rule (10 In., S8) is csporinlly adapted for handling complex problems 
involving fraotional powers or roots, hyperboUo logarithms, eto. A number of circular 
slide rules are on the market, tho best of which aro operated by a milled thumhnut, 
like the stem wind of a watch. Tho advantage of tho circular rule, aside from its com- 
pact eiw (some models ars soarccly larger than n watch), lies in the fact that tho scnlo 
is endless, so that the slide never baa to bo reset in order to bring tho result within the 
scale. A disadvantage is found in the necessity of reading the figures in oblique positions, 
or else oonilnuslly turcung tho instfumoot as a whole in the hand. The Fuller ond 
Thaeher rules already mentioned arc invaluable for prohlemB requiring greater aeouraey 
than m he obtained with the ordinary mles. There are tisD many Bpeclel slide rules, 
adapted to various special types of oonputation. suoh as oolonlatlng discharge of water 
through pipes, horse power of engines, dimensions of lumber, eladia meaeuremente, and 
electric circuits. For a description of a large variety of elide rules and other oaleulating 
apparatus, eee tho Catalogue of the CoUecUoa in the Science Museum, South Konsing- 
tea, or Horsburgh, "hlapler Tercentenary Oelebraijon" (Royal Society o! Edinburgh). 

COMPUTING machines 

' For certain purposes, computing machines have ceased to be luxuries and 
have become almost necessities; hut they arc expensive, and should be selected 
with reference to the special work that is to he done. Tho machines may 
be classified roughly into three groups, as follows: 

Adding Kfachlnes, Kon-listfng. Of the machines of this kind, tho most convenient 
in the liands of a careful operator is the well-known Comptomotor (Felt & Tarrant Co., 
Chicago, III.; 8300 to 8400 according to uze), or the Burrougba non-listing adding 
Sisclcmc (Detroit, M'kAi., Vi"5). To add a ooiiftier, rimply presa a key 'm tue proper 
column; the result appears on the dials in front of the keyboard. Multiplication as well 
Bs addition can be performed ou this macbuiQ with great rapidity, and divirion ako after 
a little practice. "Weight, about 15 lb. 

Adding and Idstfng Machines- The machines of this group not only add, but also 
print the items, totals, and sublolals. The Burroughs (Detroit, Mich.), the Barrett, 
and the Wales resemble each other in having an 81-kcy keyboard; the Dalton (Cincin- 
nati, Ohio) and the Sundstrand (Rockford, DL) have a 10-key keyboard, admitting of 
operation by tho touch method. On all these machines, in order to add a number, first 
depress tie proper keys ond then pull a handle (or, in the case of electrically driven 
machines, press a button) to record thn item. The prices range from $125 to 81,100, 
according to size and style, new models hang constimtly devised (or special commeicial 
purposes. 

Calculating Machines. Machines of this third group arc intended primarily for 
multiplication and division; tho types wlueh have a keyboard can be used effectively 
ter addition and subtraction also, They are all non-listing. The best known are tho 
Monroe, the Maxchant, and the Millionairoi all of which are available in either hand- 
dnven or electrically driven models, 

For graphical methods of computaUon, see pp. 106, 119, 170, 172-180. 
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Automatic calculating machtnea, sndi as those manufactured fay the Inter- 
national Business Machines Cotp., have found wide application in accounting. 
They are capable of a variety of ^ple algebraic operations; data is fed to the 
machinea by means of perforated cards. For details see the manufacturer's 
bulletins, and for application to statistical methods see Baehne, "Practical 
Applications of the Punched Card Method" (Columbia University Press). 

FINANCIAL ARITHMSTIC 

For the facta that are commonly required in regard to compound interest, 
sinking funds, etc., see the’ headings of the tables on pp. 64-68. More 
extended tables may be found in J. W. Glover’s "Tables of Applied Mathe- 
matics’' (Ann Arbor, Mich., 3923). 
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anoe ^ne, Wing eure that the Vme covew aJl projecting parts such as sctacrcff s, 
This line should clear the bedplate and houslngs.by about 2^ or 3 in. Next 
work out the conditions surrounding the upper end of the connecting rod 
including the crosshead, piston-rod ntuSBng toxes, pistons, and bottom and 



top of high-pressure and low-pressure cylinders. SufHcient space should be 
allowed for the piston-rod packing.and gland to accommodate any type of 
metallic packing commonly used, as the type of packing is often changed. 

The length of the eccentric rod is determined by laying down the valve in 
its bottom position and locating the bottom valve cheat cover with its stuffing 
box and gland. The clearance between the gland 
and the guide face on the valve stem should be 
sufficient to allow repacking the gland with the 
valve in its top position. The length of the guide 
face should be such as to allow the valve stem 
facing to overrun at top and bottom in maximum 
linked*up gear. The valve-stem guide and the 
roMn links in their top position may then be 
located, allowing ample space between the links 
and the guide bracket for oil cups on the link block 
and eccentric rod. The length of eccentric rod is 
then the ^stance between the center of the links 
and the top of the eccentric drdo drawn on the 
crank center. 

To locate the reverse shaft center, lengths and 
reveraing-engine arm and reversiiig arms, angle of 
slot in reversing arms, aird outer end of the suspen- 
sion rod, it is necessary to plot the paths of the 
eccentric-md pins on the Unks for fuU gear ahead 
and astern and maximum lihked-up astern posi- 
tions. The motion of the main links is determined 
by the suspension rod and the two eccentric rods. 

The point where the suspension rod attaches to 
the link moves in a circular arc with a radius equal 
to the length of the rod. The point where the 
astern eccentric rod is attached to the link has a 
compound motion due to the ahead eccentric rod 
and the suspension rod which causes .the point to travel through a figure eight. 
This figure should be plotted for the link ptBitions mentioned above and the 
reverse shaft, levetaing arms, and outer end of auspension rod located to ^ve 
the smallest possible slotting action of the Unk block. It is also advisable to 
check the clearances between the link Mock and the connecting pins at the- 
ends of the links. for the correspondfing ^ positions. ' Figure 68 'shows the 
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Fig. 118. — Secondary-forco and moment polygons. 



j 


Fig. 119. — ^Rotating-force po^on, 
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slotting action, of the link block for full gear ahead, linked-up ahead, full 
gear astern, and linkod-up' astern positions. 

BALANCING 

The foUomng text was prepared by Mr. J. B. Woodward, Jr., of the Engi- 
neering Department of Uie Newport News Shipbuilding and Dry Dock 
Company; 

The object in balancing mariue engines is to avoid vibrations in the ship’s 
structure. The ttemora produced by pouading in tire engine duo to slack 
bearings or improper valve setting aie also objectionable but should not be 
confused with the vibrations caused by the unbalanced forces. The magni- 
tude of the unbalanced forces is dependent upon the weight and size 
of the moving parts and the speed of rotating of the engine, but is independ- 
ent of the steam pressure. When the piston with its attached weights is 
being acceierated, that portion of tho steam pressure necessary to accelerate' 
it is absorbed in giving energy to the moving parts and is not transmitted to 
the engine framing, It follows that the pressure on the cylinder head is only 
partly' balanced by that portion of the'Sleam pressure upon thc'piston which 
is transmitted to the en^c framing by way of the piston rod, connecting rod, 
and ctankshaft. It is obvious then that the'oabalanoed forces developed 
when an engine is revolving are equal and opposite to the forces necessary to 
accelerate or retard the moving parts. 

Analytical Method ' 

The most serious unbsdanccd forces are those which act in a vertical direc- 
tion. The horizontal forces in a vertical engine are much smaller, also the 
ship itself is usually stiffer in the horizontal plane. In determining forces, 
the moving parts are divided into two groups, reciprocating and rotating, and 
the cylinder and valve gear parts are treated separately, as follows: 

1. CyUndei BeciprocatiAgBwrta. Pistons, piston rods, oiossheads, and 
top half of connecting rods. The connecting rod is divided into two parts at 
the center of gravity, one assumed to move with the crosshead and the other 
to revolve with the crankpin. The location of the center of gravity of the 
connecting rod may be assumed with sufficient accuracy. 

2. Valve Gear Reciprocating Parts. Valves, valve steins, balance pis- 
tons, links and blocks, ahead eccentric rods, one-half the astern eccentric 
rods, and one-half the siispenaon rods. 

3. Cylinder Rotating Parts. Crank webs, orankpins, and bottom half 
of connecting rods. 

4. Valve-gear Rotating Parts. Ahead and astern eccentrics and straps. 

Formulas for Vertical Forces. The rotating parts of an engine give • 

rise to a force which is constant in amount but variable in direction while the 
reciprocating parts set up a force constant in direction but variable in amount. 
In dealing with the rotating parts, only the vertical component of the force 
will be considered. 

Assume A = length of crank arm, B = length of connecting rod, U 
= B -5- A, 6 = length of eccentric rod, a = throw of eccentric, w = it -r a, 

I = sura of the mean of top and bottom steam laps and the mean of top and 
bottom steam loads, iV => revolutions per sec, and fl = angle of the crank from 
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the vertical axis. All dimensions are in feet. Then for a single-cylinder 
engine, or for each cylinder of a multi-(ylinder engine: 

45r* / 1 \ 

Cylinder reciprocating parts: Fj = (cos 0 -h ^cos 26] 

= i.22elI=AWt ^cos 0 4 ^ cos 20^ (1) 

■ffliere Fi = the weight of the parts 

Valve-gear reciprocating parts: F: = cos 0 (2) 

where Wi = weight of the parts 

The second term ~ cos 20 has been neglected, as the weight of the valve gear 

is small compared with the cylinder parts and as the ratio of eccentric rod 
length to eccentricity is relatively large. 

Cylinder rotating parts : Fj =* 1.226N^AWj cos 0 (S) 

where Fj = weight of the parts 

Valve-gear rotating parts: P« » 1.226N81W4 cob 0 (4) 

where Wt « weight of the parts 

Application of Formulas. To show the application of the formulas 
the vertical forces will be computed for a triple-expansion engine of tho usual 
marine type with cranks at 120 deg. 

Esample, Engine size is 20H~3&~C0 in. X 42-in. stroke ^ith attached air and bilge 
pumps driven by a beam from the low-pressure ctosshead. The order of tySindora fiom 
the forward end is high-pressure, intermediate-pressure, and low-pressure. Designed 
ihp is l.SOO at 85 rpm. As the crank webs, crankpins, and connecting rods are the Game 
for the three cyhndeta, there is no uabnJanted loice aTiainB the cylinder rotaUug. 

Table 17 


Designed sps (Jf) (S5 + 60) 1.42 

Length oi crank arm (A), ft 1.75 

Length of connecting rod (B), It 7.50 

Conaecting rod ratio (tf) i.28 

1.226 N^A 4.31 


Sise and type valve 

H-p 

8-ui. piston 

1 . 1-p 

1 14-m. piston 

L-p double- 
ported slide 



Insido 

0,3} ! 

28”-22' 

0.21 1 

i.400 ■ ! 
\M ' 

2.100 1 

• 1 

Outside 

0,27 

42’-30' 

0.18 





Sum of mean gteam lap and mean steam 

1 

0 20 

Weight in lb 



Valve-gear leeipiocatirig parts 

930 

2 ,Kn 

25G0 

130 
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on 0 orank angle base (Tig. 122). ' The prelection OQ of OP- on the vortical am repre- 
sents the magnitude of the vertical force, due to the reciprocating parts when the high- 
pressure crank is passing the top cento. By tevdving OP about 0 and finding its 
projection on the vertical axis for any poatioh, the vertical force of the reciprocating 
■ parts may be found for the corresponding high-pressure crank' angle. , Thus, if it is 
desired to find the force when the high-pressure crank has moved 20 deg from the vertical 
position, it is only necessary to revive OP 20 deg in the' direction of rotation and obtain 
its projection on the vertical axis. ... . 

The secondary-force polygon (Fig. 118) is construoted in a manner similar to the 
primary polygon except that each vftifiht ial^ off in a position corresponding to double 
the an^e in Fig. lU. As a role, the yirtnalBecondary weighta of the valve gear may be 
•'neglected as is done in this case. The 'closing line (TO) of the polygon is multiplied by 
\.22^N*A -5- {B/A) = 0.79nndlaidoff(OP)to'thesealcofforcesinFig.l22. In finding 
the vertical forces OP is revolved at twice the rate of the high-pressure crank and pro- 
jected on the vertical axis. ■ 

The rotating-force polygon (Kg. 119) is drawn in a manner similar to the primary 
polygon for the reciprocating parts, and tSesame factor 3,54 is applied to the closing line. 
The horisontal forces, if desired, may readily be obtained by projecting OP on tbe hori- 
zontal axis. 
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Fiq. 122.— Unbalanced vertical forces and rocking moments— quadruple- 
expansion. engine. 


Moment polygons (Figs. 113, 120 and 121) ate plotted in the same manner as the 
force polygons, using momenta instead of weights and applying the same factors to the 
closing lines as in the force polygons. . 

. Force and Moment Curves (Fig. 122). The reciprocating find rotating fortes are 
plotted on a crank angle base and combined into a single resultant vertical force. The 
moments about the forward crank may be plotted and combined in the same manner. 
The resultant moment only is shown in Fig. 122. Thciesuitant moment about the after 
• crank is also shown. 

Means of Improving Balance 

In a single-crank engine, the unbalanced force of the rotating parts can 
be compensated for by a counterweight on the crank equal in weight to the 
'rotating parts, If the counterweiglit be made equal to the rotating and 
■ reciprocating parts, the unbalanced force of the latter also disappears, but a 
new horizontd force is introduced Isqual to tho radial ' acceleration of the 
reciprocating parts. ■ , ■ , . ' 

In a tvo-crank engine, revolving hsdance may bo secured by the use of 
counterweights opposite each crank and, if balance of the reciprocating parts 
is necessary, it is probably best to use lever balance weights for each cylinder. 
Perfect balance may be secured only by special arrangements in which the 
oiankB are no longer at 90 deg. • 

•The arrangement of .cylinders generally -used' in three-crank triple- 
expansion engines counting from the forward end is high-pressure, intermodi- 
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Fio. 112, — Arrangement of attached pumps. 


p&rte. 'When theafi parU ato not of the sai 
may b« calculated by formula 3. Except 
for the pump lever pins on the lo«*pres* 
sure, ccossbead (which are included vdth 
the pump gear in Table 18) the piston rods 
and orosabeads are also alike for the three 
cylinders. Their resultant force for this 
crank arrangement is xero, and they may 
be omitted from the oompuUUoa. The 
connecting rods are omitted for the same 
reason. The lawpresaute eccentrics ate 
on the shaft while the other eccentrics are 
ontheshafteouplings. Thedalarc<)uired 
are given iiv Table 17. 

The attached pumps (Fig, 112) maybe 
combined trith the cylinder redprocaling 
parts by detenmuing the force which 
would have to be apphed at the low* 
pressure crosshead to balance the com- 
bined moment of the whole gear (Table 18). 
The obliquity of the links may be neglect- 
ed oa ita effect is smalL 


' site, the unbalanced force for each crank 



Fiq. 113. — Arrangement of cranks 
and ecoentrLca— lookiiig aft. 


Table 18 






Item 


beam Bxisi 

beam axis, 
in.-lb 

Pump plungers, bucket and rod 

3» 

23.0 

8,050 

Fumo crosshead 

2;q 

23.0 

5,750 

Pump links and link pins 

Crosshead links and link pins 

230 

23,0 

5,290 

150 

-50,5 

-7,570 

Crosshead pins 


-50,5 

-1.010 

Pump beam ; 

Resultant 

m 

WS 

-i3.0 

-|■5.73 

-5.165 

5245 
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ate-preasure, 'and low-pre^tfre'iriUi’thfi cranks 12() '4eg: 'The crafikpmg 
and ^ebs and 'aiao-'the jaSton ‘rods!''<ios^i^4s‘. and. connecting rbda';'are 
nsuaWy made'.tbc same'{oT_'^';flsi» 'Wvtb, sued aa atiaagement 

the balance may. be improv^'.i^i mereaamg'the weight of the high-prcssiire 
piston and, lightening the. low-pressure so 'as to make the weights of : the 
.reciprocating parts aa nearly. equal as.possible. Even when the crank wehs 
are of unequal thickness it is seldom advisable to add weight and complication 
■to the engine by ■using cpnn'terwmghte^to-babncetb^ ibtati'nB males'. ■' ■ 

' '<In four-crank engines Banier and Bobertson state that balancing is'm'ost 
effectually' carried out ■wlira (1) the cyliii^'rs ■with the heatiesi conhe'etmg 
rods, are in the center .and, tfe, distance .between, the two .middle cylinders 

is'as large as possible, as cdmparcd^withthedistance.bctwecnthetwo cylinders 
at either end of the en^ne. “If these conditions .cannot be,. secured in 
practice, the outer connecting rods must'be-artificially 'lightened by^means of 
counterweights and the conucedng rods of the middle cylinders artificially 
weighted by -the use of heavy pistohs. In triple-expansion endues good 
balancing is moat easily obtuned by having two low-pressure cylinders', each 
doing purposely less 'work and having UgUter connecting rods than the high- 
pressure and i2f;ermediatej>ressuM”cy,ILuiler8, outside .which .they are, .placed. 
All cngmE -with four cranks, in which the forward pair of cranto is.at right 
angles to the after pair, and .the eranks of each pmr are at an angle of ISO .deg 
to .each other, gives an almost perfect balance,, if 'the distance between 'the 
t'ffo pairs of cranks is' relatively large in proportion to ,tlio .distancei-betwoen 
the individual cranks constituting each pair, and when the' masses of 
forward pair are equal to the masses of the after pair." Four-cylinder 
quadruple-expansinn engines ^ould be artaiige'd with- the high-ptessiiro and 
lat intermediate-pressure cylinders on- the ends and tho 2d intermediate- 
preseare and low-pressure inside, with. the, attached pumps, if anyi.drLvon 
by a beam from the low-pressure crosshead. The low-pressure piston should 
be made aa light as posriblc. The pair of cylinders on each end should be 
as close together as practicable, ■wliich is facilitated by placing 'the -vklvos 
for tho Wgli-pressure and the let iatcrmediatc-pressure cylinders at the eni 
of the engine and the valves for the other two oylindersin the middle. ' , 
Revolving balance.may be obtained in' four-crank enpnes in a'aurhb'tr .of 
ways, simplicity and cheapneas usually beirig ibe determining factors. 
Instead of fi'iting balance weights opposite each crank, two revolving counter- 
weights are often used, one forward of the engine framing and the other, aft. 
The turning wheel may generaUy be used for tlie attachment of one weight, 
and the other may be made-in the-(orm;of a disk attached to the forward 
end of the crankshaft, extended a..few inches if-nooessory. Tho amount and 
angular' position of such weights may .bo readily .determined from the forca 
and moment polygons. Wh^her or not counterweights are used it is well ,to 
consider the advantage to be gained by'jdrilling holes in one or more crankpina 
if solid, or filling one or more with lead it hollow. . , . .,,-i 

Tarrow-Schlick-Tweedy System. Complete primary balance can' be 
obtained mfour'Ciank'cn^eson-the assumption' of infinite connecting'rbds, 
thus ‘eliminating the secondary; forcK' from consideration!! Tho balance is 
completedf '(1) 'the'snm'of the moments of the hdrizoninl-fcrces and the sum 
'of the'inonientS'Of th'o' vertical fotc^ about -the 'forward crank = 0 and (2) 
the sum of the moments of the horizontEd forces and tho sum of tho moments 
of'the 'vertical for'oes abodt'the alter- crank =-01 f'Eyi proper choice of crank 
angles and’by chan^hg wrists 'of' moving parts and cylinder:spacing,' in'so 



Tabl« 19. Vertical Forces 
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far as the design o£ the engine permits, it is possible to approximate very 
closely the above conditions. 

The work is best done graphioally. The vertical moment about the for- 
ward crank is found for each cylinder and valve, using fot^ the' cylinder weights 
the sum of the actual wwghts of the cylinder redprocaling and rotating parts, 
and for the valve-gear (Weights the sum of tile .drtual weights of the valve- 
gear redprocatlng and rotating parts. The horiaontal' moment about the 
forward crank is found for each cylinder Mid SnJvc, iising the actual weights 
of the cylinder rotating parts and the virW weiEUts of the valve-gear rotat- 
ing parts. The moments about the after crank are obtained-in the same 
manner. The four moment polygons are then plotted- by lapng off each 
moment parallel to its corraspondlnE crank or eccentric pbdtioii’lsee Graph- 
ical Method]. The sum of 'the moments represented by.a partioular polygon 
is zero when the poly gon ia s. closed figutc. All the pdlygonB may usually be 
made very nearly or entirely to close by properly chdosing'iho angles, weights, 
and cylinder spacing. ' If necessary, counterweights may be used at the 
forward and after en'ds of the enpne, tiie amount and position of such weight 
being determined ' in each case from the moment polygons. If the ratio 
L I, in which L istho length between center lines of the pair of cylinders at 
either end of the engine and I the distance between center lines of the inner 
pair of cylinders, is leas than ji, the angles ofthe th'oduler.cTanksarc apt to 
be small, which has an injurious ^ect upon the maneuvering qualities and the 
regularity of the turning moment. If the cylinders with the heaviest moving 
parts are placed in the middle andL ^ I made about 2, the best crank angles 
will be obtained, the smallest being about 65 to 70 deg, and complete balance 
can be obtained without the use of counterweights.. ’ 

A full description of the Yarrow-Schlick-Tweedy system of balancing may 
be found in Bauer and Robertson. 

Critical Revolutions and Vibrations of Hull. .; It is important that the 
'rpm of the engine at its working speed do not coincide with the natural 
period of vibration of the ship. In cases where hea-^ vibrations have been 
set up they have been relieved by changing the working revolutions of the 
engine. The number of revolutions which produce the maximum vibratory 
effect is given by Bauer and Robertson from the formula derived by Schlick 
(Trans, of the Inst, of Naval ArchUects, 1894) ns follows: 

N =KVrT^» ' 

where N = rpm ' • ■ 

T ~ the moment of inertia of the midship soction in foot units 
D = the displacement in tons, . ■ _ 

L = the water-line length, ft, , . • • , ' 

ir = a constant having the following values: 

Tor large fast ships with fine.lmes,.2I .= 1.872 .X. 10 ' ' A'-; 

For cargo vessels with full lines, K '== 1.668 X 10‘. 

Investigations by Mr. William Gatewood on an oil tdnk steamer, Trans. 
Soc. Nav. Arch, and Mar. Engrs,, 1915, gave results closely in agreement with 
the above formula. ,,, 

■’ • TURNING' EFFORT • , 

While it is important that the re^ltant of the tangential forces acting 
upon the crankpias, frequently called the tumng effort, be as uniform ag 
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A veight of 104 (= 5.345 -5- 50A) lb applied at tbe crossbead end s\’ou!d complete^' 
balance 1,405 lb s\itb a mocaent of 5.245 in.-Ib. The effect oi tbe attached pumps is 
then sdrtually to reduce the low-pressore cylinder reciprocating weight by 1041b. It is 
better, however, to treat this ve^t separately as in Table 19 rather thsm to combine it 
with cylinder weight. 

The arrangement of the cranlrs and valve gear is shown diagrwumatically in Fig. 113. 
The position shown for the eceentrie in each case is the mean positioti of the ahead and 
astern eccentrics. 

Calling the angle of the hieh-pressnre crank S, the formulas become: 


Cj/Zindcr Recjprocolinj Parts; 

( cos 2flh 

H-p, Fi * 2,420 V®" « + J 

l.p, Fi =* 6.040 [cos (9 - 120^ 4- • 


Fi =* J2300 I coa (« + 120®) + 


a>3 2(9-120°) 1 
4.28 J 
cos 2 is 4- 120®) '! 
4.28 -I 


Attached pumps, Fi » 450 I 


Angle of vnlve itom b-p craak • 306* — 38' 8* - 22' 252* - SO' 


Then the rMuhanllorteol the valvc-gtoTTecjjwotoliaopattSiFj ■ 762 6« (6 + 300*- 
38’) + 985 cos (fl + 8* - 220 + 1.670 cos (« + 2o2M0') =» (762 cos 30B®-38' + 086 
cos S°-22' + 1,670 cos 252*-80') cos 6 - {762 on 306«-38' + 685 sin 8*-22' + 1,670 



Fig. U4.— Carres of uabalanccd vertical lorces. 


sin 252°-30') sin 9 = 925 cos # + 2,060 sin 6. The resultant force of the valve-gear 
folaiinff parts, Ft = 1,035 cos 6 + 1,090 cos (6 -|- 60”) 4- 535 cos (9 — 60°) = 1,847 coa 9 
- 482 sin 9. 

The total force of the valve gear is then =* 2,772 cog 9 -j- 1,578 sin 9. 

The vertical forces of the cj'Iinder parte and the valve gear and the resultant vertical 
force are given in Table 19 and are shown graphically on a crank angle base in Fig. 114 
The resultant vertical lows for the four engirKsbdow are shown in Fis. 114. 






1163 


Curvej 

Si^e, in. ' -'j 

Rpm [ 

' Ihp 

1 ' • 

Order of cylinders 

Sequence of cronka 

A 

20K-35-60'X 42 

as 

; iJiOO 

H-P, »-P. 1-P 

1 H-p,i-p, 1-p 

B 


M ! 


■ H-P. i-p, 1-p ^ 

- E-p,i-p,l-p 

C 

35-5U?-69X60 

75 

5.500 

F4-P, h-R j-p, a-l-p 

F-l-p, a-]-p, b-p. i-p 

■Q 

24-35-5I-7S X51 
stroke 

70 . 

2.600 

I H-p, 1-p, 2 i-p, 1 i-p 

H-Pi 1 i-p, 1-p, 2 i-p 


In all eases the cranks are equalty spaced apd tbc cj'Iiiider rotating parts arc balanced 
ill all cases except 3, where the crank webs are of unequal thickness. In large three- 
cylinder triple-expansion engines (B). the verticid forces are necessarily great unless 
a counterweight is used opposite the low-prcssuto crank to offset the effect of the heavy 
piston, which however is not often done. No counterweights have been used in any of 
the above engines. 

Rooking TilomentB. Ai tbo tinbdiauced forces of the various cylinders 
act at different points along tbo axis of the cagine, unbalanced moments 
arise which tend to tilt, or rock, the coginc in a fore-and-aft direction. It 
is convenient to refer , those 'moments to a horizontal axis at right angles to 
the axis of the crankshaft and passing through the mterscction oi the crank- 
shaft axis with the center line of the forward cylinder. The arms are then 
measured from the point of intersection to the axis of the various cylinders 
and valves. Where there is a valve forward of the point of intersection, its 
arm la considered negative. The formulas for the rocking moments may be 
derived from formulas (1), (2), (3), and (4) by inserting a factor in each to 
represent the arm about the given axis expressed in feet. 

Primary and Secondary Forces and Moments. It is useful, partieu- 
larly in representing the forces graphically, to separato the force due to the 
reciprocating members into two' parts, one part varying ne cos 0 and called the 
primary force, and the other varying as cos 29 and ‘called the secondary 
force, Conespotvding to tl\c primary and secondary forces there arc also 
primary and secondary moments: The weights for the secondary forces, as 
may be seen in {ovmula, (1), are only 1/V times tho weights for the primary 
forces.', However, it should be borne in mind that the forces or moments, thus 
separated for convenience itrto primary and secondary parts, actually appear 
combined as a single force or moment. 

Graphical Method 

The method given hero is based on Rear-Admiral D. W. Taylor's paper 
“'Balancing Marine Engines,” Trans. Soc. Nan. Arch, and Mar, Enfirs., 9. 

Polygons are drawn for the primary and for the secondary forces due to the 
reciprocating parts, and for the forces due to the rotating parts. The corre- 
sponding moment pohfgons nre idso drawn. la order to combine the valve 
gear in the same polygon with the main gear, the valve weights are reduced ' 
to virtual weights, having the^travel of the piston for reciprocating weights 
and revolving with the crank ra(Uu3 for rotating weights. The reduction- 
factor for the.primary- polygons ia the ratio of valve travel to engine stroke 
{a ~ A) \ and for the secondary polygons, the factor is the product of the ratio 
of valve travel to stroke (o A) by the ratio of the throw of the eccentric 
to the length of tho eccentric rod (o -r 6). 
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possible throughout' the rovolutjoa to ensure steadiness of ' running and to 
reduce the stresses in the abafting, it is not as a rule necessary to construct 
the turning effort diagram, unless the deagn departs from usual practice, 
in which case it is advisable to construct'a set oi theoret'icai indicator cards 
and proceed as outlined below. It for the purpose of calculating 

shafting stresses to know the ratio, Of maiimum to mean twisting moment, 
wliich has the same value aa the' ratio of maximum to mean turning effort, 
The value of this ratio is given for various types of engines on p, 1 1 06. V ari- 
ation in the turning effort is due to (1) unequal distribution of power in 
the different cylinders', (2) 'Variation in steam pre^urc on the pistons, (3) 
weight and inertia of the moving parts, and (4) the angularity of the con- 
necting rod. In general the greater the number of cranks the more 
uniform the turning effort. 

The turning effort on any one ernnk in pounds ‘nYultlpUed by the crank 
radius in inclies gives'tlie twisting moment on the shaft in pound-inches for 
that particular crank. The same result is more conveniently obtained if the 
net vartical force on tlio piston due to steam pressure and to inertia and dead 
weight of the moving parts is multiplied by OR {Fig. 123) the distance from 
the shaft center 0 to the intersection ofFQ, the centerline of the connecting 
rod, ■with the axis XOX. The 'turning .effort may he readily obtained from 
the twisting moment by dividing by the crank radius, or from the t'wisting 
moment diagram (Fig. 123) fay applying the proper scale. 

For all practical purposes the indicator cards may be assumed' to be taken 
on the same revolution of the engine. .On the crankpin circle (Fig. 123) 
lay off the points 1', 2', 3', 4', etc., 30 deg 'apart and locate the corresponding 
points 1, 2, 3, 4, etc,, in the travel of the piston. Locate these piston posi- 
tions for each set of cards, and at each position erect an ordinate. At any 
position of the down stroke the intersection of the ordinate between the 
down stroke lino of the top card and down stroke line of the bottom card 
represents the difference in steam pressure on tho top and tho bottom of the 
piston; and in similar manner for ariy up stroke position, Tho ordinates 
from, the base line AA to FlFGH show the pressure difference on the pistons 
in pounds per square inch for a complete revolution, ordinates above AA 
representing downward and ordinates below, upward pressure. 

The moving parts are being accelerated during the early portion of tho 
stroke, and their inertia must be subtracted from the steam pressure on tlio 
piston; during the later portion the parts are being retarded end their inertia 
must be added to the steam pressure. The inertia force (F) may be calcu- 
lated by the formula 

r » (ooB e + 

where JV = rpa ’ 

A = length of crank arm, ft . 

V = ratio of' connecting rod length to crank arm 
' 6 = angle of the crank ' ' . - 

' IF = weight in lb of the'paston, piston rod, crosshead, and top half of 
connecting rod ' • • • 

Attachedpumpsshouldbetrcated.aadeactifaeduRder Balancing, p. 1160 , • The 
vertical component of the centrifugal force of tho rotating parts is not con- 
sidered as, when combined with tho horiaontal component, the resultant is a 
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The valve gear is here -separated into (1) ahead reciprocating parts, con- 
sisting of valves, valve stems, baluioe pistons, link blocks, and one-half the 
links, suspension rods, and ahead eccMibic rods; (2) astern reciprocating parts, 
consisting of one-half the links and astern eccentric rods; (3) ahead rotating 
parts, consisting of the ahead eccentrics and straps and one-half the ahead 
eccentric rods; and (4) astern rotating parts, conssting of astern eccentrics 
and straps and one-hsdf the astern eccentric rods. 

Eiampla. The method TrillbeappUedtoa«iuadiiiple-expaiiMDnen0n6 26-in.| 38-in., 
65-in., 81-in. by 51-jn. stroke desiEned for 3,000 ihp at 70 rpm. The particulars of the 
engine and the data required to constroet the polygons are even in Tables 20 and 21. 



Fig. 116.— Arrangement of crmiks and eccentrics. 

The arrangement of cranks and eccentrics is shown in Fig. 116 and the arrangsment of 
cylinders and valves in Fig. 110. The air, Wlge, and sanitary pumps attached to the low- 
pressure crosehesd have an upward resultant of 660 lb, which is subtracted from the 
low-pressure reciprocating weights. 


Table 20 


Designed rps (M {70 -f 60)’. 1.167 

Length of crank am (A), ft 2.125 

Length of connecting rod (W, ft 9,680 

Connecting rod ratio (U) , 4 . 5 OO 

Length of eccentric rods W* ft 9 250 

1.22677U 3;640 



H-p 

Ist 1-p 

2di-p 


8.0 

0.1570 

0.0057 

m 

0.1670 

0,0064 

0.1670 

0.0064 

Primary reduction factor for TOlve-gear waghts. 
Secondary reduction (actor for valvfrgeat 
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radial force. The friction, weight, and inatia of the valve gear has- little 
effect upon the turning eSort and need not bo considered. 

The dead wei^t «, 'wbiehinchidcs all of IT and in addition the bottom half 
of the connecting rod, the cranlqHn, and the eccentric portion of the webs, 
must be added directly to ttie pressure on the piston during the down stroke 
and subtracted during the up strolm. Bi Fig. 123, if BB be laid off from AA 
as a base to repreBent w per sq in, of piston area and CC laid o5 from BB 
to represent P.per sQ in. oi i^ton area, then the ordinates between CC and 
BfiSH.will represent the veriijJ. presairo per square inch on the piston due to 
the steam and to the weight and inertia of the moving parte. 



Fig. 124.— Twisting-moment diagram for quadruple-expansion engine. 

In Tables 23 to 24 the data and calculations and in Fig. 123 the twisting 
moment diagram arc shown for a 24)^ in.-4l)4 in.-72 in, X 48 in. stroke 
triple-expansion engine. The length of the connecting rod is 9 ft and the 
rpm = 72. The twisting moment in pound-inches is plotted radially on tiie 
corresponding crank position for each crank separately, and the three smaller 
figures then combined into the resultant LMN. The ratio of the maximum 
to the mean. twisUng moment as ^wn by the figure is 1.32. The mean 
twisting moment is 1,800,000 Ib-iu. agiunst 1,850,000 lb-in. by tbeforrauln 
{63,000 ihp -r ipm). 

In Fig. '124 is shown the twistu^-mbment <Bagram for a 27-itv., Sfi-in., 58-in.'.; 
87'iri. by 54-im stroke guadniple-e^ansioa engine turning at 85 rpm. The 
ratio of mirimuih' to nicari twi^i^' moment in this case is 1.235. - 



BALANCING 


1166 


Tabl® 21. Weights and Moments 

(Momente are expressed in foot-pounds) 


Actual weights: 



11.000 

Cylinder parts. . . . 
Talve-gear parte 

10.400 

10,400 

ahead 

Yalve-gear parts 

1300 

IJ80 

2.220 

astern 

Virtual primary 

1.600 

1.6t)0 

2.250 

weights: 
Valve-gear parts 

ahead 

Vflive-geat parts 

250 

260 

370 


Moments about let 
j-p: 

Cylinder parts... 
Valve-gcsr parts 


Primary-force Polygon (F5g. 117). From 0 as a center to a convenient scale con- 
struct the polygon OALGI of which each ride represents by its length the weight (Table 
21) of the cylinder reciprocating parts for one of the four cranks and parallels the crank 
position. The letter at the end of each Ime is the ssune as that marking the correspond- 
ing crank position. In similar manner construct the polygon OBCDFHJKL for the 
valve-gear reciprocating parts, the ades bong equal in length to the virtual primary 
weights (Table 21) of the various valve-gear redprocating parts and parallel to the cor- 
responding eccentric positions. On account rf the relatively small weight of the valve 
gear it is convenient to use a larger scale for the valve-gear polygons. The closing line 
to to the scale of the main polygon OAEGI reduces to MO, 10 and MO are combined 
by means of the parallelogram OAfJVI into NO, which then represents the weight and 
position of an ima^ary weight whidi revolving on the crank radius would completely 
balance the primary forces of the man and valve-gear reciprocating parts. To obtain 
the absolute value of the vertical force, ON is multipUed in length by 1.226f^M ( « 3.54) 
and the new line OP laid oS to the scale which His desired to use when plotting the forces 




• BAiiAmim 
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, • vTableSZ': ' 




CyliMicir "■ ■ ‘ - 

]■ 2tb' 

j"' f'P . 


Vrea of eyiifidcr i 

l.SSCiV’A -i- fiyJindcr area -....--j 

Dmd ffeigtit an piston {®) • •' — j 

Dssd rwigfeJ T- jj'JwiJeraTea......,.!. ■ ! 

Weights lor inntia lotces (If^ '. . ;•,•••■ -I 

' 4?>M. 
fl.OCTS 
10350 
22.0 
4.450 1 

1 13517 1 
'0,00261 
.UJ50 
■8.7 
I’ 6,050 

5071.5 

0.0MS7 

i5,400' 

• 3.5 
7.500 


Tables?..: Inertia Forces 




' 0 

1.2222 

. 40.5 

: . • 22.1 

7,» 

30 

. '60. 

O.OTi 

32.5 ' 

17.6 

■ 6.4 , 

0.3859 

13.0 

7.0, 

2.5 

' 90 

-0.2222 

-7.4 

-4.0 

' -1,5 

)20 

-0.6IU 

-20.4 , 

-ll.l 

-4,0 • 

; 

' -0,7549 

• -25.2 ' i 

•-I3.7 


180 

-0,7778 

. -a.o 

-M.O 

' ■' -5,1' ' 

7lV 

-0 7549 ,. 

-25.2, • 

' -15.7 , ; 

-4.9 . 

240 

-0,6111 

-20.4 

-K.l 

.. H-O.H'i 

■■ 270 

-0.222 

- 7.4 

-4,0 

,-|;5 

300 

0.3889 

13.0 

7.0 

2.5 

330 

0.9771 , 

•' -32:5 • 

■ 17.6 

6.4 

360 

1,2222 

40.5 

22.1 

. 7,9 


Table 34. Twisting Moment 
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Fjg. 117. — ^PrimaryJorce polygon. 
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RECIPROCATINO MARINE STEAM ENGINES 


Revolutions for Diflerent Percentages of Full Power. The revoh- 
lions of redprocating en^es corresponding to different indicated horsepowers 
may bo taken from the curve in Fig. 125 which is plotted from data from a 
number of engines. If the revolutions for full power are known, the revolu- 
tions ioT other powers will agree closely with values taken from, the curve. 


Backing Power of Marine Engines. In reversing a reciprocating 
engine a much greater proportion of ahead full power can bo obtained than 
in a turbine installation in which the backiug turbine is a separate element, 
the power of which is kept as low as consistent with safety in handling the 
ship in order to reduce theturKne sise.’ Commander S. M. Robinson in tlie 
Jour, A.8.NH. for February, 1916, gives the results of the backing trials of 


the battleship “Belaware” when' suddenly re- 
versed from full speed ahead. At tbo hednniug, 
44 per cent of full ahead power (28,500 ihp) was ' 
developed at 40 per cent of ahead revolutions (130 
rpm), which had increased to 55 per cent at 54 
per cent of revolutions when the vessel stopped. 
The maximum power developed as the baclang 
continued was 81 per cent at 74 per cent of revolu- 
tions, The Coast Guard cutter “Tallapoosa," 
when reversed, developed 53 per cent of full ahead 
power (1,000 ihp) at 62 per cent of ahead revolutions 
(129 rpm), OOper cent at 78 per cent of revolutions 
and 90 per cent at 109 per cent of revolutions. The 
torque developed while backing often exceeds the 



Fig, 125,— Relation of 
ihp and rpm. 


full power ahead torque, the backing trials of the “Delaware ’’showing about 


9 per cent excess. 


WEIGHTS AHD DIMENSIONS 


Weights of Marine Enginea. There are many methods, some of which 
are very complicated, for estimating the weights of marine etigines. For most 
purposes, the total weight of the eiypnc is all that is desired and that may be 
obtained in several ways, the most direct of which is based on ihp. The 
following weights per ihp of vertical marine engines will give a general 
idea of the weights of different types: compounds, 65 to 75 lb; three-cylinder 
triples, 85 to 110 lb; quadruples, llO to 135 lb. However, on account of 
the different ratings of ihp whidr the same size engine may have, the total 
weight may be estimated much more closely if based on cylinder volumes; 
or, for the sake of timplicity, the sum of the squares of the cylinder diameters 
multiplied by the stroke, all in inches, which may be designated as S. The 
product of S X constant C (which varies with, the number of cylinders and 
the length of stroke) closely approidmatca the weight of the engine. C 
for vertical marine engines, exclusive of attached pumps and condensers, for 
engines with 24 to 40 in, stroke may he taken as follows : 0.9 to 0.75 for three 
cylinder triples; 1.10 to 0.9 for four-cylinder triplsB. For enpnes with 40 to 
CCin.'stroke: 0.75 to 0.6 for three^^linder triples; 0.9 to 0,7 for four-cyclinder 
triples; and 0.9 to 0.7 for quadruples. For compound engines with 20 to 30 in. 
stroke, C may bo taken as 1 to 0.8S. These constants hold for engines of 
usual proportions but, for very light or very heavy engines, the constants 
may come outside of the range given! 

Center of Gravity of Engines.^ In computing trim and stability of a 
vessel the center o'f gravity of machinery must be known. In calculating this 




elementary geometry and mensuration 

GEOMETRICAL THEOREMS 

(For geoffietrical constractions, sec p, 101) 

Right Triangles, o* +l>* » r. (See Pig. 1). /A + Z-8 = 90“' 
j)2 = mn. 0 * « me. b* = nc. See also p. 105 and p. 132. 

Oblique Triangles. (See alao pp. 105, 134.) Sum o{ angles = 180® . An 
exterior angle = sum of the two opporite interior angles. (Fig, 1.) 

The medians, joining each vertex with the middle point of the opposite side, 
meet in the center of gravity G (Pig. 2), wMch trisects each median. 

The altitudes meet in a point called the orthocenter, 0. 

The perpendiculars erected at the midpointe of the sides jncet in a point 
C, the center of the circnmBcribed caTcilo. [In any triangle G, 0, and C Ua 
in line, and 0 is two-thirds of tho way from 0 to C.] 



Pus. 1. Pm, 2, 


The bisectors of the angles meet in tho center of the inscribed circle (Fig. 3). 
The largest side of a triaoglo is opposUo the largest angle; it is less than 
the sum of the other two sides, and greater than their difference 



Fio. 3. Fra. 4. 


Similar Figures. Any twosimilar figures, in a piano or in apnea, can bo 
placed in "perspectivo,” that is, so that striught linos joining corresponding 
points of the two figures will pass through a common point (Fig. 4). That is, 
of two similar figures, one is merely an enlargement of the other. Assume 
that each length in one figure is k times the corresponding length in the other; 
then each area in the firet figureis t* times tho corresponding area in thesecond, 
and . each volume in the &st figure is fc® times the corresponding volume 
m the second. If two lines are cut by a setof parallel lines (or parallel planes), 
the corresponding segments are proportionaL 

_ The Circle. (See alao pp. 106, 137.) An angle ioaccihed in a semicircle 
13 a right angle (Fig. 5). An angle inscribed in a circle, or an angle between 
a chord and a tangent, is measured by half the intercepted arc (Fig. 6). An 
angle formed by any two lines which meet a drcle is measured by half the 
sum or half tho'difference of the int^ceptod arcs, according aa the point of 
intersection of the lines lies inside (Pig. 7) or outside the circle (Fig. 8). 

A tangent ia perpendicular to the radius drawn to the point of contact. 

If a variable line through A (figs. 9 and 10) cuts a circle in P and Q, then 
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ELEMENTARY QEOilBTRT AND MENSURATION 


AF XAQ ia donetant; ia- partacolar, if A is an eitemal point, if X 
= Af^, where AT is the tangent from A. 



Fxa. 6. Fig. 6. Fig. 7. Fio. 8. Fig.- 9. Fig. 10. 


The ladicol ans (llg. 11) -of two drcles is a stioight line such that the 
tangents drawn from any point of tins line to the two circles are of equal 
length. If the two atdes intersect, the tadied axis passes through thdr 
points of intersection. In any case, the radical asU bisects the common 
^ tangents of the two drdea. The three radical axes of a set of three circles 
meet in a common point. (For equations, see p. 137.) 



Fio. 11. 


' Dihedral Angles. Tho dihedral angle between two planes is measured 
by a plane angle formed by two lines, one in each plane, perpendicular to the 
edge (Fig. 12). (For solid angles, see p. 110.) 

In a tetrahedron, or triangular pyramid, the iour medians, Joining each 
vertex with the center of gravity of the opposite face, meet in a point, the 
center of gravity of the tetrahedron; this point is H oi the way from any 
vertex to the center of gravity of the opposite face. The four perpendiculars 
erected at the droumcentors of the four faces meet in a point, the center of 
the ciroumscribod sphere. The four dtitudes meet in a point calied the 
oithoccnter of the tetrahedron. The planes bisecting the six dihedral 
sagi’es meet ' m a point; tBo center or't'do ihscnbea’spdere. 



Fig. 12. Fig. 13. Fio. 14. Fia. 15. Fig. 16. Fig. 17. 


Regular Polyhedra (see also p. 110): Regular tetrahedron (Fig. 13), 
bounded by four equilateral trian^es; cube (Fig. 14), bounded by six squares ; 
octahedron (Fig. 15), bounded ly dght equilateral triangles; dodecahedron 
(Fig. 16), bounded by twelve regular pentagons; icosahedron (Fig. 17), 
bounded by twenty equilateral trioo^es. Kgs. 13-17 show how these solids 
can be made by cutting the soifaco out of paper and folding it together. 

The Sphere. (See also p. 109.) If AB is a diameter, any piano perpen- 
dicular to AB cuts the sphere in a orcle, of which A and B are called the 
poles. ' A great circle on the sphere is formed by a plane passing through 
the center. A spherical trian^ is bounded by arcs of great circles (see p. 
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it is necessary to approximate the location of tiie center of gravity of tho main 
engine. The vertical center of gravity of aVeitical marine engine above 
the center of the crankshaft is apptorimatcly 1.78 times tho length of stroke. 
The horizonial center of gravity aft of the center of the forward cylinder 
depends on the order of cylinders, but’ ,the following constants, in. which 
D is the sum of the cylinder diameters, will be found sufficiently accurate; 
compounds with the Wgh-pressure cylinder forward, about O.SDv three- 
cylinder triples with high-pressure cylindefr fonvard and low-pressure aft, 
about 0,65D; four-cylinder triples with tl» low-pressure cylinders on the cuds, 
about 0.65i>; quadruples with the high-pressure cylinder forward, about 
0.75D. 

Over-all Dimensions of Engines. In laying out an engine-room arrange- 
ment it is necessary to know approximately the over-all dimensions of the 
engine- The design of the engine affects these dimensions to a certain extent, 
but in general the length of each type of engine bears a fairly constant relation 
to the sum of the cylinder diameters, which may be designated as D, and the 
height bears a similarly constmit rdation to the length of stroke. The 
constants given in Table 25 represent a fmr average for vertical marine engines 


Table 2S. Over-all Dimensions of Vertical Marine Engines 
(0 a sum of cylinder dkoieters) 


Type of engine 

1 Com- 
pound 

■ Three- 
cylinder 
triple 
valves on 
center Uno 

' Tliree- 
cylinder 
triple 
valves 

1 at side 

Four- 

cylinder 

triple 

1 

1 

Quad- 

ruple 

length over cylinders 

D 

100 

1.80 


1.85 

1.90 

length over bedplate 

D ! 

j 1.70 

1,70 

1.70 

1.60 

1.75 

ficight, center of shaft 

to top of cylinders . 

1 

1 

5.25 

4-75 

4.75 ' 

4.7S ^ 

4.75 

Stroke 

Width of bedplate 






Stroke 


2.7 ta 3.0 for all types 



Length of Engine Room. Proceeding along the same lines as above, 
there are certain ratios tliat can be used to approximate the length of the 
engine room for average couditions. When the maclvinery is amidships, the 
length of the engine room is approximate^ from 2.25 to 2.75 times the sum of 
the cylinder diameters; when in the stem, the length from the forward 
engine-room bulkhead to the after^xmk bulkhead is approximately from 
2.5 to 3.5 times the sum of the cytindei diameters for triple and Quadruple 
engines. With compound engines the length of engine room is about five 
times the sum of the cylinder efiamebera. 

MiCHlKrad AiSD.TOIiERANCES 

The allowances and limitations given below are based on good American 
practice for merchant marine engines. 
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Table 1. Nozzle Coefficient Correction for OTer- or Underexpansion 



' Undeicxnabding' ' ' 


' ' .'‘'OvilT^xpatidmE' ^ 


-40 ' 


~n 

, -in 

n 

, 4-IQ 1 .+15 1 +2D..I-+25 | 

+30 

Velocity cod iaclor. 

|6.%4 

t.W i 

• 1 



V.w 

id.-Wl jo.W jQ.%5 1 



ahould.bc ilic same as that Altering if conditions were ideal. , Actually there 
are friction and turbulence irl^tbis passage and the result is a loss'that appears 
as 8- diminution, of exit velbritY and a. gain in cntimlpy of the stearfi. The 

bucket velocity coefficients .as.derived from tests arc given in Table 2. 


Table 2.; Bucket Velocity Coefficients ■ 



1 :1.. 

1 1 

1 1 ' 

1 1 ■' 

, ! 


bucket, ItB. 

; 2001 '- 4(io|-.600 

. 800 ' 

1.000 1.500 

1 2,000 1 2.500 

5,000 

4.000 

Velocity eae/. j 

'o.9j/'|o.9wlo.fiM 


|0.«4{|o.50lj 

'o.W C.754 




•Blade velocity diagrams are shown in Pigs. ‘4 and 5. The.vnrious. veloci- 
ties 'Can, be calculated as outlined prcvlpuiy' and 'these diagrams , drawn. 
The work done and efficiencies obtained Trill'^ as given in Eqs. (1) to' (13). 

. • • - IMPULSE TURBINES , •* 

The total. available heat drop is ^yided among several stages, each stage 
oonsisting'of a set of nozzles and arwhecl carrying a row of.'buckcts., ..The 
VjelocityTatio p « u/ti, can be made high enough to obtain good o.fficiencyi 
provided ,®! can be hold down;' This'is 'pdsablc when' a relatively small 
amount of energy is utilized in each stage. . Usually the -pressure' drop is so 
subdivided that the same amount of enci^'is'iiUUz^ in eacli stage. ' .The first 
wheels' can then bo made of the same pilch diameter. • Often ^e first stage 
fa made with velocity compoundfng'so as to utilise a greater portion of'tho 
energy and, thereby reduce the- pressure and, temperaturo considerably. 
This lowers the maximum temperature and pressure to wliich the casing 
is subjected, .,reduce8„the density,. of. the. steam through .wWch.the wheel 
must revolve, and makes the leakage problem e^ier. As the steam goes 
through the ..turbine, it wpands and OMupiea, more .space, jconse^ueally 
the pitch diameters of the last' wheels are usually made larger so 'as tb'pro- 
vide more area. - This also results in peater blade velocity, but this is 'per- 
missible in -new of tbo lower density of steam in these stages. In the first 
stages the-hozzles 'occupy tmly alportioh'df the.'pcriphery but, as progress 
through the turbine is made and ihe steam increases in volume, more and 
more of the periphery is used. The ai^Tordmato number of stages required 
can be determined as follows, asrahiing that the i>itch diaineter' of tbe' blade, 
energy per stage, and the velocity ratio, p, arc held constant: 

( Speed for single stageV , 

~De 3 ired.p;«r^j =• rf prossure stegra (25) 

Speed for single stage, ie-the speed;.thati. would, be, reached if the total 
energy were used in. one stage vrith.the.pitehffi^etBT, and velocity ratio, p, os 
decided Upon, ' i -.b ' 
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Interior of ^ Cylinders. - The bores of .cylinders, wid piston-valve chests 
should be; cylindrical within, the following .toiersncQs: I i 


' Prom '20 to' 40 in. diam. .......... ...... p.003-:0.006-ih. 

'Larger than 40 ih.’diaih ^ . 0.005-0.008 in.' ’ ' , 

Diflerence'in diam at'top and bottoiA'.. .1.. O.OlOin. " 

■ Cylinder'iBore ’and.Piston-Olear&nceB.. -Between the bore of tho 


cylinder and the diameter of thepistdn ftnd'follower the clearauces-in inches 
should not, beless'than the following: - !• • 


Diam. of cylinder, in. 

K-P 

.-.I'P- ' 

, L-P , , 

21-30 .. - 

.!• ,'.0.035 ; ■ 

.■ 0:0275 1 

0.025 . ■ 


, , 0.045 .. . ., 


0.030 . 

, 41-, 50 


' 0 05 

; 0.0375 , 

■ ' ''51-60'' ■ ■ 


• '■ ' 0.06 

0.050 ' 

.1 61- 80 ■ ' 



C.065 

81-100, 

■ ' 



0.085 


' i S' 

. ! i' . -.a' • 



Working Fits of Piston and Piston-Valve Rings. The following allow- 
Rii'ces haVe been found aatisfactoiy: ’ . - 


■ Diameter, in. 

Minimum, In. 

Maximum, in. ’ 

12-15 

0.004 

0.007 

16-20 

0.006 

0 009 

21-30 

0.007 ! 

0.015 

31-40' 

' 0.010 1 

0.020 


Slide Valves and Seats. Working surfaces should bo true planes, free 
from blemish and thoroughly smooth. It is advisable to plane the working 
surfaces of slide valves at right angles to the direction of planing of the seats. 

Piston rods and valve stems ehould be accurately ground or machined, 
within the following tolerances: 

Tolerances' on diam. plus 0.012 in. minus 0.005 in. 

Deviation from exact roundness, 0.003 in. 

' Bearings should be accurately machined and fitted, and special care taken 
to s'ecurc’hardhess and smoothness. The foUoiring tolcrbuces in inches are 
permissible': ' ' 


■ ^'''Diiini. of shaft;- ’ 

"■ 'r in, • ■ ■ . 

■ 'PIoB or-tninuB 
.( in diam. < 

Deviation from exact 
rouiidness 

6 . . 

0.005 


10 

■ .--‘OT 0.006- 


.'6 

0.007 


' '''Larger "' 

• l^'..•o.«08'■' - 

0,004 
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The foUo^ring dearaiiceBf6rpj3iS‘‘anajdittnaUflre considorcd satisfactory: 



Bearing .clearances jin. inches m follows are recommchdod for large engines 
in'gbod alignment:' . . • 


' Crosahead pin brasaea,..' 0. 006-0. 007 

Crankpin brassea 0,008-0.009 

Mainbearinca 0.009^.010 

; Eccentticstraps. 0.010^.015 

Croashead slippers ...i... 0.010*^.012 

■' .TbruaVsboes . r O.WS-Q.W 


Stern' Bearinga. Eignum-viteo must be' well water-soaked before being 
bored -out; The following' d^ancce are pemissible on Uguuja-Titae 
bearlags:' 



Bearing Brasses. Sufficient plcarmice to permit of expansion should be 
allowed at' the ends of the brasses' where tlie' two' halves meet. Cooling 
water should not leak onto the bearing surface. Hollow brasses should be 
tested to demonstrate their ability to withstand pressure of water service., 
Tbiust bearings must 'be so 'fitted that' all the rings perform equal duty. 
Allowance for Expansion in Casting. I^rge iron castings subjected 
to;sbeam of high temperature will, expand or grow nnd take a permanent set. 
Wlierejarge cylinders are used, ample .allowance tor fore-and-aft expansion 
of the cylinders must be made in locating.yalvo-iod guides:and eccentrics.- ' 








REACTION TURBINES 

Referring to Fig, 5, the velocity of the steam m is determined in the same 
manner as in the case of any noazle except that, usually, reaction turbines 
are designed so that the steam leaving the moving blades of one stage enters 
the stationary blades of the succeedmg st^ at tho proper angle to utilize 
the entering velocity. If m is tiie leaving vdodty ol the preceding stage then 


Ti = 223.7 + (fto - hi) j ett, ftperaoc (28) 

where ho - hj = isentropic drop through the stationary blades or nozzle 
Cn, = nozzle efficiency {stationary nozzle, see Figs. 6 and 10). 





ST£AM TURBINES 


BY 

J. DA. LABBBRTON 


Rbfebekces: Stodola, "Steam apd Gaa TnrMnes" (ttanslatcd by L, C. Loowenatein), 
McGraw-HiU, Goudie "Steam Tnibines," Longmans. Kearten. "Steam Turbine 
Theory and Practice," Pitman. Church, “Steam Turbines," McGraw-Hill. 

TYPES 

There are three liuidamBntsl types ol tur^nnea based on the tnannci in 
which the staging or blading makes use of the energy in the steam. 

1. Impulse staging, in which the steam expands or gives up part of its 
thermal energy in the stationary' noasles, this thermal energy being converted 
to kinetic energy which in turn is converted into energy in the form of speed 
and torque.at the shaft. In the impulse stage there is no change in pressuro 



Fig. 1.— Impulse tut- FiU. 2. — Impulse turUrve wth Fro. 3. — Rcac- 
bine with single-velocity multivelocifcy stages. tion turbine, 

stages. 

Figs. 1-3. — Diagrammatic illustrations of turbine elements with corre- 
sponding bucket-velocity diagrams. 


in passing through the moving Uadc. There is a gain in thermal energy due 
to friction and other losses, after leaving the nozsle, known as reheat. 

2. Reaction staging, in which the steam expands or gives up part of its 
thermal energy in the Btationaiy nosales and also gives up still more in the 
moving blades. Actually a reaction stage is a combination of impulse and 
reaction, 

3. Velocity compound staging, in which the steam, after having part 
of its thermal energy converted into kinetic energy in the stationary nozzles, 
gives up part of this kinetic energy to one set of moving blades, thou, being 
redirected by stationary blading or guiding devices, gives up more of the 

1180 
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In similar manner, 

= 223.7 VpvT + (ftt* - c-v-v ftpcrseo (29) 

where hi/ — hv = isentropic drop through the moving blades or nozzle 
Cftn = nozzle elRdcnoy (raomg uozzlo, see Figs. 5 and 10) 

TURBINE LOSSES 

The losses in a steam turt»ne are as follows {see Fig. 11): 

1. Leakage of Steam. In a sm^c-stagc impulse turbine there should be 
no leakage because all the steam goes through the nozzles and thereby is 
immediately brought to exhaust pressure. 

However, in multistage turbines, the steam 
irom one stage enters a nozzle or nozzles 
at the exit of that stage and expands to 

'Na.VsszJly, laoth 
wheels of these two stages are cturied on 
the same shaft. These two stages, thero- 
fore, must be separated by a wall or dia- 
phragm, which, where it approaches the 
ehaft, must have a packing arrangement 
or stuffing box because there is relative 
motion at that point. Therefore, there 
will be a tendency toward leakage at that 
point and steam will go through there 
instead of through the nozzle or nozzles, 
the lesultant energy being lost. Thisloss 
may be as much as 5 per cent of the 
available energy. 

2. Nozzle Losses. As explmned on p. 

1184, there are frictional rc^stance and 
turbulence in the nozzle, resulting in aloss 
of 3 to 13 per cent of the available energy. 

3. Blade Loss. Owing to the friction 
and turbulence in the blade passage there 
is a loss. Also there is a leaving lose due 
to the exit velocity of thesteaiufrom the blades. The total is 10 to 25 per cent 
of the available energy. 

4. Windage Losses. The wheel of the turbine containing the blades 
rotates in an enveloping mass of dead or relatively motionless steam at the 
pressure and density of the steam leaving the blades. The churning of this 
steam requires energy, and torque at the shaft is reduced thereby. Fortu- 
nately, the largest blades and the largest diameter wheels are at the lower 
stages where the steam density is lower. These losses range from 2 to 7 
percent of the available energy. 

5. Mechanical’ Losses. These are due to friction of the bearings and 
to any load of accessories such as oil pumxs and governors that may be 
driven irom the main shaft. These los^ should amount to not more than 
2 per .cent of the available energy. 



S 


Fic. 10.— Condition of steam 
passing through reaction blad- 
ing. t is coudition leaving 
stationary and entering moving 
blades. 
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kinetic energy to another set (or the same Bet) of moving blades, and so on 
to another and another. The velodty compounded stage is a special case 
of the impulse, and there ia no change in pressure once the steam has left the 
stationary nozzles. There is the gain in thermal energy (reheat) as in the 
impuise stage. Simple impulse is velodty compounding with ono set of 
moving blades instead of several or redirection. 

Multistage turbines are composed o! a number of stages and all three types 
of staging may exist or be incorporated in one turbine. 
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Reaction Blade 



The velocity and direction of tho steam, through tho blades are shown hi 
Figs, 4 and 5 where the following symbols are used. . .All velocities are in feet 
per second, enthalpies in Btu per pound. 


*1 « absolute , velocity of jet at blade entrance 
rj = absolute velocity of jet at blade exit 
Ri = relative velodty of jet at Wade entrance 
Ri ■= relative velocity of jet at blade exit • • 
ly = peripheral velocity of blade 
h ~ enthalpy at blade entrance 
■ht = enthalpy at blade exit 

~ v?ei^ oi steam passhig, )b per sec 
The work done on the blade is 


or 



, Btu per See 

(1) 

‘ ' 60,000 ■ 

TTi = ^ (n cos ji - ft era C)u 
g 

ft-lb per SCO • 

(2) 


■ ITi, = - (Bi COB B + iJ* 008 £))« ft-lb per sec ( 3 ) 

Tho force on the blade ia , , ; 

F’b = " (pi COB A - ft era C) ' ■ ‘ __ lb ' (4) 

■ Fi , ]b (5) 
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6 . Radiation' from Casing. This loss is Tisually sO' small that it can be 
ignored. ' ^ ' , ' ' , ^ 

"Turbine Efficiency,. There axo 'three i^cs, of efficiency generally 

considered. •. , , 

L Thermal eficicnc}/ is the rafiq of the turbine output to.the. dinorenco 
bet'weeii the energy in the steam at the throttle aud the energy in'the liquid 
water at exhaust pressure. Pigure 7 shoroV temperatUTe-entropy diagrain. 
If ha is the enthalpy at o, k the enthalpy at b, and he the enthalpy at c, then if 
P is the output at the turbine shtdt in Blu, thermal efficiency is 

, ^ , ,,, (^9 

The logic behind this definition'is th'at the'amdunthf energy 

that muat'be put into each' pound' of 'steam by thfe'boilcrsj A reference to 



the dlagram"will 'make this clew. Assuming that the' feed water enters' the 
boilers at'eonedtion c, this must' first' be raised in temperature to condition 'd, 
then evaporated to eo'ndition k, and finally superlieated to conditioa’a, under 
which condition it enters the throttle. In short, the' total amount of energy 
that'ihust be supplied to the lurlrine per pound of steam is 'ha - hj. ■ ’ 

'"2. Engine efficiency or turffine effi<aeh<^ i8'thd''ratid of the 'turbine output 
to the energy available to the turInho."'In'Fig. 7-the bnorgy'V''-'hi''all 
goes into the sea water used in the condenser. Tliore is no way known to 
man at the present time of converting heat of condensation into mechanical 
power. A turbine that is 100 per cent eStcioat would exhaust under con- 
dition, 6;,,, Therefore, the total energy av^able to; the, turbine is fit - hi,. 
The, engine efficiency or, turbine efficiency, .therefore, .is •, ,, 


A comparison^ of engine or turttne effidmrey is a much more illuminating 
method of judging turbines’ as to'-perforinance’tbah'any-'bther. A com- 
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The' torque' in ioot-poua3s or'force acting'at a 1-ft radius 'where r (t is the 
mean-radius of the row'of bladcBTs ' ■' ' : 

■ ■' ■ Torque' = Pw W'cos A - fe'chs Or '-ft-lb'-'' ■ '- '"ib) 
or ■ Torque. = “(Bi cos B r|- Bj cos -Dir ,;;.ft-lb, ,.■,!{<) 

' P ‘ 

In the taae of impulse stt^ilig only the blade efficieney is 


2n(Bi cos B + Ra coB B) 


where B,=;D ( 8 ) 


taldng p 


- as the ratio of the Uadc velocity to the jet velocity 


= ( 2 p cos A - 2 p*) 


(- 1 ) 


The optimum.value for p or value for maiimiim blade efli’cieaoy ia 
cos A 


( 10 ) 


This ia true regatdleas of the relative values of Bi and Bt. Biis’ olwaya leas 
thanBi in the case of impulse blading on account of frictionloss (aeep. 1190}. 
The maximum possible blade efficiency is 




( 11 ) 


In the case of reaction staging only do simple and general expression, for 
efficiency can be derived because of the varying proportions of tho' available 
energy converted to kinetic energy in the stationary noeslo and the moving 
blades, However, as regards the optimum veloeity ratio p, when approxi- 
mately the same amount of energy is used in both stationary and in moving 
blades (or nozzles) 

p cos A ’ ( 12 ) 

This means that, in general, the Wade speed, u, must be twice as fast 
in the case of a reaction stage as with an impure stage. There is no appreci- 
able difference in efficiency. 

In the case of velocity compounding the vebdty ratio can efficiently 
be much lower than either impulse or reaction staging. If 9 is the number 
of compounding or number of timee the etoam vs redirected then 


cos A 

“'"29 


( 13 ) 


for maximum efficicaicy with symmetrical and’ frictioiUeS3"blade3. 
Actually, there is always some friction and, as a consequence, the velocity 
ratio for optimum efficiency is somewhat lower. 

Oompajison of Impose aud faction Turbines. Since there is no 
pressure drHp across the'inipufie Wide,’ there, is little tendency for leakage 
of steam over the tip of the Wade. In tlm £rat' stage there should be no leak- 
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parison of water rates, t.«., the pounds of steam per , horsepower-hour, does 
not mean much unJess throttle and exhaust conditions are Imown. 

3. Inlcnuil ejjidenci/ is the ratio of the energy delivered to the blades to the 
energy available to the turbine. It corresponds to the "indicated efBciency" 
of a reciprocating en^ne. Internal horsepower is equal to power output 
plus bearing friction losses plus any power used to drive pumps, governors, 
etc. Therefore, internal ei^ency is 


-^iat 


Pint 

ha~h 


( 32 ) 


Pint must be in Btu per pound of steam ^ Fig. 11). 

Bebeat. All thrintemal losses that occur in any stage of a turbine, i.e., 
those losaesoocurrmgbefore the net power is delivered to the blades, produce 
friction and turbulence in the steam and 
thereby reduce the final power delivered. 

If the neglipble amount of heal that might 
be transferred out throu^ the casing is 
ignored, all these losses are absorbed by the 
steam itself. This results in more heat in 
the steam at the exhaust pressure of this 
stage than would exist if isentropio expan* q 
sioa had occurred. Therefore, since the o 
enthalpy has increased (at this pressure), £ 
the entropy and volume will also be greater. ^ 

If the steam would have been wet under 
isontropic conditions, the steam would be 
drier and the quality improved under the 
actual conditions. This excess of heat in 
the steam at exhaust over and above the 
amount of heat that would have existed 
under conditions of iseutropic expansion to 
the same exhaust pressure is called the 
reheat or BH of that stage. 

Reheat in any one stage means that less energy has been delivered to the 
blades in that stage and that more energy is thereby available in the next 
stage. In Fig. 12, suppose the sterna to enter the stage under condition o. 
If isontropic expansion took place, it would exhaust under condition 1. 
However, since there are losses and smee thew losses reheat the steam, it 
actually exhausts under condition V, which is at the same pressure but 
with more heat content. The reheat RHi of this first stage is 



If this action is continued through the several stages of the turbine, the 
path followed by the atemn rrill be as shown on Fig. 12 from o to 1' to 2', etc. 
From this it can readily be seen that, whereas if tbe whole expansion had been 
isentropio, the available energy would have teen ho - ht. on account of the 
losses and reheat the actual available energy was 


(ho - hi) + +.(Aj' - A;} -}• (hj' - hi) 
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age at-all.'i In the other stages the predon^nt leakage is usually. between 
the shaft and the diaphragm or sheet sepwating the stages. .In reaction 
turbines, leakage may be Beriovuiy great ii tte cleaTance apace between the 
blade tips and casing is an appretaeble percentage of tho blade length. This 
is true in the upper or higher pressure stages where the blades are short. ^ In 
the lower stages where the blades are longer this leakage may be negligible. 
Tip leakage can be reduced by plaong a soft metal shroud over the tips, 
thereby reducing tho clearance to a value lower than would be tolerated for 
blades alone. In the event of acddental contact, the soft metal will wear 
away with little consequential damage.. 

■In reaction turbines, owing to tho very nature of the action, t.c., pressure 
drop across the moving blade, it is necessary to have full peripheral entry of 
steam all around the wheel. The impulse stage has tho advantage that 
stationary nozzles may occupy only a portion of the periphery permitting' 
more liberal design and also permitting economical control by cutting nozzles 
in and out as the load changes, 
of the perimeter is used. This 
is due to tho greater windage 
loss of idle blades and also to 
the necessity of accelerating 
the idle or stagnant steam 
riding between the blades be* 
tween nozzle areas or active 
zones. 

Fairly economical control 
can be obtained in tho case of 
full peripheral entry {reaction 
turbdnes) by by-passing some 
stages at light loads. 

In view of the higher v^oc* 
ity ratio necessary in the case 
of reaction staging, the en- 
thalpy drop per stage for a 
given turbine rpm, is much 
lower for reaction staging. 

Therefore, more reaction 
litages than impulse stages arc 
necessary, all other things 
being equal— approximately 
twice as many. 

Generally, the very first 
stage is made with velocity 
compounding as this permite 
of a still greater enthalpy drop than does ample impulse (Fig. 6). The advan- 
tage of this is that when high-pressure h^-temperuture throttle steam is used 
the high temperature can be fmrly wdl disposed of in the nozzles of the first 
stage. This permits of assembling the throttle, steam chest, and first nozzle 
block separately or not integral with the mwn turbine casing and thereby 
olmating the necessity of subjecting tiie ca^g to the initial drastic steam 
conditions. 

Capacity of a turbine depends upon the throttle and exhaust conditions 
and upon the weight of steam passed within a unit time. This latter depends 
upen the volume' of. the steam-and the areaoi tho path. Since condenser 


However, tho efficiency increases as more 
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This sum is invariably greater than Ao -* because, as vrill be disclosed by an 
inspection of a Mollier diagram of steam, tiicrc is a continuing divergence of 
the constant-pressure curves as the heat content increases. In other •words, 
these curves spread as the enthalpy and entropy increase. 

Since the sum is greater than ht — h, if the sum is divided hy he " h. 
a factor is obtained by which the apparent available energ}' is multiplied to 
obtain the actual available energy. This factor is called the reheat factor or 
HF. 


.r.-.. (^a “ hi) + ih' hi) + (At' - AO + (Aj' - AO 

and this may run anjTvhere from unity to l.l. In a single-stage turbine, the 
RF would, of course, be unify. 

In any turbine the stage effidency tt is the ratio of energy delivered to the 
blades to -that available in that stage. For example, in a single-stage turbine, 
the stage efficiency Ci is equal to the internal effidency Ejai. However, for a 
multistage turbine, the internal efficiency is greater than the stage efficiency 
because reheat increases the actual energy available. Tlicrcfore, 

Ebf. » for any turbine (33) 

The impresaon should not be gained from the foregoing that, since reheat 
is alwaj-s available in the next stage, stage effidency is of no importance 
because the losses are always available for more work. It should bo remem- 
bered that there is no opportunity to use any of the reheat in the last stage. 

CONDITIOH CHEVE 

The path the steam takes in going through the turbine such as shown in 
Fig. 12 is called the condilioiv cum. The condition curves show the char- 
acter of the steam in various stages of the turbine, and this permits intelligent 
selection of materials for use at these points and furnishes information for 
extraction points for feed-water heating and gland sealing. It is best to 
obtain condition cun-es from the manufacturer as he has the most detailed 
and reliable information. However, when this is not available, a emre 
can he approximated asldflows. 

Suppose it is desired to determine the condition cun’e for a 4,000-shp 
turbine, recemng throttle steam at 455 psia, 740 F, and exhausting at 1.5 in, 
Hg abs. Plot initial point o on a MolUer diagram (Fig. 13). Assume 3W 
percent pressure drop through the throttle or 16 psi. Tffis is a constant 
enthalpy process, there being no gain or loss of heat; therefore, in the steam 
chest the pressure would be 439 pda and the condition shown as point fe 
on the diagram. From Fig. 14 it is seen that the combined efficiency of a 
4,000-shp turbine should be 73 per cent. From Fig. 3 (p. 1443), full-load gear 

efficiency is 96.8 per cent. ■ — = <’5.5 per cent en^ne efficiency of 

turbine done. FromFi6.15itiseeentliattKemecha'nicaUoss{ora4,003*shp 
turbine is 2.25 per cent. 75.5 -{- 2.25 = 77.75 per cent internal efficiency of 
the turbine. The isentropie drop from 455 psia, 740 F to 1.5 in. Eg abs is 
480 Btu per lb (see Fig. 13 point c). 

480 X 0.7775 = 374 Btu per lb actual heat drop 
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pressure in' modern marine installations varies little from I.S in. Hg abs, the 
area of path or tho area of annulus of the last row of blades together viith 
throttle conditions is a measure of cajadty. 

General Advantage of Steam Turbines. Compared with other marine 
prime movers such as diesel en^es or redprocating' steam engines, the 
turbine occupies less space, is U^ter, requires less attention, has lower 
lubricating oil consumption, no lubricating oil in the eshaust (not a dis- 
advantage as compared with diesel), less vibration, uniform torque, no 
rubbing parts except bearing great overload capacitj', gi'eat reliability, lower 
maintenance, and, what is perhaps most important of all considering fud 
economy, the ability to use steam of higher pressure and temperatuic’at the 
throttle and to exhaust to lower pressure than any reciprocating steam 
engine. In the sizes used for ship propulsion the efficiency of the turbine 
surpasses that of the reciprocating steam engjoe. Single units can be built 
in greater capacity than can any other type. The cost is much less. Tur- 
bines have the disadvantage of being inherently high-speed machines whereas 
a ship's propeller is inherently » slow-speed device. This necessitates the 
interposition of some system of speed reduction such as gearing or electric 
drive. Also, the turbine, requiring close clearances and relatively fine work- 
mansHp, cannot bs built inao many plants as can tho not so finely constructed 
reciprocating steam en^ne. 

STBAM FLOW 

Nozzles. The velocity of steam leaving a nozzle is 

. .22S.T ft per seo (14) 



Tempernture-WropjKogrom Moltier Diagram 


Fio.7. 
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In well-designed nozzles Cb varies from. 0,90 to l.OO for .discharge velocities 
not greater than 2,000 Ipa. , . • , , 

Where c» is the velocity coefficient, . 


actual diachaige velocity meaaared by impulse or teacUoD 
calculated ideal velocity 

C» = Ct* 


(1C) 


For a given weight of steam- passed per second, w, the area at any point, x, 
in the nozzle in square ieet is ' 



where Yz is the specific volume oi the steam -nt iwint *. 

If the passage areas are calculated, it will be found that for ordinary 
pressures at the entrance and exhausting at something less than half this 
pleasure the areas will firet decrease in magnitude, Ce., the nozzle is con- 
vergent; then, as the discharge is approached, the areas Increase in magnitude 
and the nozzle becomes divergent. 

The reason for this is that, at first, tho velocity increases faster than does 
the specific volume but, later, the specific volume increases faster than does 
the velocity. If the exhaust preaeuio is not made low enough to permit tlm 
latter situation, the nozzle will consist of only the converging portion and will 
be a eonvergetU nozzle. ’ PracticEdly all loss occurs in thc ’divorgent position. 

The pressure at the point where' tho area of the nozzle ie a mlnimunt is 
known as the critical pressure, and the corresponding velocity is the critical 
velocity, The ratio ol the critical pressure to the initial pressure is 



where n = exponent in the relationship 

PK" = a constant (see p. 315) 

■ The weight of steam, w, in pounds per second tliat will flow under ideal 
conditions, i.e., no friction, or’with a discharge coefficient, Cd, ol unity is 

where Ai = area at discharge of nozzle he it converging or diverging, sq in. 
Fs *= cu ft per lb steam 
Pa « initial pressure, psia 
Vk ~ exit pressure, psia 

Obviously the weight of steam flowing is governed by the minimum nozzle 
am and, since the minimum ares in'h'converpng-'diverging nozzle is at tho 
tmoat or critical point, any dischar^ dr exit pressure lower than, the critical 
have no effect on the weight of steam discharged. In short, the weight 
discharged with a discharge pleasure equrf to the critical is not increased 



CONMTION CVRYB U95 


energy of approsimately 10 Btu per lb which would be available in the 
ioliowing stage if there were. one.'' ThiecfeIoic,-the condition, curve should 
reaoh.point e,,10 Btu below d, tirwi jump to d. The steam does not take 
exactly a straight-line path in' going from 6' to c on account of the different 
efficiencies, of the various types of stages' passed through, but it is approxi- 
mately straight. '■ As mentioned' before, Ihe first atagojs usually velocity 
corapounded'twicoi'-and'approxiraalely Imlf of'tho total pressure is expended 

jo 
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Pio. 14.— Typical combined efficiencies of marine turbines, including gears, 
at full load. 
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m this stage. • Therefore, the actual pressure in this stage would be approxi- 
mately 0.50 X 439 .*=-220,p8ia. The iscntroiMc droptoithis pressure, 6. to/ 
l ofo. .1302 Btu per lb, pmnt/. The iaentropic drop is 

1381.6 - 1302 = 79.6,.:Btu. . The -affidency for..6Uch ,,a stage should be. 
approximately 68 percent (see Fig. 16). ■ ■ Therefore, 0.68 X 79.6 = 54,2 Btu. 
-1381.6 - 64.2,.*= il327’.4- Btu perJb at 220 psia. This , is point ff. Drawn. 

8iraigiithnefrdme'toe..',Thisi8tlieBppros5iaatecondition curve. • 
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if the 'discharge pieautis is lowered further.’ 'Consequently, substituting a 
value of n = 1.13, that corresponding to saturated 'steam,' and discharge 
pressure equal to the critical in the forr^oing'equationV'th'e' result is - ” ' 


Vteti— 0>306Ae, 


lb per sec 


( 20 ) 


In .the same manner, if a' value of n- «= 1.3, _ that corresponding to super- 
heated steam, and discharge pressure equal to the cntical.is substituted, the 
result is 


where Xi — throat area,, sq iit , . , ,j 

;:.r i.jPe ,« initial pressure, psia 

'iir . iis.:**, initial v;olumo,.poft.per,lb^..._, 1- 


]b per sec (21) 

M- , - 


irbMd ospre^ons' are for steam being diseh^g^lat^'anii bcldw the ’liritd'cai 
pressure. . .''V , 

' In ihe .same manner, for st^m b^jg di^Ua^etl at higher pressure' than 
the CTjiical, , ' 




©"] 





The above weights are for steam^flow under idea! conditions. Actually 
the steam discharge varies somewhat and'tho “ideal" rate must be multi- 
plied by a discharge coefficient, Ci. Ci varies from 0.97 to 1.02 in the case 
of noasles discharging at velodtiM of 'from 500 to 3,000 fpsl* The' higher 
values of discharge coefficient are for, wet steam said to be " supereaturated.” 

A nozzle that first converges and then diverges can bo proportioned for 
bnly: ono set of initial and exhaust pressures and, at times, it is lequiredi that 
operation is necessary at other initial and exhaust pressures. The deviation 
from correct ratio for existing conditions may be expressed as 

'' (24) 

where R * correct exit to throat area raUo 

r = actual ratio ' ' 


Obviously this deviation may be poative or negative. If the exit is 
larger than it should be, the nozzle will overexpand, the steam; if the; exit is 
Btnaller,. the. steam, -will, be underexpwded. The proper multiplying factor 
to cprrcct for velocity is given in, Table 1. > • ■)<' ! 

. Bucket Velocity Coefficients.). In impulse blading, since there:jsJno 
expansion effect, the relative vdodty-of the steam leaving the- blade-passage 
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GENERAL DESIGN, - 

Velocity ratlOi P * is an important factor in the turbine efficiency. 
As previously inentioned, this value must be greatest to obtain ma-dmuin 
efficiency from 9 reaction stage and can be lower for simple or "onC-row ’ 
impulse,' end stjU lo’i'’er iof 'relodty compounding. The more times the 
velocity' is compounded, the lower p can effidently'be. The curve 16) 
shows the efficiencies to be expected at different velocity ratios for different 
types of blading 'mth a noazle angle of 20 deg. At the low-pressure end of 
turbines, the blade must usually be so long, sometim® nearly half the radius 
of the wheel, that the speeds are apprcoably "differont from ono end to the 
other. Since such a otuation ren^ra it difficult to satisfy all parts oi the 
blade length with one steam velocity, Ihc blades arc made to act as impulse 



Fis. 16 .— Variation of stage efficiency ol turbine elements with velocity 
ratio — nozzle an^c 20 deg. 


blades at the inner end and as reaction Wad® at the outer end. 'ffhen a 
high heat drop through the syatem (all stogee) is to be contended with, it is 
often so difficult to reconcile blade speeds in the first stage with those in the 
last stage that the beat solution is to divide the steam expansion into two 
or more separat® casings. Sometimes the lovr-ptessuie casings arc arranged 
double flow, I.C., the steam enters at the center and flows toward the ends 
through identical sets of wheels. The high-pressure element usualiy_ is 
designed ior higher speed than the low-pressure element. This construction 
lends itself well to gear drive for marine propulsion where two or more 
pinions of different diameter can be m®bed with a single (bull) gear. ' _ 
Owing to the fact that as expanaon or heat drop continues below the point 
of saturation, liQuid water appears in the steam stream. This liquid may be 
15.000 times as dense aa the saturated steam accompanying it in the lower 
stages. As a consequence, the velodty of the Hquid will not be so great aa 
that of the gas. This means that the moving blad® will strike these water 
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134). In two polar triangles, each angle in one Is tho supplement of the 
coiTMponcling side in the other. In two symmetrical triangles, the sides and 
angles of one are equal to the corresponding sides and angles of the other, 
but OTanged in the reverse order (like right-handed and left-handed gloves) . 


GEOMETRICAL CONSTRUCTIONS 


To Bisect a lone AB (Fig. 18). (o) Brom A and B aa centers, and vrith 
equal radii, describe arcs intersecting in P and and draw PQ, which will 
bisect AB in _ 

(b> Lay o2 AC =BD =a,ppKi'SHaa,t«Lyhei£<jf AS, 

To Draw a Parallelto a Given Linel Through a Given Point A (Fig. 19) . 
With point A as center draw an arc just touching tho lino 1] with any point 
0 of the line as center, draw an arc BC with tho same radius. Then a lino 
through A touching this arc will bo tbo required parallel. Or, use a straight 
edge and triangle. Or, use a sheet of celluloid with a set of lines parallel to 
cue edge and about H in. apart ruled upon it. 



1 ^ 

A 


A 

1 ~eT~7r 

A 


1 \/ 


W- 

; 


/ 0 


i: (•) 

Ko. 18. 

Fio. 19. 


Fio. 



(b.) 

20 . 


To Draw a Perpendicular to a Given Lino from a Given Point A 
Outside the Line (Fig. 20). (a) With A as center, describe an arc cutting 
tho line in R and S, and bisect in ilf. Then M is tho foot of the perpen- 
dicular. (6) If A is nearly opposite one end of the lino, take any point B 
of the lino and bisect AS in 0; then with 0 as center, and OA or OB as radius, 
draw an are cutting the line in M. Or, (c) use a straight edge and triangle. 



Fia. 21. Fiq. 22. Fio. 23. 


To Erect a Perpendicular to a Given Line at a Given Point P. 
(o) Lay off PR = PS (Fig. 21), and with R and S ns centers draw arcs inter- 
seotingatA. Then FA is the required perpendicular. ,(6) IfPisneartha 
end of the line, take any convenient point 0 (Kg. 22) above the line as center, 
and with radius OP draw an afo cutting the line in Q. Produce QO to meet 
the arc in A ; then PA is tho required perpendicular, (c) Lay off PB =4 
l^ts of any scale (Fig. 23) ; from P and B as centers lay off PA = 3 ' and 
Bi = 6; then APB is.a right nn^e. 

To Divide a Line AB into a Equal Parts (Pig. 24). Through A draw 
a line AX at any angle, and lay off it equal steps along this line. Connect 
the last of these divisions with B, and draw parallels through the other diyi- 
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sioas.- Tlieflo.para!ld9wmdividotheej»'atl'twjDto«e(iuttIparts. Asimilsr 
method may bo used to divide a Uae into parts which shall be proportional 
to any gven numbejs. 



Flo. 24. Fia. 25. Fig. 26. 


To Construct a Mean Proportional (or Geometric Mean) Bettreen 
Two Lengths, m and n (Rg. 25). Li^ off AB « m and BC = n and 
construct a Bcmicirde on AC as diameter. Let the perpendicular erected at 
B meet the ciiouraference atP. Then BP = V mn, (See p. 116.) 

To Divide a Lina AB in Extreme and Mean Batin (the ‘'golden sec* 
tioo At one end, B, of the given lino (Fig. 26), erect a perpendicular, SO, 
equal to half AB, and Join OA. Along OA lay off 0? <# OB, and alojig AB 
lay off AX » AP. Than X is the required pednt d division; that is, AX> » 
IS XBX NumoiesUy, AX - mVs - IKAB) = 0,«IS(^). 

To Bisect an Angle AOB (Rg. 27). Lay off OA « OS. From A and B 
as centers, with any conv^ent radius, draw arcs msetins in M; then OM 
is the required bisector. 

To draw the bisector of an angle when the vertex of the angle ia not 
accessible (Fig- 2S). Parallel to tho given lines a, h, and equidistant from 
them, draw two lines a', h' which intersect; then bisect tho angle between a' 
and 6'. 



To Draw a Line Through a Given Point A and in the Direction of 
tho Point of Intareeofaon of Two Given Lines, when this point oi intw- 
section is inaccesaiblc (Pig. 29). Draw any two parallel lines PQ and P'Q' 
asin the figure; throu^P' draw a lino parallel toPA, and through Q' draw a 
line parallel to QA; let these lines intwsect in A', and draw the line AA'. 
This line AA' will (if produced) para throng the intersec^on of the two 
pven linos. 

To Construct, Approximately, tho Length of a Circular Arc (Rankine) . 
In Fig. 30 draw a tangent at A. Ptoloag tho djord 3 A to C, making AC = 
H AB. With C as center, and ladius CB, 
draw aro cutting the tan^t in D. Then 
AD - arc AB, approxhnately (error about 4 
min in an arc of 60 de^. Convoisdy, to 
find an arc AB on a given rarcle to equal a 
pven length AD, take B one-fourth (rf the 
way from A to D, and with S as center and 
radius JSD draw an arc cutting tho drenm- 
■fereDoemB. Then aw AB = AD, approit- 
mately. 
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droplets if tlie design is sui* as to render smooth parage of tbo gas. This 
results in a retarding force to the blade and also a pitting of the blade. This 
can bo minimized by shielding the inlet edges of the blades wth a hard strong 
material such as stellite. Any amount of moisture, in the liquid state, 
greater tlian 10 per cent can be expected to cause trouble. 

Rotative Speed. All other thingg bang equal, the power of a turbine is 
directly proportional to itsTotatave speed. For this reason it is most eco- 
nomical from weight' end cost standpoints to operate at the maximum 
possible low-pressure blade 'speeds. Blade speeds aro now approaching 
1,500 fps. With high speeds renting in stnaller turbines, the easing problem 
as regards expansion due to temperature fluctuations is cased. 'Also tho 
length of time required for warnung up the rotor is lessened as well as the 
attendant danger due to distortion from unumforra heating. 

Balancing. A rotor that is of negUpblo length (one wheel) is in practical 
dynamic balance -when it is in staUe balance (soo pp. 609 and 610), When 
the length is of an appredabW amount, such as is tho case where there are 
several wheels on one spindle, 'balancing is usually, done on a balancing 
machine. The rotors undergoing balance roust not be run at operating speed 
because the blading acts os fans or blowers and too much power would bo 
involved. Dynamic balance can be obtained at low speeds provided there is 
sufScient' force indicated to locate the point where balance weight must 
be added or remo\'ed. This has nothing to do witli critical speed, which 
exists regaidlesj of bow poiiectly tho rotor is balanced, and is dependent on 
the amount of deflection of the rotor due to gravity when the rotor is at rest. 
Critical speed may bo approximately detornuned by the expression 

rpm. = 187.7 '\|| (34) 

where A » deflection at maximum point, in. 

Blading. Impulse blades, generally being in the initial slagea of the 
turbine where the steam is superheat^ and tlicreby subject to corrosion, 
arc usually made of corroaon-resisling material. These may either be 
machined from bar stock, an expensive method but justifiable when tliore ara 
relatively few blades to be made, or be made from slock having a cross 
section similar to that desired. Long blades haring change in moss section 
over the length are usually first forged and then finieh-macliined. 

The material in most genenfl use is a low-carbon stainless steel of approxi- 
mately the following composition; C, 0.06 ,to 0.13 per cent; Cr, 11 to 13 per 
cent; Ni, 0.60 per cent max; Mn, 0.8;per cent max; Si, 0,50 per cent max. It 
should have approximately the following physical characteristics: tensile 
strength, 100,000 psi; minimum elon^tion'in 2 in., 20 per cent; minimum 
reduction in area, 60 per cent; Brinell hardness, 200. 

' A chrome-nickel steel of the following cbaTacterisUcs ia also often used; 
C,,0.45 per Cent max; Cr,.7 per cent; -Ni, 20 percent; Mn, 0.75 per cent max; 
Si, 1.25 per cent max, • The jfliyacal characteri&tica should ba approximately 
as follows: tensile strength, 105,000 psi; max elongation in 2 in., 27 per cent; 
mlti reduction in area, 40 per, cent; Brindl hardness, 200. 

■ ,The common types of root fastoiiings are shown in Fig. 17. , 

Reaction blades, usually at-llie Wer end' of tb© turbine, are usually made 
of copper-zinc or copper-niokd good for temperatures not exceeding 600 F 
but are made of stainless steel aurii aa is used for impulse blades when' reaction 
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Also it should not bo forgotten that the success of this device depends upon 
the use of metals under high stress at temperatUKS around 1500 P. If this 
problem is solved for the gas turbine, the sohilaon can be applied to the steam 
turbine, which would result in great improvement in this prime mover. 


iMiiiiiiiSgi 
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Pressure ratto 

Pia. 28. — Combustion^'gas turbine performance, 


The fundamental principles of governing arc coveted on p, 859. The main 
propulsion turbines of a ship are not governed by any device that maintains 
approximately constant speed as in the case of turbines driving electric 
generators or other auxiliaries. The load of driving the ship will prevent 
the propulsion turbines from overspeeding except in the event of the pro- 
peller's coming out of the water as might happen in stormy weather, or in the 
eveiit oi the loss oi the propeller altogether. Those contingencies are usually 
eared for by an oil-actuated overspeed device, a typical one being shown in 
Fig. 29. The complete assembly includea the maneuvering valves for the 
ahead and astern elements. Usually a guard valve is installed in series with 
the regular astern valve. These valves are not automatic but are hand- 
operated. It is good practice to place a small drain litre from between the 
as^rn valve and the guard valve in order to remove the condensate, which 
might otherwise get into the astern blading. It is also good practice to 
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Btapng is used in’tho \ipper or-Mgher temperature -sefct-ion' -of the turbine. 
Usually being long,' Me'sbmeiiinM made with integral spacing pieces. 
They may 'be manilfaetured'in the' same manner as 'are impulse 'blades' bub 
usually are roUed or drawn, 'A few standard shapes arc available which are 
used in all designs, "the design' being- modified W'snit.' The' blades, 'both 
stationary, and moving, wre usually iastened according to thel center: illus- 
tratioaiin Fig. 17.. Since there is-a.drop in. pressure across these blades, 
they -are sometimes shrouded to perinit of greatefr radial .clearance and yet 
maintain low leakage. -bi!’ • i; ■ . 



Fig. 17.— Turbine-blade fastenings. 



Fio. 18.— Labyrinths with radial clearance. 



" Leakage. To prevent stfenr leakage ftora stage to stage or tb atmosphere, 
cither carbon packing ‘or mctalUc labyrinth paokings are employed; In 
carbon'paekings, rings made of-ciffbon are use'd in sections of 90. or 1'20 deg 
irith' overlappmg'joinis at the ehtta a'nd’held against' the shaft by raeans of 
springs. Where there is’ oonsidcrablo 'diffeTence in^ pressure, these riiigS are 
arranged in multiple. Labyrinths may' bo 'airanged to depend on either 
radial clearance (Fig. ’18) or axial clearuico fFig. 19). •.! .-i 

, Dummy Pistons.'’, In readdon tobmeB,'Binl»'th^re is a pressure difference 
oh each' side df'the idt^g bl^e, considerable end thrust is built up 'over 
several 'stage’s. .This tbriirt'-is W^y balanced by du'mniy'pistbiis'raouhted 
on tlie'ibtbr arid'fuhnuigmlii cldsd clemnce''mth the casing hid of ih'd 'same 
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moan diamctliT ■ as the' stoam path. ' ■ ThU piateii ia'tiiea sub jected- tb ■ approxi- 
mately the same difference of pressure as eristo’ovfir ihe several stages so that 
the'thrust is in the' opposite 'directioa''to 'that' dub' to the rows of moving 
blades:- The result is zero thrust. ' The steam is led W the dummy piston by 
means of steam passages from front to rear, and leakage around the dummy 
33 minimized by means of labyrinth packing (see ?igs. IB and 19) . 

Gland Sealing. As regards tbo Bsaling ol jomte •where the shait passes 
through the casing, the ptessutes run irom almost throttle pr^uce to con- 
siderably below atmospheric. These jdnts aro'.sealed by means of glands 
consisting of numerous rings or collars so as to .'provide a labjrtinth (see Tigs. 
18 and 19). ' Steam condensing in this passage aids in sealing';' The low- 



pressure glands' of both the 'strai^t oarbotb-tiag and labyrinth types always 
have intermediate grooves that ar'eisuppliedwth steafn under pressuro higher 
than, atmospheric. ^ If tfus st6ajn.,were)npt supplied, .the aif; would' leak’ into 
these lower stages owdng' to Btino,^fiOTC pressuro. This air, would 'then enter 
the condenBer and' plug it up^with nonco^rmsablo gas of greater .amopat than 
the ail ejectors could eliminate/., '".''^1 .|i . , r ' 

However, if the intermediate '^Oi^'w OTpplic'd''^th steam, somp of it 
will leak into the lower ■^ge8"an‘d’.'be' earned to the'eohdehser wfiere'it 'will 
condens'eji'sorbe'.'orif leakbg’ljut'to'atmo^cre; 'Tn''8o'me 'of'' the 'older 
mBt.ailatidnsl^this'i^arid leak^off.et^^is'aiiow^^tb escape 'into ih's'en^ne 
pre'sehce'bftlm s^-plume’d! sk^’is an.'ihdicatibn'that'the 
gland"i5'ptopotly''6ealed:- 'TherT^'^ro 'argumhnla 'again^'tWjirab't^ 
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place some hand valves at the inlet of tlift high-ptessute turbitie to pecmt some 
fidi« 5 tment of the firslystage nozale areft— f.e., to permit the cutting in or out 
of some firstrstage nozzles, depending on the load. 

The main propulsion-governing mechanism proper has Wo clnof puiposea; 
(1) to provide an upper limit to the speed of the turbines and (2) to shut off 



Fio. 30.— Horizontal centrifugal wdght governor. This is the simplest 
of governors used on small turbines. It provides speed regulation suitable 
for pump, fan, and other mecharrical drives where a angle governor valve, not 
over 6 in. in iametcr, ig used. 'Where deared, the governor can be arranged 
for operation with pump or exhaust pressure control. 

At three important points, friction that imght impair sensitivity has been 
minimized in this governor. Knife edges and seats ate hardened to protect 
against wear. Self-aligning and oil-lubricated ball bcaiing transmits governor 
movements to the valve linkage. A bushing wtil around the valve stem 
insures freedom of valve movement. 

In action, the centrifugal force of the governor weights is transmitted 
through knife edges and the thrust bearing to the governor lever, which oper- 
ates directly on the governor rdve. 

A hand speed changer, adjustable vrlule the turtunc is running, can bo used. 

throttle steam automatically in the evmit of imminent failure of oil supply to 
hearings or gears. The operation of the system shown in Tig, 29 can be 
Understood by atudyiag the dtogram. A positive-displacement gear-type 
pump is on the forward end of the low-^jressure turbine shaft. It produces 
an oil pressure of an amount in accortoce with a predetermined setting of 


Fig. 21.— Gland sealing with steam. 


The normal source for gland-sealing steam at full power is the leak-off 
from the high-pressure cod or a lap from one of the lower stages. However, 
in running at reduced power, the pressure at these points may be less than 
atmospheric; under such drcumstances, gland'^ealing steam must be sup- 
plied from the exhaust line or some sudi reliable source. Gland-sealing 


steam is chargeable to the steam consumption 
of the turbine. 

Water-sealed glands in which an impeller 
revolves in a pocket containing water arc not 
in favor with some marine engineers. Com- 
plications of water supply and the haiard of 
a broken aeal-iuipeller rendering the complete 
turbine inoperative are the reasons for this 
(see Fig, 22). In turbogenerator turbines, 
they are more acceptable. 

LUBRICATION AND BEARINGS 

Lubrication is invariably of the forced- 
feed type. Oil is often pumped into tanks 
set fairly high in the ship, and this difference 
in head causes it to run to the turbine bear- 
ings (as well as the gearbos). Sometimes 
pressure from a pump is used. The beating 
are of the sleeve type, babbitt-lbed. The 



oil cools as well as lubricates the hearings and then passes through oil 
coolers and back to the tanks. Sensitive control devices maintain the 
proper level in the tanks and close the main turbine throttle in the event that 
the level in the tanks drops hdow a {uedetermined point. 


Bearings. Small turKnes may he equipped with either ball bearings 
or oil-ring sleeve bearings. It is conridei^ bad practice to have both 
types on one turbine. Propulaon tnrlanes usuallj- are equipped with plain 
sleeve bearings lubricated by means of oil under pressure. The bearings 
are split and the shells made of cast iron or steel as a rule although bronze 
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the by-pass needle valre sboira.- If the speed of the turbines should exceed the 
desired masinium, the oU pomp inoeases the pressure sufficiently to close the 


,Lubr/ccft!ng' 

' oildischarae 


piston Spring 



cags ; Governing ^-Lenk-off 
Gieaaimlef 

Fig. 31.— Hydraulic orifice goTcrnor. Speed adjustment over a 3: 1 range 
is proridsd by this simple, positive governor for %’ariable speed dri^’es such 
as pumps, fans, and blowers. The Tarjiog pressure developed at different 
speeds by a gear oil pump supplies the moti^•atiug force in t^ governor. 

The oil pressure, proportional to the square of the turbine speed, opposes 
a spring-loaded operating piston, which thus becomes responsive to speed 
changes. This piston operates the governor Tuh-e through the fulcrumed 
governor lever. 

Increased power is provided when I'alve rises exceed 5 in. in diameter, b.\' 
interposing a hydraulic servomotor between the governor lever and the 
governor valve stem. The governor then operates onlj- the servomotor 
relay, while high pressure oil supplied to the servomotor by another pump 
in the governor casing provides the power for operating the governor valve. 
The second gear pump ^so supplies oil under pressure to the main turbine 
bearings and to a reduction gear when used. 

As is tie case with the horizontal centrifugal governor, control by pump 
Or exhaust pressure regulator can be used. 


preemergency governor vah-e. & the same manner, if the lubricating-oil 
pressure should become low, the low-oil-pressure trip valve operates so as to 
close the throttle. 
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32.— Vertical , centrifugal weight goyemor. Powerful and positive 
in -action; 'this governor, for sin'gje^valvc steam 'chests, supplies the quality 
of speed regulation required for generator diivc, or, other-machinery that 
must b 0 _ run, with small speed variation. For 'added power, a hydraulic 
servoTncrtor'is-interpcised between Viie cchtiilag^ ivei^ut goyernor.ani tne 
valve. 

Movement of’the governor weights in response to speed' changes is trans- 
mitted .through a-'ball type thrust bej^ng to the governor sleeve and operating 
lever to the' servomotor. relay. This relay'dpcrates within-a ported sleeve 
integral with the operating piston, and- controls the flow of high'pfessuro oil 
to and from the operating cylinder. The servomotor' pistbh' is connected 
directly to the .governor •valve rtem. . . - • ... 

A gear-type oil T^ump at the lower end of the governor spindle supplies 
the high pressure- oiHor operating ’the servomotor as well as lubrication for 
the turbine bearings. 


Either a hand or motor-operated speed -changer can be used and may be 
adjusted while the turbine is' in dperadoh. 
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or brass rvould be better front the standpoint of anchoring the babbitt lining. 
Grooves are machined in the shell-to hidp anchor the lining, and the shell is 
tinned and heated before the babMtt is poured. The two halves are then 
bolted together, and the bearing is fimdt-macliined. Oil is furnished to the 
bearing at a pressure of 8 to 10 pa and a temperature of UO to 120 F. The oil 
both lubricatos and cods the bearing,' tiuj temperature rise of the oil being 
approximately 20 F. -Oil- seals amilar. to labyrinth 
packing are provided to'previmt oil leakage, or treapage 
along’ the shaft. Where ‘higb^mpwatttre- steam is 
used, ’oil leakage is a fir^hazdd. i ■ 

Impulse turbines have 'some end thrust due to the 
axial flow of the steam 'thitiugh.the'furldne, but this is 
small. " The dummy piston, as" described previously, 
offsets the inherent Ibrust of the reaction turbine. 

In order^o'oaroforanyremmhinglhrusto'<»Uaronthe 24.“HelicaI- 

shaft bearing on a bablntt surface extending over the turbine, 

edge journal bearing is sufficient for turbjues with sleeve ■ *. 
bearihga.\ F.or small turlnuM equipped irith ball bearings, a doep-grqove ball 
bearing or a ball-thrust bearing will suffice.' ^ ■ ■' •. 

ijl SMAU TURBINES ' r 

Small turbinSa for driving pumps and other auxiliary apparatus are usually 
made ^ith only one pressure stage and are Telocity-compounded. The most 
popular types at present dre those shown jh Figs. 23 and 24. Figure 21 shows 
a turbine ia'which the steam is redirected mto moving blades twice. All 
through" this stage the pressure is the same, but the steam continues to lose 
velocity as it passes through the moving wheels. Figure 22 shows a helical- 
flow turbine. The steam impinges tangentially on the wheel which has 
blades or semicircular recesses milled into its periphery, mounted around 
which are groups of Dozsles with contiguous reversing chambers. Tho steam 
is expanded do'wri to exhaust pressure in a single nozzle and, after striking 
one side of the" wheel recess or blade, is reversed In direction, leaving the 
opposite side of the same recess or blade. This operation is repeated as 
many times as is necessary to reduce the kinetic energy of the steam to a 
relatively low value. 

REHEATING 

Some' experimental propulsion equipment! has been installed involving 
reheating. This is done by taking steam from the turbine at one of thn lower 
stages, reheating it, and then returning it to the next stage. This increases 
the enthalpy at the given pressure and consequently increases the available 
energy. The steam should be removed -for roheating before the saturation 
line is reached so that the reheating is a superheating rather than an evapora- 
tion process. 'Generatly the steam is reheated to the original throttle tem- 
peiatuto OT thereabouts. Tim maamum gain is accomplished when the 
steam is allowed'to expand and drop in temperature in the turbine until the 
temperature drop is approximately half the total drop that would have 
occurred had the steam gone to exhaust prwsure in the conventional manner. 
Piacticaliy, it is not expedient to drop -to this point because of the volume 
of the steam under such dreumstmices. Furthermore, the reheating increases 
this volume still further because uadw no ciroumstnncea should steam be 
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The emergency lever shown can be used to permit opening of the emergency 
valve regardless of the governor oil.pressure. This permits operation of the 
propulsion turbines even th<n^ the lubricating oil supply has failed. Gov- 
ernors for maintaining virtua% conatant speed are shown in Figs. SO to 33. 



Flo. 33. — Impeller-type oil-pressure governor. 


DESIGN l^MPLE 

Example. It is deared to dengn one sU^ of an impulse turbine, thestesra to eater 
this stage at 300 psia, 680 F; the avoilablo energy consumption oriseatropic heat drop to 
be 30 Bta per lb steam; 60,000 lb per hr steam to be used; and the stage to run at 3,650 
rpm. 
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bled from the, turbine for reheating unless there are a tew degrees of superheat 
still remaining., Since the volumeiinvolTed complicates an already compli- 
cated piping problem, reheating does not pay unless the throttle pressure is in 
excess ot 1,200 lb or. the temporature at throttle is approximately 1000 F. 
This can readily be aeen.by insi>ecUng.a MoUier diagram. - ■ . 

There are two practical ways of reheating. One is to lead. the steam from 
the turbine into a heat exchanger, the hot ade of which is receiving steam at 
throttle pressure and temperature -.from the boilers.- This is known as 
“steam, reheat” and has the advantage that the runs of, large piping, from 
turbine and return are small.. The heat exchanger can be put alongside the 
turbine. • The other method is to lead the steam from the turbine over to the 
boiler and through a heat exchanger actosB the hot side of which hot combus- 
tion gases' flow. This ia known .aa ‘‘gaa reheat.” -This second is somewhat 
more economical, . 

In short, reheating involves relatively high throttle pressures and tempera- 
tures and increases piping complication; It has the advantage that there is 
a great increase in available energy and that it renders the amount of beat 
lost in the condenser, -which is approximately the same for eacli pound of steam 
regardless of*throttlc conditions, a smaUor percentage of the heat applied to 
the water as it passes through the. boilers. Furthermore, a glance ot a 
Mollier diagram will disclose that for a pven throttle condition-therc will be 
less moiature in the steam at exhaust in the case of reheat than otherwise, 
this for a given exhaust pressure. This is a decided advantage when the 
turbine maintenance is considered, because moisture causes blade erosion 
in the lower' stages. Any amount greater than 10 per cent is dangerous. 

Several experimental ships, mostly with gas reheat, liave been built and 
are operating, hut no conclusive results are available yet. The problem 
involves mostly boiler_ design and piping layout. Greater economy is cer- 
tainly possible with these schemes, and more research ^vill undoubtedly be 
done along this line. 

^ATEE RATES AHD'EmCIENCY * 

The water rates of main propulsion turbines may be obtained approsi- 
mately fromthe curve in; Fig. 14. For turboelectric generators see the curve 
in Fig. 25. For auxiliary turbines, operating noncondensing, the turbine or 
“ ea^e" efficiency canhe approxiinatcdby taeaus of the empirical expression. 

; ' 

■This holds fairly well for horsepowers Irom 35 to 1000. Below 35 hp the 
efficiency ■will bo 5 per cent less. 


: ASTERN OPERATION 

A steam turbine cannot be reyei^ unle% there is some' means ■whereby' 
all the blades can be' reversed on the wKeds'and all the stationary nozsies 
reversed. ^ Obviously, this, is extfendy impractical,' and no attempt is made 
to do it., The only alterative is to' instaU an' additional turbine with blades 
and nozzles arranged '-to' obtain this torque. This is the common practice 
(see Figs. 9 and 34). ' 
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Reference to a Mollier diagram will disdosc tRat with a 30 Btu per lb isentiopio drop, 
the pf Msure in the stage would be 230 psia and, the iaentTopic enthalpy 1327.7 Btu per lb. 
230/300 = 0.7G8, therefore the nozelce would be diacbarglag at a pressure higher than 
the critical and would be convergent. The effiraency of such a nozzle should be 1,00, 



Ahead element Reversing clement 



Pig. 34r-Gcneral Electric low-pressure turbine conUuning both impulse and 
reaction staging. The last two stages arc reaction. Note astern turbine. 

Take the discharge coefficient, Cd, as unity. Since this b euperheated steam, we obtain, 
Iromllq, (23), 

50,000 ^ HOO 

Ai » 4.33 sq in, 

where Ai = total area of ail the nozzles blowing into this sbige 


n = 223.7V("h. - M)ea- = 223.7\/30 = 1,222 ft per sec 
Make the nozzle angle 20 deg. This is the angle A in Fig. 4. For maximuia efficiency 
cos A u 0.94 
u = 0,47 X 1,222 = 676 ft per sec 


Required speed b 3,650 rpm. Thwefore icDa,MO * 575 X 60 or B = 3 ft pitch 
diameter of blades. Refer to Fig. 35. 


1204 


8TSAU TVIlBimS 


Since this turbine is an additional piece-’of apparatus of no uso Ln the 
normal operation of a ship, it is undesirable to mate it any larger, heavier, or 
more expensive than absolutely neeessary. Conscciucntly, turblneMidven 
merchant ships seldom have astern power of more than 70 percent of ahead 
power, and some have as little as 25 percent; 40 percent is a good figure. In 
the case of some naval combat vessds, such as aircraft carriers where backing 
at certain speeds is essentitd to fadlitate landing of planes, special considera- 
tions affect the demsion as to the amount of astern power. 

The astern turbine is usual^ in the form of several stages mounted on the 
low-pressure turbine shaft. The best practice is to install these reverse 
wheels at the exhaust or lowest pressure end. This permits the astern blading 
to run in steam at exhaust pressure when the ship is going ahead. This is 
the lowest density steam in fte system and, consequently, the windage losses 
due to this blading are minimiaed. Generally, only two or three stages are 
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Fiq. 26. — Typical combined efficiendes, including gears, of turboeleotric 
generators at full load. Curve is for d-c generator; for alternating current, 
multiply by 1.02. 


necessary to obtain the dedred power. As in the ahead turbine, the first 
stage should be velocity-compounded twice, i.e., the throttle steam should be 
brought through the nozzle and directed on one row of blades. After leaving 
this first row the steam should be redirected on a second row. After this the 
steam can be further expanded through one or two ordinary impulse stages. 
Reaction blading is not suited for this sort of application but has been used 
where tradition favors such bladiug. 

Full-pressure and temperature steam, of course, enters the aistcrn turbines. 
Consequently, with these few stages they are not very efficient. The exhaust 
entering the condenserisoftcusuperheated steam. This should be considered 
in the condenser deagn. Economy for astern operation is of little importance 
because of the short time of duration. , However, unless some provision is 
made for ventilation steam through the ahead blading (which is seldom done) , 
the full-power astern operation should be continued for a limited time; 
otherwise, the windage losses in the ahead binding may result in a detrimental 
temperature rise in the blading. 
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5, s Vui + ^nwcgg-A ■ ' ■' 

Jii = VsTSJ+iiSp-S.X 576 X 1,222 X 0.94 = 715 ft per sec 
Rs = 0.876 X 715 = 625 ft per see (Table 2) 
n cos .4 - tt 1.222 X 0.94 - 576 ^ 


i6.5 deg. 


716 

Make . 


The rate of doing work on the blade according to Eq. (3) is 


«= — (Rj eoafi -V Si cos Dl« (Mb pet SM 
B 

50J)D0 

>= 269,000 fb-lb per see 



FlO. 35. 

The blade eSclency is 

»» 

0.04* 

» ~ X 1.876 - 0.83 

The losses up to this point are noszlc losses plus blade losses; or the total efficienc)' to 
this point is 0.83 since iJicitotelcefGcieDcy is conadeted as 1.00, 

1 -0.83 - 0.171083 


or 0.17 X 30 - 5.1 Btu per lb 

Therefore, the enthalpy of the steam lesTing the blades would be 1327.7 + 5.1 
B 1332.8 Btu per Ib at 230 pna, 228 F oT aupeibeat. ExtrapolatingTable 3 results in a 
factor of 0.60. 

Specific TcluTM Y ~ 2.727 cu ft pw lb 


This U the character of the steam in winch the wheel rotates. Use four nozzles. 
Total area of exit = 4.33 sq in. or 1.09 sq in. per nozzle. Make eacli nozzle 1.1 in. 
square, Therefore the blades would be 1.1 in. high. If the pitch diameter is 3 ft, 



Btu per hr 
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len injected and ‘burned. The n'^ptuX 1 
products of combustion then 
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Shaft 


COMBTTSTION-GAS TTTEBINE 

The coiubustion'g&s turbine a deviw that uses high-temperature com- 
bustion gas at fairly high pressure as the motive fluid. 'Vi'^hen steam is used 
in the conventional turbine, the water must be evaporated in a boiler, but 
this latent heat of vaporization is not fully converted into energy in the 
turbine, much of it being lost in the condenser. With combustion gas. all 
action tabes place in the superheat 
region, and there is no loss in a con- 
denser. The simplest form of the 
cycle is shown in Fig. 26. Air is 
taken into a compressor at ftlmos- 
phoric pressure and compressed to a 
value of several atmospheres. Fuel 
is then injected and burned. The 
hot 

enter a turbine where expansiuu 
takes place down to atmospheric 
pressure. Part of the power of Uie 
turbine is used to drive the com- 
pressor, and tho excess is available 
for ship pTOpulsion. This is not a 
very efficient cycle, and it is obvious 
that the use of boat exchangers and 
reheating would give better results. 

Figure 27 shows a cycle that is more 
praotioal. Note that the high-pres- 
sure turbine drives only the low- 
pressure compressor, thouseful power 
being delivered by tho low-pressure 
turbine which also drives the higli- 
pressure compressor. This is an 
arrangemont that lends itself well to 
part-load operation. Tho effidcncy Fia. 26. — Simple combustion-gas tur- 
of this cycle depends, to a large cx- bine cycle, 

teat, on the amount of heat-tranafer 

surface incorporated. Oa the basis of the following efficiencies and temper- 
atures, the performance to be expected from such a cycle operating at 1500 F 
max is shown in Fig. 28. 



Mechaawal effiamy of tuilnneB 

... h.?8 

Mechanical efBoiency of compressora .... 

... 0.68 

Internal efficiency of turbines 

... 0.90 

Internal efficiency of couipreBsora 

... 0.85 

Reheat temperature. 

... initial turbine temperature 

Inlet air temperature 

... 70F 

Intercooler discharge temperature 

... 90 F 

Burner effirlpnev . . . 

0.98 


hi — h 

/ij - A« 


The air-rate and work-rate ratios are also shown in Fig. 28. Note that 
work-rate ratio means that if the ratio is 0.45 the plant will develop 450 useful 
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Btu per hr 

• 038!2 X 1.* ' • 

Li = (6.75)*'» = 125.000 Btu per hr 


Total windage loss, 


- ! ■ 775.000 + 125.000V ■■ ’■ , ' 

AsBumeleakageloaa.aa 1 perecntor0.3iBtu'perlb. ! •• • . 

' ' ' ' ' Total loas in skge =' 6.1 +‘2.4 + b-S =, 7.8'Btu per lb 


. , 0.74 X 30 Btu/lbX 50.000 Ib/hr I 

Internal horsepower ol this stage = "r..- . : — = 435 

. I . :2645,Btu/hp-hr • 
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horsepower for each 1000 hp of turl^ capacity instaEed, the remaining 
650 hp being used to drire the compressors, overcome pressure drops, etc. 
The higher the heat-transfer ^deney, ett, the lewer the work ratio; hut 
the difference is hot ^eat so the work ratio is shown as one approximate 
curve. Also the higher the heat-trai^cr ofieiency, Cht, the higher the air 
rate; hut the difference is not great so iur rate is shown as one approximate 
curve. \ ' . ' [ 



10. 27. — Combustion-gas fcart^cydc involving heat eschangersandreheat. 


From the values given it can be seen that< although, the boilers, feedlpumps, 
ad other siiniiar aunliftrire Can be dispensed with if combuBtiori-gas turbines 
re used, a great deal of .extra heat-transfer surface must be installed as well 
3 excess turbine ‘'capacity to say nothing of the compressors'. Starting is 
Iso a problem. This can be done by means of, atoiliary electric niotovs or 
iesei engines, hut Bodi am^odinvolveB unite' of conaierahle size. Therc- 
)re the practicability of such a method is questionable. Another method is 
3 use compressed sir as-in.tiie case of conventional-diesel, engine starting, 
towevor, it would'not be necessary to have the air at more than 100 psi gage. 

Astern operation-, prwonte.additionid difficulties,,, ijrohahly electric .drive 
i.the best. solution, for AhiB.proJ)lpim^; li i .i' - ^ 



CONDENSATION 

BY G. A. OBBOK 

rroBi “Mfichanlca! EIl8^H66r^’ Handbook,” edited by Llonsl S. Ma ik t 


lixraEENCEfl. Bauibrand. “Evaporating, CocdenMug and Cooling Appatatua,” 
Scott, Greenwood & Co. Dalby, “Heat TVaMinission,” Proc. Jnaf. Af.E., 1909. 
Onok, Trofts. A.S.AfJ!., vola. 32 and 54. Kaula and Bobinson, " Condensing Plant," 
Ktman. Royda, “Beat Transnuasion in- Boilers, Condensers and Evaporators," 
Van Nostrand. MoAdams, “Heat Transmiasum,'' McGraw-HilL Standards of Heat 
Exchanso Institute. Power Teat Code, “Condenmag Apparatus," A.S.M.E. 

General, Condensation is either by direct contact between steam and 
water, as in the case of tiie jet condenser; or by jurface condensation, where a 
wall of metal prevents the mixing of the steam and the cooling medium, as in 
the case of the ordinary surface condoiser type, The cooling medium is 
generally water. Direct-contact eondenseia may be divided into three 
classes: (1) jet, (2) barometric, and (3) ejector condensers. Surface con- 
densers may be classed as (1) water-cooled, (2) air-cooled, and (3) evaporative. 

In a jet condenser, ^e eidiaust steam and the cooling water eater at 
or near the top of the condenser head and the steam is condensed by the water 
falling in a toe spray, the resnUing mixture of condensed steain, cooling 
water, and air being removed by a tail pump; or an independent pump may be 
used to remove the air. For high vacuum, tbo independent air pump is 
necessary. The tml pump is replaced by the tail pipe in the barometric 
condenaer, aud the cooling water and condeoced steain £ow from the 
bottom of the tall pipe without the aid of a pump. An independent air 
pump is generally used, but is not necessary with some types. The ejector 
condenser acts ou the same principle as a eteam ejector; the exhaust steam 
enters the ejector through a series of orifices and is condensed by the cooling 
water, resulting in the water beiog given a velocity high enough to discharge 
it against atmospheric pressure. 

In a water-cooled surface condenser, the water flows through tubes 
and the steara is condensed by being brou^t into contact with the outside 
of the tubes. The steam generally enters at the top of the condenser, and 
the cold water first passes through the lower tubes and then through the upper 
tubes. This is known as the counierflow type. If the condenring water 
enters at the top near the steam inlet, the condenser is of the parallel-flow 
type. CoiidcnseTaaroan^«,two,orthreepa9B. Inalr-cooledcondenaers, 
the heat is removed from tiie steam by the passage of cool air through the 
tubes or over plates. In evaporative Condensers, steam is brought into 
contact with one side of a plate or tube and water is allowed to flow over 
the other side. The heat which is absorbed by the water is carried away 
by a stream of air passing over the surface of the water, part of the wato 
being evaporated. 

Direct-contact Condensers 

Condensing Water ReqtrirementB. If <„ li, and h are the temperatures 
of the steam to bo condensed, of the inlet water, and of the outlet water, 
respectively, deg F; h, and h the enthalpys of the steam and of the outlet 
water at 1% Btu per lb; F, and Fwthe wmghts of steam per hr to be condensed 
and of water per hr needed for cemdenstng; then the ratio JJ of water to steam 
required for condensation is ^ven by J? * Fw/Ft = {A, - — fi). 

For turbines, h, - A9maybeiakena8 950Btu; for engines 1000 Btu. Owing 
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fto. 31. Fig. 32, 


Fiq. 33. 


To Inscrib® a Hexagon in a Circle (Big. 31). Stop around the cir- 
cumierence ivith a chord equal to the radiue. Or, uae a 60 deg triangle. 

To Circumscribe a Hexagon ^ 

Abouta Circle (Fig. 32). Draw 
a chord AB equal to the radius. 

Bisect the arc AB in T. Draw 
the tangent at T (parallel to AB), 
meeting OA and OB in P and Q. 

Then draw a rircle with radius 
OP or OQ and inscribe in it a hex- 
agon, one side being PQ. 

To Inscribe an Octagon in a Square (Fig. 33). From the corners as 
centers, and with radius equal to half the diagonal, draw four area, cutting 
the sides in eight points. The points will bo 
the vertices of the octagon. 

ToInscribeanOctagonlnaCircte. Draw 
two perpendicular diameters, and bisect each 
oi the quadrant arcs. 

To Circumscribe an Octagon About a 
Circle. Draw a square about the circle, and 
draw the tangents to the circle at the pdnts 
where the circle is out by the diagonals of the 
square. 

To Construct a Polygon of n Sides, One 
Side AB being Given (Fig. 34). With A as 
center and AB as radius, draw a semicircle, 
and divide it into n parts, of which n - 2 parts (counting from P) are to be 
used. Draw rays from A through these points of division, and complete the 
construction as in the figure (in which n » 7). Note 
that the center of the polygon must lie in tUo perpen- 
dicular bisector of each side. 

To Draw a Tangent to a Cir- 
cle from an external point A (Fig. 

36), Bisect AC in AT; with if as 
center and radius MC, draw arc 
cutting circle in P; then P is the 
reguiied poiot o/ taageacy. 



Tia. 34. 



Fio. 35. 


Fio. 36. 


To Draw a Common Tangent to Two Given Circles (Fig. 36). Let 
C and c be the centers and R and r the radii (ft > r). From C as center, draw 
two concentric circles with radii ft + r 
and ft — r; draw tangents to Uiese 
circles from c; then draw parallels to 
these lines at distance r. These paral- 
lels will be the required common tan- 
gents. 

To Draw a Circle Through Three 
Given Points A, B, C, or to find the 

center of a given circular arc (Fig. 37). Fiq. 37 . Pio, 33 . 

Draw the perpendicular bisectors of 
AB and BC; these will meet in the center, 0. 

To Draw a Circular Arc Through Three Given Points When the 
Center is not Available (Fig. 38), With A and B as centers, and chord 
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AB ftS radius, draw arcs, cut by B(7 in B and by AC in S. Divide Bi into 
n equal parts, 1, 2, 3, . . . DivideBSintothesainonuinberofequalpartB, 
andcontinuethesedivisionsatl', 2', 3', . . . ConnectAwitbl', 2', 3', . . 
and B- with 1, 2, 3, . . . 

Then the points of inters^ 
tion of corresponding lines 
will be points of the rfr* 
quired arc. (Construction 
valid only when CA = CB.) 

To Draw a Circle 
Through Two Given 
Points, B, and Touch- 

,iug a Given Line, 1 (Fig. Fio. 39 . Fia, 49 

39). Let AB meet line 1 in 



C. Draw any cirde tiiroi^ A and B, and let CT be tangent to this circle 
from C. Along Z, lay off CP and CQ equal toCT, Then dtherP or Q is the 
required point of tangency, (Two solutions.) Note that the center of the 


required drcle lies in the perpendicular 
bisector of AB. 

To Draw a Circle Through One Given 
Point, Ai and Touching Two Given 
Lines, 1 and m (Fig. 40). Draw the 
bisector of the angle between I and m, and 
let B be the rchoctioo of A in this line. 
Then draw a circle through A andB and 
touching I (or m), as in preceding oon* 
etruotion. (Two eolutions.) 

To Draw a Circle Touching Three 
Given Lines (Fig. 41). Draw the bisec- 
tors of the three angles; these will meet in 
the center 0. (Four sdutions.) The 
perpendiculars from 0 to tite three lines 
give tbe points of tangency. 



Flo. 41. 


To Draw a Circle Throu^ Two Given Points A, B, and Touching 
a Given Circle (Fig. 42). Draw any drcle through A and B, cutting the 
given circle in C and D. Let AB and CB most in E, and let ET be tangent 


from E to the circle just 
drawn., With E as cent®, 
and radius ET, draw an 
arc cutting the given circle 
in P and Q. EithaPor 
0 is the required point of 
contact. (Two solutions.) 

To Draw a Circle 
Through One Given' 
Point, A, and'Touching 




Two Given Circles (Fig. Fig, 42 . ,Fiq. 43 , 

43). Let S be a center of , • 

similitude for tbe two ^vra ‘dwles, that is, the point of intersection of two 


osternal (or internal) common tangents. Through S draw .any line cutting 
one circle , in two. -points.,^the. nearer of which shall be called P, and the other 
in twoipoints, the more remote of- which shall be called ^.['.Through A, P, Q 
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'P&raUel-flo^r Jot Coa- 
dcQBcr. 


tAir-vgporoulkf 


■fo the presence of hk and imperfect mhdng, is 5 to 10 F lower .than t,. - In 
proportioning' ordinary jet and barom'etric condensers, F, is the normal 
amount of steam to be condensed; a 50 pei- 
cent overload is common at some redaction of 
vacuum. 

JeVcondeaser Design., litieetion. and 
tail pipes are usually designed for an allowable 
velocity of 5 fps. The steam enti-ance nozrie 
may be designed for a velodty of 300 to 600 
fpa. In the barometric type, the top of the 
tail pipe should bo at least 36 ft above the hot woftr 
■well level. The condenser head should be as level 
near to the exhaust flange as possible, for fric- 
tion and velocity head increase rapidly with 
increasing vacuum. Heads of practically any 
shape may be used in jet and barometric types 
and arc equally efficient if the water and steam 
are brought into intimate contact and the air 
is collected and carried away. The use of 
these types of condenser for power work fa Fiq. 1, 
decreasing; in the chemical industry it ie in* 
ersasing, particularly the ejector type. 

Surface Gondeasera 

Surface Goudeosation. Let g be the 
total heat to be transmitted per hour, Blu; ' 

A the total outside surface of tubes, eq ft; F* 
the steam condensed per hour, lb; Fu the 
condensing water required per hour, lb;5 = 

Fw/Fi; V the coefficient of heat trunsmifl* 
aion, Btu per sq ft per dog F per hr; tm the 
mean temperature difference of water and 
steam, deg F; U tho temperature correspond- 
ing to the vacuum, deg F; U the hot-well 
temperature, deg F; li and tj the temperature 
of circiilating,watfiE at inleh ancLmtiJeh^ter 
spcctively, deg F; h, the enthalpy, of the 
entering steam, Btu; h tho Mithalpy of the 
hot well water, Btu. Then, q » UlwA = 

H'.fc - 

and i - ff.li. - - ir.fc - 

h)IVtn- The value of U depends on the 
velocity of tho water, the material ol the 
tubes, the deanlineaa factor, and the amount 
of air present. The mean tempwature Nalwe/I 

J"'”. 2.-Oounter-ourront 
nMinfemperatareoI tho cirea atoiB .rater Baromoftic OondanBer. ' 
may betatenastheaijthmetacalmoMiwith- ' 
out serious error, hut for most calculations the logarithmic mean should be 
See Table 1. ,Thewatorvelocityin.thetubeashouldnotexceed8fp3; 
and under normal condition, a velodty between 6 and 7 ft is the 'most'economl- 
cal. If the material coefficient for copper; Mnntz metal, red bra^, Admiralty 
metal, and aluminum brass is taken as unity, coefficient of 6.97 ehould be used 



'Opemfjori I 
Som " 

At’r ejsclor- 



ijDBiiJf.COOiBBS- 


Leaving tempecatme = 102 + 8.G =? 110.6 F. 

5 


■ 75.4 

■“'■T 


Assuming that the temperature drop.^throogli tius metal of the tube is negligible in so 
fsr SB calmiktion of Slin teropeiature ia concerned; oleo assuming that the drop through 
each film ia approximately the same, then the Shn t-emporflUire sliould be approximately 
= 7.5F or J F fii'gfier or iower than tjie average wiiler Wraperature or liS - 8 
302+'ll0.e- 

a UQ F for the hot water and • + 8 « 1U,6 F lor the cold water. 


ft«=-160a-{-O.Ol2W^, 


Ki -.160(1 + 1.: 


5 o.t 

W27« “ 


. 3.624 


’^0.8748 

_ J_ 

UA “ hiAi KA» hoAo 

^ffer Admiralty oetal - 64.'' . . 


{5a) 


12 


VA 1.770 X 0.238 '^ 64 X 0.153 ^ 1.560 X 0.164 

1 . 


A is considered ns -the outside w(». 
. jd).626 

do “ - 0.164 84 ft per U'leogUi 


= 718 Bto/(lir) (sq fQ (deg F) 


Area required '» 


= 73 ft of tubing 


0.164'94 ft/ft les^ 

3,400 Ib/hr •” 7,g 

• J tubes to B o»e.p,„ eosW, y = 36.5 It Ions 
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lor aluminum' brotaze,' 0,90 (or 70-30 iCDpropiciel; md 0;84 for mond metal. 
Tbe-deanlinesfl factor varies l)etweai.0.80 aj»d 0,00 for Borraally clean water, 
but if the water contains scale-formmE ingredients a cleanliness factor of. 0.70 
may be assumed. , • , ■ • , . 

Table 1. Log&ritbmio Mean Temperature DiSerence between Steam 
, and Condensing Water > ... . 

(As pven-by t!iB,«pr«Bsion (|» - — - WJ; where <. is the temperature 

ol tliegtesni, ot the injection water,' and (I'o! ibc d'lsrharge water) 


'15; 20 1 25 I 30 1 35 |‘'«'| 45 1 50 55 ^ 65 70 

^2.3 17.4 ^4127.41 32.^ 37.4r41,4!fl.^ 52.5 57.7 62,5 67,5 7 

i9il 14,4 ».6 24.M ».7^ 34.8 39.8 44.8 49,8 54.8 59,6 64,8 6 

,1C,8' 16.4hV6Ub.M31.^i7.tt42-« «.0 52,2 57.2 62,2 6 
12.4 ?8,2 23.d 28.9 54.1 39.2 44.2 49.3 54,4 59,4 6 

Il3.9 41.3 45.4 51.5 55.6 6 

; 15.4"21.6 27.4 33,1 38.1 43.3 48,5 55.7 5 
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Design of Surface- C.ondensers. ..'(See pp. 39.4 and:399.) In condenaer 
deagn, the given quantities-usuaily-are TF„ fi,-and the required vacuum. It 
is important that the place of measu^ent of the vacuum should be stated, 
and tliia is usually, in the nozzle conncctiog the prime mover to the condenser. 
The highest vacuum will always be 'found at the air-pump suction, less in the 
body of the condenser, and the lowest -vacuum in the nozzle. The vacuum 
inside the prime mover will be less by the' velocity head necessary to give 
motion to'the exhaust and by friction'in the nozzle. The allowable velocity 
in a turbine nozzle is about 600 fps. The loss (or “ drop ”) in a well-designed 
condenser should be less than 0.1 in. of mercury, and t, should be taken as the 
-temperature .corresponding to thb. reduced vacuum. For good practice, It 
shpuld-be 8 to 10 F lower than L Wi/W,, or the ratio of cooling wat'er 'to 
condenser steam, usually ranges from 80 to IM for eihglc-paas condensers 
and from 60 to 90 for multipass condensers for turbine application. Singlc- 
and two-pass condensers are gcncsrallyiused. Siaglo pass is used where tho 
pumping head external to Ihe condenser is siuoil. Two pass is indicated for 
cooling tower or cooling pond instnUationsv . • 

t Small tubes are best for the transmisaon of heat; but cnanbt be used with 
dirty water, 'so that the usual sizes' ate and 1 in.; with ^ in. most 

common. In two-pass condensers, the tube length iS' usually -16 to 20;ft:, 
in single pMS, 20 to 30 ft. - .■ • 

' Surface condensers for large turbine 'installations 'have generally 0.6 to 1.5 
sqift ,of condensing surface per,lcw, or approximately He to K sq ft per 
lb of steam condensed per hr; - Small turbogenerators require 2 to 4 sq ft per 
kw', or Ho'tt H it'pbr lb of Bteam'jfer hr. 

For diy-ait condensers the coefficient of conductivity in Btu per hr 
per sq ft of surface per deg F difference of temperature varies from 8 ‘in 
still air to 14 with air moving at a velodty of 1,600 fpni. 

' Materials. of Construction. (Sce'p; 6b.) The materials generally, 
u§ed for tubes are Admiralty, copper, aluminu'm'bronze, and Muntz metal. 
Any of these will give satisfactory’service with fresh rvater, but with salt 
water .(see p,', ‘663), 'trouble' may be experienced. ' Admiralty mixture (70Cu, 
29Zn, -iSn ,wth .1 percent arsenic to''provcnt dczincificatiori) aluminum 
bronze, and aluminum brass are 'genorally used for salt water., ' Tubes are 
made of No. 20, No. 18, and BomelimeB No. I6 B. 'W, G. Tube spacing is 
important, as there must be room for the' glands arid sufficient metal between 
them for 'strength.' The minimum allowable spacing or pitch of tubes is as 
^Ufiws (.wmbw! oi pax ft - apptwa, a t\w> pitari in 
inches) : ' ’ ' . ' ' ' > ' 

Diam- of tube, in.. -..•H -H li' I IK 

ntch of tube8.,m. *«« '• iHa ' IJf# 1H« Wa 

Wumheroftubes.persqft.,.,...' 189 147 '118 96 81 

The tube sheets should be of rolled Muntz metal or Naval brass. , A rolled 
sheet will give the best service, alth.ough cast sheets aro used. Thickness 
should be at least H in. greater than, the tube diameter but has been stand- 
ardized by the Heat Exchange Institute as follows: , ' 

•^a of tube sheet, riq ■. - 

J? Up to 1965 WBj-3739 3740-8495 8496-30791 30792 and over 

Th.cImE8g,m.„..v.:.., ,,Kr, , ,1 ... ;.1K ,• IK , 

■ Tubes ate usually rolled, into ^th inlet and outlet tube sheets, and c^an- 
Bion is provided for by the uSe of;a floating head, a'.wclded steel joint in tho 
shell, or by bowing the- tubes.-' The inlet tube sheet should be.facod with a 
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— — a 4.6 ft between tube sbeete 
■ 8 

2 X.8 = 16 tubes t«td 

Cold water must run 6 jpa. ' Average temperature is 106 F. 0.01615 cu ft per lb at 
this temperature. 

30,000 Ib/hrX 0-01615 cnft/ifa ^ 

S.GOOeec/hr X 6 fpB • - sq 

0.0342 + 0.027 = 0.0612 gq ft . 

Make 16/189 0.0846 sq ft (see p, 1219) v; , , 


Inside shell or d = = 0.32711 ot 3.03 in. Make O.D. = 4 in. ' 

Over-all dimenslone of cooler, approximately 6 ft X 4 in. contoiiiiiig.Blxtcen ^^in- 
tubes arnanged for eight passes. 



' 0 , . I • ,2 3 4 '5. 6 1 e '* lU 

Actaal velocitj'ofwHterthrough^bes.v-fi.pen sec. 

Pig. 2.— Peed-water heaters’ heat-transfer rates- • For 1-in. Admiralty tubes; 
and smaller, For steel use 80 per cent of curvc'valve. 
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Table 2. Standard Gondenset'tube Data" 


Outside 

diam, 

Size 

her, 

B,W.O. 

1 

Weieht 

per 

ft. 

Ib^ 

i 

1 

Thwi-I 
neu, 
ib. , 

1 Lisidc 
ia. 

Surface 

1 sq ft per ft 
length 

.Out- In- 
1 tide 1 

Inside 

tionsi 

sq in. 

1 

1 Veloc- 
ity. : 
fps, 1 
for 

lepra 

Capacity at 
velocity of • 

1 fps 

U. S, 
gal per 

Lb 

water 
per hr 




0.0651 

0 495 1 

[ll.l636|0.|296i 

0 1025 1 

1 667 

0.59991 

300.0 




0.040 

0.^ 

|0.I63^.;3S0 

0.2181 

1.472 


339.7 


20. 

0.241 ' 

0.IB5 

0.555 1 

».163^0.1453 

0.2420 ' 

1.326 


377,1 




0.08) 

0.S64 

10.1963(0.1528 

0.2678 

1.198 

0,8347 

417.4 




0 065 



0.3019 

1.063 




18 , 

0.400: 

0.D4». 

0.652 

p.l95te.I706| 

0.3339 

0,9611 . 

1.04) 

520.5. 


H ! 

(I76?| 

0.085 

0.709 

kl29l|o.l856 

0.3949 

0.8126 1 

1.230 

615.0 




9.065 

0.745 


0,4360 

0.7360' 


679 0 


18 

0.472 

0.049 

0.777 1 

n.229>&.2}34 

0,4740 

U,eV7ll 

1.477 

738.5 


H 


0.083 

0.834 


0 5463 

0.5874 

1,7CQ 

851.0 


16 


0.065 


l0.2618lo.2277 

0.5945 , 

0.5398 , 

1,852 

926 0 


18 

0.S33 1 

0.049! 

0.902 

0.26180.2361 

0.6390 

i 0,5022 

1,991 

995.5 


14 


0.083 

1(184 

|o.327ll6.2839 

0 9229 

0 3477 

2.877 

1459. 


16 


0.065 

1 120 

|0.327tj0.2^ 

0,9852 

0,325/ 

3,0/0 

1535 


18 

0.675 

0.049 

I.IS2 

p27m.3015 

1.045 

0,3075 

3.25i 

1627 


* Pcepartd ty T. B. Drew, 
t In biaesi specific gravity > 8.S6. 


tadiua tool to forca a bcU mouth; the flatiiti oi the tube oyer this bell mouth 
Improves the entrance condition to the tube. The hole in the tube sheet 
may have circumfereutial grooves to improve tho holding power. Oaoa- 
sionally the inlet end is mode tight by metallio packrog which is preferred to 
fiber packing or paraffined corset lace. This is held in place by glands with 
rounded entrance. On the outlet side, meldlic packing, vlthont a ierrulop 
is often used. 

Condenser shells arc usually made of welded steel reinforced against 
collapsing pressure. Tubes should be supported at distances of iO to 60 diam 
by supporting plates (usually of cast iron) drilled with dearonce around 
the tubes. Water boxes should be large and designed to oCer little icsistauco 
to the passage of the water and to provide uniform distribution of water 
among the tiibes. Several holes, oc 1 ia. dlam, should be pro’dded in the 
water partition of muitipafSs condensers to permit draining of the tubes 
and bos and to vent excess air from the first to the last water pass. Where 
possible the steam should onierfrom the top and water at the bottom (counter- 
current principle), but this is not essentisl, as parallel flow condensers give 
good results, The bottom of the droulating-water outlet should be above 
the highest point of the tube bank. If thU cannot be done at the water 
bos, the discharge pipe should be carried up to the same height away from 
the condenser. ' 

The steam passage should bo direct to the tube bonk, and the nozzle should 
be spread so that no dead pockets may be left away from the path of the steam. 
The tube layout in a given condemaer sbdl should be chosen so as to offer the 
least resistance to the steam penetration into the tube nest. The velocity of 
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Fesd-vatei Heaters. Opea or firec^contact {eefi-'^ateT )\eateTs, beiig 
merely misiDg devices, do not operate on a basis of heat transfer. Only in 
closed, Boncontacti or surface heaters does a transfer of heal occur from the 
steam to the water. AH heaters on a sWp, other than the deaerating heater, 
are of this type and consist essentially of a number of straight or curved 
tubes connected at their ends to water boxes, or heads, enclosed in a shell, 
usually’ cylindrical in shape. The tubes are usually made of brass or copper 
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Actual velotity ofwiiferfhrou3hTub5s,V’ ff. per sec. 

Fig. 3.— Feed-water heaters. Water friction loss. 

alloy in order that they may resist corrosion. The heaters may be made 
single pass or multipass, usu^y the latter in email capacities in order that an 
economical shape may bo obb^ed (see Fig. 1). 

Structurally, the feed-water heater resembles the condenser, especially 
when the heater is to use steam below atinospheric pressure. In this case 
the shell is under pressure tending to cause it to collapse as in the case of a 
condenser. . The higher pre^re heaters are subjected to pressures tending 
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steam in the neat should be kept nearly uniform, and conseauently the area of 
passage should decrease fast at first and sbwer toward the air suction. 
The dripping condensate reduces the heat transfer, and in general the lower 
tubes are the least effieient. In order to provide sufficient steam entrance 
area, a differential spacing of tubes is iwed in smaller condensers, sometimes 
in comhination with triangular ahape of the tube nest. In larger condensers, 
steam lanes are also provided. B.adial-flow condenses with steam admission 
on the fuU circumference of the nest give good results. Eccentric radial 
layouts of tubes are employed in many oondenscre built for high vacuum. 
It is essential that .the area of the steam paaage near the suction to the air 
pump be reduced sufficiently to provide a fair velocity of the remaining steam- 
air mixture, otherwise, the part of the tube nest at the end of steam path will 
become air bound. 



Centmldsarn 

lane 


SecoTid peats 


'Air 1 
offtake 


oroufK/fubet' 

fotiotwii 


^''Aircookr 1 
ieeihn 'Air 

^induifs 
•Reheating An/wsy — — - ■ 


Air off- 
takes ‘ 


Westinghouso 


Elliott 


Fia. 6. — Surface Condensors. 


Water connections should bo figured for a velocity of 6 to 8 fps and.the 
sar-pump connection shoulcl he at leoel twice ftiat ol tiio hot-well pump 
suction, which should he figured lor about 4 fps. Air-pump connections 
should- be arranged to draw the air-steam rnixture evenly from the end of 
the steam path. In high-vacuum installations, an addition of a special 
air cooler either inside or outside the miun shell increases the efficiency of the 
main tube nest and permits the reduction of the hulk and weiglit of condenser 
shells. Condensers with sealed botwcUs are used to reduce the oxygen con- 
tent in feed water by protecting the condensate from contact with the rich 
part of the air-eteam mixture. • • ' ' 


AIR RtrM?S 

The amount of air in feed water varies from 0.76 to 6 percent by volume 
at atmospheric temperature and pressure. Tf closed heaters ate used, 
the air passes through the boilers 'and prime movers into the condenser. 
If open heaters are used, the air in the' feed' water {at 200 F) should not be 
over 1 percent. When deaerators dee inatalled, the non-condenBibVo gases 
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to cause the shell to explode, and they most be designed, with this in mind, to 
withstand such pressures. Information for the design of tube-type feed- 
water heaters is pven in Figs. 2 and 3. 

An example of the use of this information follows: 

Example. Assume that it is neoesBary to detign a feed-water heater to heat 40,000 lb 
per hr water from 240 to 320 P witir eteam entering at I2<50 Btu per lb at 100 psia. 
Driun to leave at saturation temperature or 328 F ^ m. O.D. Adminity metal tubes 
to be used with a maximum tube length 12 ft. Proceed as follows: 


Enthalpy of entering steam = 1260 Btu/lb 
Enthalpy of leaving drain ^ 298-4 
Eeat transferted pet Ih = 561.6 Btu/lb 

Temperature of eteam ■= 32S P 


logi 


Ah log. ’Jf 
'"Ah 


t/ - t. - 0.81- « 328 - 26.6 = 301.4 F 
Take 8 fpa velocity {Jig. 2.) 

u«wo 

Enthalpy of feed water entering = 208.34 Btu/lb 
Enthalpy of feed water leaving ■ 290.28 
Traneferred = 81.94Blu/lb 

Total best trsnafetred » 40,000 X 81.94 • 3.277.600 Btu/hr 
, 3,277.600 

S.rte.,e.. ^^y^ -10!l.2nll 

,, , . 240 + 320 

Volume of water at 280 P is 0.01726 cu ft per lb. 


j — flb/tnbc/hr) (4.8 X 10**) » (cu ft/sec/tube) 
(Cu H/sec/tube) , , 

(sqft/faibe) 

(Lb/hr waterKnomber of posses) 


(Total number of lube^ 


= Ib/tube/hr 


(Lh /hr water) (uumber ol paaeesX d.S X 10"*) 

(Total number of tubea)(Bq ft/tnbe) * 

Tol.1 n,«b., of tab» - 

sfsq tt/tubc) 

Using No, 18 B.W.G. tube, 5^ O.D. 

I.D. = 0.626 - 2(a049) = 0.627 
0.7854(0.527)* 

= 0.001625 sq ft/t\ibe 

Totat number of tubes = .. 

8 X 0.001526 
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should be less than Ko of 1 pwceat. -The leakage in.surfaee condensers 
is an extremely variable quantity, ranging from 1 percent in tight condensers 
to 25 percent or more in condensers in poor condition; The average leakage 
is from 5 to 10 percent oi the volume of the fe^ rrater. As there is always 
leakage through glands; pipes, or joints, the air pump must have a displace- 
ment greater than that given by the above formula. The Heat Exchange 
Institute specifies that the capamty of the alr-rcmoval equipment for turbines 
should be not less thari the fdlowiog quantities; for engines these quantities 
are to be doubled. ' They are expressed in cfm of free air at 70 F. ; ■ 


Steata coadensed, lb per hr 5,000 10,000 20,000 40,000 75,000 100,000 

.Air removal capacity, cfm • 2,20 2,6o 3.00 8.65 5.00 6.5 

Steam condensed, lb per hr. .. . 150.000 250.000 350;000 450.000 600,000 and ow 
Air removal capacity, cfm. ... . 8.6 W.O 11.5 13.5 16.0 


The volume of free air (cfm at 70 F) liberated from 1,000 gal of injection 
water varies with the water temperature and may be assumed to be as 
follows: 


Injeetion water temp, P, . 
Air liberated, ouft 


90 80 70 60 50 40 35 

2.18 2.40 2.64 2.93 3.30 3.75 4.0 

In jet or barometric condensers, the combined circulating and air pump 
generally has a displacement of 3 times the volume of the injection water. 
If an independent air pump is used, the displacement 
should be twice the volume of the injection water. 

'The air-removal equipment may be a reciprocating 
diy-Yscuum pump, a "hurling-watcr" pump (Fig. 6), or 
8team-jefc air ejectors (Fig. 7). In new instaliations 
and for replacement, the steam jet has replaced other 
types because it has no moving parte, ia relatively iree 
from maintenance, and is usually more economical to 
operate. One, two, or three stages are used depending 
on the vacuum desired, and two or tiuee jets in parallel 
can make up each stage. Two-stage ejectors arc most 
common. 

Air pumps perform best when all possible vapor ia con- 
densed and removed before the turreacbes the jets. The 
final condensing of the steam from the sur-rich mixture 
and the cooling of the resulting saturated air-vapor mix- 
ture is accomplished either in an internal air cooler, 
usually a group of tubes baffled off from the main bank, 
or in an external air cooler. Thelocationofthoair-cooler Disc/iargg 

section within tho condenser, ^ offtake arrangement,' ^ ' 

and use of external coolers are important items of con- . y®- o.^Weat- 
denser design. , m^onBe -Leblsne 

A single-stage ejector can be vent^ to atmosphere for ® ^ rump, 

the discharge of air and steam misture from the jet. A two-stage ejector 
requires for efficient operation that first-atage steam be condensed and air- 
vapor mixture again cooled before'passingto.the second-stage jet (Figs. 8 and 
9). jThis cooling is usually acoomplisbedin.asliell-and-tubeiiitercoiKienser 
using condensate, as cooling mediura to recover ejoctor-steam heat. 

Ah afterconde'nser (Fig. 9) lieco^ heat from ^the final-stage steam, 
permits measuring air -leakage, and^avoids eAausting’ steam to atmoaphere.- 
For UB0;in,Btartog,.wh6h no condeosate flowiB available,; the aftercoude'nBer, 



can be arranged vdth a separate' t&w-water seotion or” a by-paea' control 
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Call it 16 tubes for one-jiasa heater. ' 

area of surface 


/number of tubes’! 


~ leX 1^X0.1636 
For 12 H, manmurn length. 


(passes) (area/ft length tube 
il.8 it lor one pass 


Water pressure drop (see Rg. 3), 

(k + *■“) 

/i = 0.084 from curve 
/ 0X84 \ 

(10.5 + 5.5 X 0.527) (53^,) (4) = 10 psi ' • ■ 

For ioui passes, drop per pass Id the water box at the end U 1.72. ft (see table, p, 1218). 


4 X 1.72 
2.3 . 


3psi 


10 4- 3 B 13 psi. total drop 


Total number of tubes ia the beater b 4 X 16 = 61 TaSanB olearanee betTfeen 
tubes, the pitch for 5i*in. tubes would be ■ 1 in. In anj’ ease, the number of 

tubes per equate foot is 166/(pitcb)’ aad in ttua ease lC6/lt » 16G tubes per square foot. 


Diameter inside shell 


“ 0.386 s<i ft or 53.5 sq in, 
65.5 


With steam pressure at 100 paa or 85 psl gage surd 1,000 psi stress allowable ia the shell 
pd 85 X 8.4 

< = ^ = g ~ I = 0X58 in. would be suffiaeat. Make it in. The outside 
diameter should be 8.4 + 0.375 » 9.15 in. 

Fuel-oil Heaters. Fud-ofl beaters arc, in general, very similar to dosed, 
or noncontact, feed-water heaters in. which the steam and the fiuid to be 
heated are separated by nwtallio surfnecs through which the heat is trans- 
ferred from the steam to the fluid. There are three general types; 

1. Multipass heaters, rising straight or slightly curved tubes, oil inade. 

2. Same as type 1 except with oil outside the tubes. 

3. Heaters with the heat-tranrfer area consisting of flat surfaces with 
small sections or passages /or the cdL 

Type 1 is the most popular; in^^^, U should have not less than four 
passes. Type 2 is in ^avor, probably because the low velocity of the oil in 
the shell and the dependence on conveclaon retard heat transfer. Type 3 is 





1223 





Pkbarge 


Tio. 7 .— T^i^o- 
stagB St«am*jet Air 
iEjeetor. 



Pro. 8.--Two-etGge Ejector 
with Dircst-cootact Barometric 
lotercondcneer. 



IH. o InteroondeMeT hot-watet jieoti® - AJS. “ Afte^ndsnser fcot-CTtar section 
I.C,’ « lotfiroondeoaer cold-water sectibo .” A,C. « AfteroondenBer coid-water aeoUon 


9,— Two-^taie Ejector with POTr'i>aa8 SwfawtBi'tercoaSenser, and 
Two-pass Aft^coodeQBor. ‘ 
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provided to recirculate coadensate back to the condenser Bhell. Three-stage 
ejectors require two intercondensera and one aftercondenser. 

Condensate from the intercondenm is usually returned to the condenser 
shell through a loop seal. Intercondcnser steam space operates at high 
vacuum, 22 to 26 in., requiring a 10 to 15 ft water-leg seal. 

The aftercondenser operates at atmosplmric pressure. Drain can be 
piped to an open feed-water heater or IrappM to the hot well. 

Single-stage ejectors are customarily used up to 26.5 in. vacuum. For 
better vacuums up to 29.5, the two-stage ejectors should be used. Single- 
stage ejectors use about 7H lb of live steam per lb of compressed vapor mixture 
at 26.5 in. vacuum. Two-stage non-coadensing ejectors use 18 to 21 lb for 
29 in. vacuum and 9 to 12 lb for 28 in.; the use of intercondensers reduces 
these quantities to 4 and 3 lb. respectively. The preceding figures apply to 
an average air-vapor mixture containing 
about 2.3 lb of steam per lb of air. 

An augmeutot is a device for boosting 
vacuum, and is applied to a condenser served 
by a mechanicjd vacuum pump (Bg. 10). 

It consists of an ejector which may use 
exhaust steam of 3 to 10 lb gage pressure 
and an auxiliary condenser. With 5 lb oper- 
ating pressure, it has been possible to aug- 
ment the vacuum from 26 to 28.5 in. using 2 
lb of exhaust steam per Ib of ^-vapor ma- 
ture compressed; 

Power Required by Auxiliaries. The Fig. iO.—Vaouum Aug- 
power required by large turbine auxiliaries mentor, 

varies from 1 to 3 percent, generally between 

1 and 2 percent of the power of the main unit. In small installations, the 
power consumed varies from 2 to 10 percent. Centrifugal hot-well pumps 
or surface condensers generally require 0.05 to 0.10 hp for each 1,000 lb steam 
condensed per hour. Eeciprocating air pumps require 0.10 to 0.3 hp per 1,000 
Ih steam per hour. Centrifugal wr pumps require 0.26 to 0.5 hp per 1,000 lb 
steam per hour, The power required by circulating pumps varies with the 
design of the condensers, quantity of water pumped, and the efficiency of the 
pump. The pumping head may be as low as 10 ft in gome condensers and os 
high as 35 ft or more in otiiers, the average being about 20 ft. Pump 
efficiencies range from 75 to 85 percent for this service- 

The steam required for auriliaries, using moderate steam pressure, in 
pounds per brake horsepower per hour is as follows: 


Circulating pumps, slow-specd, engine-driven 25 to 75 

Circulating pumps, high-speed, engine-driven 40 to 100 

Circulating pumps, turbine-driven,- geared , 25 to 30 

Circulating pumps, tutbine-dtiven, (^cct-connected 30 to 60 

Air pumps, reciprocating 40 to 100 

Hydraulic air pumps 40 to 55 

Hot-well pumps, reciprocating , 50 to 100 

Hot-well pumps, centrifugal ... 40 to 60 


The power required by jet condensers varies from 1 hp per 1,009 lb 
steam used per hour by the mria turKne engine in the case of large units, to 
3 hp per 1,000 Ib steam for smsU units. Barometric condensers require 
0.5 to 1.6 hp per 1,000 lb steam per hour. 
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IIB PUMPS 

Most Economlcftl Vacuum. No defiaite rule can be laid down for the 
'rwisfe eaonQmical vacuum to be used. Each oasc must bo considered sepa- 
rately on account of such factors as tbe cost of condensers, auxiliaries, _ and 
piping (all of which vary with temperatxiro of inlet water), foundations, 
space, cost of coal, load factor, and feed charges on main unit. For m^unw 
aje tuibines a vacuum of 2SH in- ^d for large size 20 in. is generally con- 
sidered the moat economical with talet-watcr at 60 to 65 F. For engines, 
a vacuum of 26 in. is the most econoimcal \rith water of ordinary tempera- 
tures. A higher vacuum will not increase enpnc economy. 



Pounds of sfwm condensed per hour 


Fi< 3. II/— Steam Consumption of Two-stage Aic 32Joctoi8. 

Salt-water Leakage. Where salt water must be used for circulating water 
in surface condensers, it is important that there should not be an excessive 
leaks?® into the condensed steam which is to be used for hoilor feed. Gland- 
less tubes with one floating tube sheet have been used successfully. If the 
hot-well water contains more than 1 percent of salt, it should nob be supplied 
to the boilers. The method of determuiing this percentage is as follows; 

Ten oc of tho condenser watw are measured out by a pipette, placed in a beaker, 
and two or three drops of potassium ebromaie solution added. A standard solution of 
sUvet niiiate n then added drop by drop from a burette, but only until the liquid in the 
beaker mamtains a faint pink color on agitating. Tho volume of 80vet nitrate solution 
used is then recorded. Ten cc of the sample of circulating aea water are now meas- 
ured out, 90 oc (hatiiled water added, mki^, and 10 w ot the murture taken. A few 
drops of the chromate solution are now added, and Ae silver nitrate added as before, 
the amount of the latter used being recorded. The amount of silver nilrnto used for 
the circulating water multiplied by 10 and divided into the amount used for the oon- 
deaser water and the quotient multipBed by IflO gives the percentage of sea-water 
leakage in the condenser water. The silver nitrate aolutioi usually used ia nmde up 
by dissolving 9.6 g silver nitrate in 2 liters (rf water. .This is of such, strength that 
1 cc 18 equiv&leat to 1 mg c4 cUorinc, Electrical-mistenoe recording indicators for 
Baltrwater leakage are available. 





HIGH-PMSSU&i! HEAT EXCHANGEES 

, , Y ri .. , by; ‘ " - ' ^ 

^ J. M. EABBEETON 

General. Heat exdiangei$ that operate at.ptesureS'Ugher than atmos- 
phoric present •problems' different from'those operating at lower than 'atmos- 
pheric pressures, -snch as condon^ffil' These high-pressure devices , are. used 
for transfei'ring heat from atcikni to ’water, as'in feed-water heaters; from 
water to water, as in drain coolers; from steam to oil, as in fuel-oil heaters; 
from oil to water, as in hbricating oil-coolers.-- -■ 


Drain Coolers. The amount of surface required for drain coolers can be 
determined by-using Eqs. (4), (5), (5a), and(6i),pp. 389, 391 to 393; ' These 
are generally shell ah'd tube or doublo pipe devices in which there is a definite 
velocity of water abow the'eritierf, turbuiect flow. An example' 
use of this inforiaatlon foDo-ws. ' 

Example. Assinne {Hat it is desired to design adni'a cooler to cool S.^OOlb per Hr 
water at 180 to 110 F nans 30.000 Ib per hr water vdiicff caters at 102 P. ' ' 

Tee in. O.D., No. 18 B.'W.G. tubing, Adminlty roctai. ' •» 1 . 


I.D. = 0.625 - 2(0.0«) • 0A27 
0.78M(0.527)> 

nr OMOISZS sq ft per tube 


Make velocity 5 fpa. 


0,001525 X 5 = 0.007625 cu ft per tube per see 
180 + 110 

Average temperature of water = — ^ 148 P. 0.016S3 cu ft ptr Ih at this 

tetaperature, ■ 


0,007625 X 3.600 
0.01633 


1,080 lb per hr per tube 


Arrange so (Hat water don outaido of tube Is at approximately the same velocity ae < 
the inside, it., 6 fpa.' 

P,*-> 

Hi = 160(1 +0.012J/)^ (6t) 


/ ® 140 S approxhnutciy. Tfine is to be ebeohed later. 


Aj — As 

I 

>a625 >{k527 


= 0.153 eq ft per it length 


*^0^27 

3,400 lb per hr (186 - 110) 
30,000 fb per hi 


1826 



jsd qi 
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MassvBte^,lb.ofoil per febe per hour 

Fig. 7^— Fuel-oil' friction irith %-m. O.D. tubing, No. 16 B.W.G. 


tBNOTES AED AUBAS OF PLANE FIGURES 
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draw a circle cutting 54 in B. Then draw a circle through A and B 'and 
touching one of the given circles (see preceding construction). This circle 
will touch the other given circle also. (Four solutions.) 

To Draw an Annulus Which Shall Contain a Given Number of Equal 
Contiguous Circles (Fig. 44). (An annuiue is a . 
ring-shaped area enclosed between two concentric 
circles.) Let JJ -h r and B — r be the inner and outer 
radii of the annulus, r being the radius of each of the 
n circles.- Then the, required rdation between these 
quanUties is' given by r = B an (ISff’/n), oir = Puj 44, 

(B -h r)[Bin (180Vu)]/[l 4- sin (lS0“/n)].' 

For methods of constructing ellipsos and other . curves, see pp. 
139-156. 

LENGTHS AND AREAS OF PLANE FIQTTSES 



Eight Triangle (Fig. 45). o’ -1-b* <= A 

Area = ah «= cot A ** Kh* tan A = )4c’ sin 2A. ■ 

Equilateral Triangle (Fig. 4C). Area «= Mi.’vT » 0.43301fl’. 


4 



Fio. 45. Fiq. 46. Pio. 47. 


Any T riangle (Fig. 47). 8 = H fo-l-h4-c). t = }i(mi'+ms -}-m,) 
r s\/ (fi a)(3 - [))(8 -. c)/« s radius inscribed circle ^ 

■ B = It a/ sin A MV sin B « Me/ rin C » radius circumscribed circle . 
Ares =M base X altitude a Mdi =Mo6 sin Cars =ohc/4B ' ' 

= V<(«-a)(i -6)(s-c) 

= r’ cot M A cot M fi cot aC = 21^ siu A sin £ sin C 
= ±M{(kij /2 221/1) -f- (ijyj -xtyt) +{x 3 yi - iij/j) | , where 

(21, Vi), (12, v:), (X5, ys) are co-ordinates of Vertices. See also p. 134. 


Fig. .48,' 


^$^£i7ZlEZ\ 


Fiq. 49. 


Fiq. 60. 


diagonal^!)7i)^f^■ between 

(Fig. 49). Area =a*EaQC = iiDiDj. [0 = angle between 
two adjacent sides; Di, Di = diagonals.] • . ’ 

Parahelogram (Fig. 50). Area = 5R «= ab sin C = MBiDj sin u. fn - 
angle between diagonals Di andllj;^* +Di* = 2(o’ +&’)]. 

f = )i(« + 6)i = miDt sin K [Ba.«s a anj 9 

are parallel-, u » angle between dmgonals 2)j and JDj.] , • - 
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Quadrilateral Inscribed in a Circle (I^. 62). Area = ViDiDi bIe u = 
\/(fi - o)(s - b)(s — ^ c)(« “ <0 = H{ac + btO^u; fi = )^(a + 6 + c +rf). 
Any Quadrilateral (Kg. 53). Area = sin u, 

Noth, o* + b’ + c* + ^ = IJi* + -Dr + Am*, wborc rn = distance between 
midpointa of Di and Dj. 



Fig. 52. Flo. 53. Fio. 54. Fig. 55. 


Circle. Area = irr* = J<Cr MCi » KirP »= 0.785398d2 (table, p. 80). 
Here r = radiua, cZ =» diam., C = circumference » 2?rr « ird (table, p. 28). 
Annulus (Fig. 64). Area = T(fP - ri) »= r(CP - d?)/i ® 2irF'b, where 


R' = mean radius = + r), and b = B - r. 

Sector (Fig. 65). Area = = irr’(A'360*) » 

rad A, where rad A » radian measure of angle 
A, and a = length of arc « f rad 4 (table, p. 44). 

Segment (Fig. 56). Area » (rad A - sin A) 
“ lilr(8 - c) + cb], where tad A = radian measure of 
angle A (table, pp. 34-^, 44). For email arcs, 
t «• H(8c' - c), where c' * chord of half the arc. 



Fio. 66. 



Fig. 67. 


(Huygens’s approximation.) Note, c »2VMd -A); 
c' m \/dh or d =“ c'^/h, where d = diamet^ of drclc! 

A str (1 - cos M). s = 2r rad HA. 

Ribbon bounded by two parallel curves (Kg. 57). 

If a straight line AB moves so that it is always per- 
pendicular to the path traced by its middle point (?, 
then the area of the ribbon or strip thus generated is equal to the length of 
AB times the length of the path traced by G. (It is assumed that the radius 
of curvature of G's path is never less than J4 AB, so that successive positions 
of the generating line will not inteiacct.) 

Simpson’s Rule (Kg. 58). Divide the 
given area into n panels (where n is some 
even number) by means of n + 1 parallel 
lines, called ordinates, drawn at constant dis- 
tance h apart; and denote the lengths of riiese 
ordinates by j/o, 1 / 1 , 1/5, , Vb. (Note that 

j/o or I/ft may bo zero.) Then 
Area = )5M(!/o + t/n) +4(i/i-f Vi+Vi. . .) 

+ 2({/:-}-j/ 4 + !/{. ■ .)], approx. The greater 
the number of divisions, the mote accurate the result. Note; Taking y 
- /(®)i where ,r varies from x = a to z = b, and A = (b — o) /n, then the 

error = — — where /""(X) is the value of the fourth de- 

■180 n* \ 

rivative.of /(s) for some (unknown) value x = X, between a and b. 



Fig. 58. 








Fig. 14. — Air ejectors and after condenser for double-effect system. (Cowr- 
tesy of Foster Wheder Corporaiion.) 

tank and finally join the drains from the distiller condenser. The vapor 
released in the second-effect coil drain flash tank, together with, the vapor 
from the shell of the second-effect evaporator, passes into the distiller con- 
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good practice to have twice as many tubes per pass in the first half of the 
total passes as in the last half. 

The curves in Figs. 4 to 8 \rili be used to determine the design of the fuel-oil 
heater. Their use is demonstrated by means of the follo^ving problem. 

Example. Itlsdearedtodesipi afud-mlhwtertoheat S.OOOlbperhrof Bunker C 
oil from 100 to 230 F by meansof 50 pg gage saturated steam and draining with noeub- 
cooling or at 298 F. 

The specific heat of fuel wl of this cliaraeter may be taken to be 0.48 over the jrac- 
tioal temperature range with very little introduction of error. The amount of heat 
reqiiired is 


(3, 0001(230 - 1001(0.48) 

187.000 Btu/hr 
911.6 Btu/lb 


187,000 Dtu/hr 
205lb/hrsteam 


A„ ‘ 


Io& 


lOgi-J 


Use Hdn. O.D.tubmg, Take velodty as 400 lb per tube per hr, average, Cr-4i(gee 
Fig. 4. 


Take eight paaees. Twotbirds of surface in Grat four passes; oce-tliird of surface in last 
four pauea. 

H X 37.4 = 25 sq It 

Sq ft area 

If 400 lb per hr is average vdodty H X 400 - 267 lb per hr in first four passes. 
a X 400 »• 534 lb per hr In last four passes. 


Tube length 


Total tubes 


I a — — 

, area 

number tubes X , t- 
tt tube 

Ib oil lb oil/hr X passes 
tuhes/hr total tubes 
3.000X4 


total tubes 

3,000 X 4 
2(57 


45 in first 4 passes 


There must be 48 to make an integral number of tubes per pass, or 6 tubes per pass. 

3.000 X 4 

TMs necessitates a velocity coirecUon. e = — — ■= 250 for first four passes, and 
600 for last four passes. 

U « 32 for » = 250 
n » 46 for a = 500 
32 + 46 

V = • — - — = 39 average 



1248 


HIGH-PRESSVBB BEAT EXCHANGERS 


denser. The distiliato joins the drains from .the, second-effect evaporator 
tube nest, and both are pumped through the tubes of the distillate cooler 
into the test tank by the d^U^e condensate pump. The air ejector removes 



tho noncoudensible gases from the disUJling condenser. The drains from the 
ejector after condenser join fhe druns from the first-effect evaporator tube 
nest and are returned to the ship's feed system. 



FVSlrOlL HBITS&S 


187.000 

X39.5 

Csltitaniin. . . , ,, 

Far scnvenionce, divide inio four s^oups. _^Eacb pass ctwld be worked out i( desirable. 


SqFt 

3st 2 passes 2 X 12 tabes X O.J6S6 X S.3S ft 12.1 

2d 2 passes 2 X 12 tubes X 0.1636 X 8.33 ft 13.1 

3d 2 passes 2X6 tubes X 0.1636 X 3.33 ft 6.8 

4f.h 2 possea 2X6 tabes X 0.1636 X 3.33 ft 

Total 33, < 


If li K tempejature of taJ jn and /» “ temperatute of oil out. then the foliowiuE expres- 
sion may be ysed fw determination of the temperature of the oil after having passed a 
pvos s»a: 

It « (< -F /«(! - C-) 

vhero " - “ oi]/hr){0.48) 

A ~ surface area 

U ■ heaMranafer coelhcient 

to ■ temperature difference of steam and entering oil 


To oosUnue with the problem in band. First two passes: 


(SjoooHOja) 

h = JOD* + imi - « J50F 

Second two passes: 

n a -0.391 (same as first two passes) . 

150 + 14811 -e<-« "0) ei87f 

Third two passeer 

(6.8)(46) 

^ ” {3,000)(0.48J “ 

h =. 187 + 111(1 - = 208 F 

Fourth two passes; 

» - -OJll 

b » 208 + 900 - = 225F 

The latter ralue should bo 230 F, wludi is as zsdieaiioit <rf the error to bo expected in 
this method of cslculatios. 

rnanyevent.theaveragetenperatartof {Jwtalia thefiffittwopasses is approximately 
125 F. In the curve (Fig, 8) it caa be etea that the absolute Tieeosity in eentipoises is 
420, In the cum (Fig. 6) it Is eeen that lor a tsIbo of » = 2W (the velocity in tbo firat 
fie mil J/feilos » spprovmately pai per It trarei Pmsars drop through 
the first two passes is ths^fore 0,65 X6.66 ft = 4.36 p® 

In similar maimer, throu^ the aaeond two passes the average temperature is — 
-WF. ■ ® 

Absolute visoosity s JJO eentipoises 
Wall fiictint = 0.10 
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Pressure drop through the secemd two passes is therefore O.IG X Q.66 = 1.07 pai. 

In amilar xnanaer, through the third two passes the average temperature ia 

.= 198 F. 

Abaoliite viacoaty = 58 cenUpobes 

Wall Iriction = 0.17, for p = 500 

Pressure drop through the third two passes ia therefore 
0.17 X 6.66 » 1.15 pa 

In similar manner, threugh tire fourtU pass the average temperature is 


208 4-225 
2 


Ahsotute viscosity s 40 eentipoises 
Wall friction « 0.14 


Pressure drop through loutlb two passes ia therefore ' 

0.14 X 6.66 =• 0.04 psi 

Total pressure drop b 446 + 1.07 + 1.15 + 0.94 « 7.5 psi 
Drop through end hoses is negligible. 

Oil Coolers. The aiaount of surface for oil coolers can be determlaed 
by calculating the water side as ouUiDcd on p. 1226 and by calculating the oil 
side by means of Fig. 3 on p. 394. p in centipoises can be determined from 
Fig. 8 but when used in connection wth Fig. 3 on p. 394 it must bo multiplied 
by 2.42. The spociAc heat of oil, Cp, cao be taken as 0.48. 

K = 0.065 Btu/(hr)(sqft)(degF)(ft) 

The over-all heat transfer, U, can be determined as demonstrated on p. 892, 
Evaporators. The purpose of evaporators is either to make fresh water 
from sea water or to evaporate the fresh water available on a ship and feed 
it into the feed system as vapor thus retaining almost all the heat that has 
been put into it. Small ships which do not use much fresh water usually are 
equipped with "single-effect” evaporators. Such systems evaporate the 
sea water in one shell, and the vapor therefrom b either used directly in the 
feed system or condensed and stored. Large ships and naval vessels which 
require a large amount ol'J'resfi water are equipped with '■'cfouhle-effect"’ or 
'■tviple-effeot” evaporators. In such systems, the vapor from the first 
evaporator, is led into a second evaporator and the heat therefrom used to 
evaporate still more water. If the vapor from the second evaporator is 
used to vaporize water in a third evaporator then it is said to be "triple- 
effect.'' It should be noted that Iba water is not double- nor triple-distilled. 

Figure 9 shows a "ringle-effect” eTOporator such as would be used on a 
small ship. This evaporator will produce 52,800 lb fresh water from sea 
water, in 24 hr. Evaporation taka place at 10 psi gage, and the motive 
steam pressure may vary from 100 to 220 pd gage. 

Feed water from the main condenser (urculating water discharge is gen- 
erally used for mailing fresh water. It enters the shell through the feed 
controller bcated on the side of the shell. The level of the water is main- 
tained constant by this device. 'Approximately ono-third of the water is 
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General. Tiie path traveled by the steam (or water) in any steam power 
plant is from boiler to turbine (or engine), thence to the condenser, nnd back 
to the boiler. This simple circuit requires a pump to force the water from 
the condenser to the boiler because of the higher pressure in the boiler. 
This is shown in Tig. 1. 

That part of the circuit which handles water and which is necessary to feed 
this water to the boiler so that the boiler will have sufficient—no more nor 
less— material from which to make the required amount of steam is known 
aa the feed system. 

It is obvious that tho only conditions under which the layout shown in 
Pig. 1 will operate succcssfuBy arc absolutely unvarying load and no leakage, 



I'lo. 1.— Basic feed system, 


If the load is decreased, tho feed pump will scavenge ail the water out of 
the condenser and put too much in the boiler, filling it completely so that there 
will be no space for steam nnd, there being no elastic or compressible gas, tho 
noncompressible water will burst the boiler or will flow into the turbine and 
destroy the blades. 

If the load is increased, the condenser will fill with water and the boiler 
will run dry and then explode when water docs reach it. 

The effect of leakage is obvious. 

Therefore, the scheme, as it stands, is impracticable, but it has two great 
advantages. All the heat ia the condenser water is saved and available. 
The system is completely closed, and there is no possibility of the boiler feed 
water becoming cOBlaminaied with oxygen which would cause boiler-tube 
corrosion, assuming that there is no leakage of air into the system at the 
condenser, the pressure of which is below that of atmosphere. We can, how- 
ever, render this system feaablc by complicating it slightly with additional 
apparatus. Figure 2 shows the layout with the necessary iteins added. 

These consist of a condensate pump, a surge or feed tank, a boiler-water- 
Icvol regulating valve, and a mems for adding water that may be lost by 
1250 
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. 9a. — Single-effect evaporator— elevation and plan. (Courtesy of Foster 
Wheeler Corpr^^jiion) 
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leakage. This latter water to be added is known as make-up feed. The 
boiler water level is controlled liw« by the regulator, and the variations of 
the water in the dreuit arc compensate for changes in the amount of water 
ia the surge tank. 

It will also be noticed that a separate dreuit for steam to drive auxiliancs 
is included, These auxiliaries, of course, include the turbines for driving 
the condensate and main feed pumps, or the auxiliaries may consist of a 
tiirhoelectric generator which furnishes power for the motors that drive the 
pumps. 

In the case of the scheme shown in Fig. 1 it could be supposed that the 
feed pump was driven by an extenaon on the trmia turbine shaft. 

The scheme show in Fig. 2 is practicable. In fact, many ships are on the 
high seas, as you read this, operating with just such a feed system. It will 
be noted that the make-up water is shown being fed into the condenser. This 
is done so that the air ejectors, induded among the nuxiliaries, may have a 
chance to remove some of the air brought in by the raw feed water. Another 



Fig. 2.— Practical open-feed s.vstem- 


reason is that no pump or pressure above atmospheric is required to inject 
make-up feed into the system., the lower pressure of the condenser permitting 
atmospheric pressure to force the water in. Often, however, the make-up 
feed is put into the open surge lank. 

This open surge tank places this system in the class of “open ’’ feed systems, 
It is the weak spot in this system because oxygen in the air will surely dis- 
solve in this water, and tliis corrosive solution will bo carried into the boiler. 

Deaeration. Attempts to obviate this trouble have resulted in the evolu- 
tion of various types of “dosed” feed systems. Obviously, since changes in 
load must be experienced, a surge tank or its equivalent should be incorpo- 
rated in the system. No air should enter U)is surge tank directly from the 
atmosphere. Since in various sectaons of the feed system pressures range 
from condenser pressure to slightly above full boiler pressure, wo have quite 
a choice of pressures at which to operate the surge tank. If it is placed in 
any part of the system at atmospheric pressure or below, it must be closed to 
atmosphere. However, it must also be vented at the top otherwise any air 
that might get into it, through leakage or in any other manner, would soon 
become bound at the top and evwitu^y reduce the capacity of the tank as 
well as dissolve in the water and nullify the effects sought. 
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j^(}_ 95, Single-effect evaporator — ^horizontal section and sectional elevation 

{Courtesy 0|f Foater 'Wheeler Corporation.) 


1252 


FEED STSTBXS 


The only way to vent such a would be into a portion of the system at 
lower pressure. Naturally^ the choice settles on the condenser, and this is 
often done. Figure S shows a popukr Eenerol tjT)C of closed feed system 
incorporating a surge tank operatii^ at lower than atmospheric pressure and 
Tented to the condenser. Naturally, better elimination of air would be 
accomplished if the water in the surge tank were boiling. Since the pressure 
in the tank is low, boiling will take place at low temperatures and the heat 
can be supplied by means of low-pressure steam. In the case of Fig. 3, this 
Bteam is part of the ediaust of auxiliary turbines which are designed to 
operate at rather high exhaust pressure, say 10 pa gage. All the heat in this 
exhaust steam is not lost but passes on to the boiler in the feed water. 

There is one portion of it, however, which is lost and that is one of the bad 
features of this system. Since the water in the surge tank is caused to boil, 
water vapor as well as air passes over to the condenser. The water vapor is 



pump 

Fio. 3.—Closed*feed system with deaerating surge tank below atmospheric 
pressure. 


condensed, and the air passes cut through the air ejectors. However, in the 
condensation of the water vapor, all the latent heat of vaporization, approxi- 
mately 1000 Btu per lb, goes out into the sea with the condenser circulating 
water and is lost forever. The object in the boiling is to get rid oi the air 
and entrain it with vapor passing over. The more the vapor, the better the 
air elimination but, by the same token, tho greater tho loss. 

Another undesirable feature is that the resistance to air and vapor flow 
between surge tank and condenser should be kept low. This means a 
very large pipe (or conduit) or an extremely short run or both. Often this is 
inconvenient. 

If the surge tank is placed in any part of the feed system nt higher than 
atmospheric pressure, the tank can he vented to atmosphere or to any pres- 
sure lower. The choice of venting points is practically limited to the atmos- 
phere or to the condenser. If to tho condenser, there is no point in going to a 
pressure higher than atmosphere for the surge tank, If to the atmosphere, 
there is no point in going to any pressure except one slightly higher than 
atmospheric. 
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coavetted into vapor 'whicli passes up through the baffled vapor outlet into 
the condenser. The remaining -water is dischargecl overboard as concentrated 
brine. 

Descaling, otherwise known as * tenporature cradang, snould bo per- 
formed every 24 hr. This consists in shutting off the steam and filling the 
shell with cold sea water. Then steam is suddenly admitted, and the rapid 
resultant expansion causes »ny scale to crack and fall off. 



Fig. 10.— Double-effect evaporator. Eeat-flow diagram under clean-tubo 
OA hr. cj Fo-iiv! Whttlct Cw5iwolioTi..> 


Access to the coils is gained by means of the door shown. 

Figures 10 to 10 show the demcn-te and flo-w cycle of a douWo-cffect evapo- 
rator capable of 167,000 lb fresh -water in 24 hr. 

Feed water from the sea chest is pumped into the shell of the distillate 
cooler by the distilling condenser circulating pump. It then passes through 
the tubes of the distilling condenser condensing section where it absorbs 
heat from the vapor in the shell. After passing through the condensing 
section, about 85 percent of the feed -water is pumped overboard. The 
remainder is picked up by the eva-poiatoc feed-pump suction and is further 
heated by being fed to the distiller condenser feed section, the air ejector 
after condenser, the fivsVeffect vapor heater, in that order, and finally entering 
the shell of the firstreffect evaporator. Part of the feed water will flash 
when it flo-ws from the first-effect c-vaporator shell into the second-effect 
evaporator shell because of the low pressures. Brine, from the second-effect 
evaporator shell, is pumped overboard by the brine overboard discharge 
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' A pressure slightly higher than atmospheric is the one usually- chosen when 
venting to the atmosphere (see Hg. 4). . 

For the reasons mentioned before, it is well to have the atmospheric surge 
tank boiling. However, if water vapor boils off, not only is, the heat lost 
as in the case of the surge tank venring to the condenser, but the valuable 
lost and tije engine rocan is filled with opaque fog and vaporwbich is 
both annoying and dangerous. . • , - , _ _ , 

The problem then resolves itself into getting rid of the air yet retaining 
the vapor. This is done by having this mixture of air and water vapor go 
through what is called a “vent condenser.” This is a nest of cooling tubes, 
the surface temperature of -whichtis considerably lower than -212 F. This 
cooling is usually accomplished by ruiming the feed water, which is on its 
way to the deaerating surge tank, first through the;coils of this vent condenser. 

Naturally, the water vapor will bc'condcosed and fall back.into the surge 
tank while, the air, which is noncondensable under such circumstances, will 



Fiq. 4.— Closed-feed system with deaerating surge tank above atmospheric 
pressure. 


pass on out. Usually, since it is not quite possible to obtain a perfect balance 
to the point where all the water vapor is condensed and all the air pa^es out 
of its Own volition, a duct or conduit is led from the vent condenser to some 
point outside the machinery space and connected with the ventilation exhaust 
or some similar system. Of course, the air is not dry, bo the feed system does 
lose a small amount of water in this manner. 

It should be borne in mind that all of the -latent heat of vaporization of the 
water boiled off with the air in the ^rge tank is saved aside from that small 
amount of water vapor leaving the yent condenser .with the air. This heat 
is transferred to the feed water entering the surge tank. Consequently, 
considering the vent condenser ag an integral part of the surge tank assembly, 
there is a more circulation of heat -within this assembly and none is, lost. 
This conception greatly simplifies- calculation of the heat balance of the 
complete system. . 

Pumps. Reference to -Fig. 1 -will disclose that only one pump is necessary. 
The suction of this pump will be at lower than condenser pressure whereas 
the discharge is somewhat greater than boiler idrum pressure; however, 
reference to Fig. 2 -will disclose two pomps in the feed line. <..The necessity 
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for the additional or ''condensate pump” is clear when it is realized that the 
open surge tank has atmospheric pressure on it and that this pressure would 
force all of the water back into the condenser. A similar condition easts 
in the caso of Fig. 3 where the surge tank, thougli not at atmospheric pressure, 
is still at higher than condenser pressure. The same is true of Fig. 4. 

In other words, in cases where tartnno exhaust is at lower than atmospheric 
pressure, at least two pumps are necessary in the feed line in any practical 
feed system. Sometimes an additiomd or “booster” pump is desirable as 
will be discussed later. 

In general, there should he at leaet one condensate pump for each con- 
denser except sometimes in the case of auuUary turbogenerator condensers. 
Since it must have a suction pressure approaching vacuum, it is invariably 
operated under submerged conditions M>d must be placed underneath the 
condenser it serves. On board ship this is sometimes difficult to do because 
the bottom of the condenser should also be placed low, it being under the 
main propulsion turbines, so as to keep the center of gravity of the total 
machinery weight low for stability reasons. In general, also, condensate 
pumps arc driven by an electric motor of simple and rugged construction 
such as that of a squirrd-cage induction motor if a-c power is available on 
the ship, otherwise by a d-c shunt motor. The discharge pressure may be 
anywhere from 20 to 75 psi gage. 

The feed booster pumps, when used, take water at a suction pressure about 
equal to that of condensate pump discharge. Tliey discharge at from 50 to 
100 pel gage. 

Main feed pumps take water at a suction pressure of anywhere from atmos- 
pheric to 75 psi gage and discharge at eomewhat higher than boiler-drum 
pressure. 

This may be a proper place to menUon that, if the suction pressure of the 
main feed pump is anywhere near the boiling point, corresponding to tempera- 
ture and pressure of the water entering, boding or vaporization is likely to 
occur and the pump will “cavitate" or vapor-lock. A margin of pressure 
should be assured here. To state this in another way, if the feed-water 
temperature enteriug the pump is high enough and its pressure is suddenly 
reduced, it will flash into steam. This steam has the same pressure, of 
course, and occupies the same space that water would have occupied. Its 
density, however, is relatively low and, when it finds its way into the passages 
at the entrance of the pump impeller, the centrifugal force, which is the basis 
of the discharge pressure, decreases greatly and the pump operates erratically 
if at all. 

The principal purpose of a feed booster punvp is to ensure a sufficiently 
high suction pressure on the man feed pump. For this reason, surge tanks 
at atmospheric pressure, whether deaerating or not, are usually placed at 
as high a point as practicable tO ensure pressure at the main feed-pump 
intake. 

Sometimes the main feed pump takes water from the last feed heater if 
there are several stages of feed-water heating, and discharges directly into 
the boiler. Under such circumstances the feed water would be quite hot, 
considerably above 212 F and, in that event, a booster feed pump is almost 
essential so that no point will be at a pressure so low as to permit vaporization 
or steam formation in the feed line. 

The actual specification as to capamty imd power required to drive will be 
taken up in more detail on p. 1282. 
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Heating. The main condenser in marine 'work is generally designed for 
operation at 1.5 in. Eg abs pressure. This pressure is somewhat higher than 
IS common in the best stationary or land pl^ts, but it should be remembered 
that space and weight on board sWp are at a great premium. Consequently 
the design is a compromise 'with all the factors having influence on the 
design according to their importance, as is the case in all good engineering. 

In the case of land installations, the CMidcnsers can be so built that there 
is very httle subcooling of the condensate below the temperature correspond- 
ing to condenser pressure and, consequently, less heat is required for feed- 
water heating. 

In the case of marine condensers, cramped space results in an unavoidable 
amount of subcooling. A reasonable figure to use as a basis for calculation 
and to specify is 5 F. 

The satoation temperature eoTrc8pon<hngto 1.5 m. Hg aba is 92F ; 5 F below 
this is 87 F; therefore it may he assumed that the lowest temperature of the 
feed water is 87 F and that the feed water must be raised to the final feed- 
water temperature from this value of 87 F. Tho value to be specified for 
final temperature 'will be discussed shortly. 

Naturally, all savings possible sliould be made concerning heat in the 
system, Any heat lost or thrown away must be supplied by fuel. 

There are many drains around a sliip which are hotter than 87 F. These 
come from air-eicctor condensers, gland leak-of! condensers, condensate from 
lower stage feed heaters, etc. TIte temperature of this mixture, which can 
be collected in a drain 'tank, might be from 175 to 200 F. If a coUecting 
tank is used, it should be vented either to atmosphere or to one of the con- 
densers, otherwise it will soon become mrbound and drains 'will not flow in. 

These drains, which, of course, consist of good clean, distilled water, can 
then be led to the condenser but should be taken via a beat exchanger gen- 
erally referred to a “drain cooler." On one »de of the surface would be the 
cool feed water from the condenser entering at about 87 F and on the other 
side would be tlie relatively hot drains entering at about 175 to 200 F. This 
passage through the drain cooler might ruse the feed water 5 to 20 F in 
temperature. 

However, it might be desirable to pass the feed water through tho air- 
ejector condensers first. 

Ail is. TOkiilwe. service y!i% tpudewawt Bhufl 

and are usually in two stages. The first-stage condenser ■will absorb all 
of the heat of the ejector motive steam plug about two-thirds of the heat of the 
water vapor carried over from tho main condenser less the heat of the drains 
lea-ving. The second-stage condeiKer -will absorb ah of the heat of the ejector 
motive eteam plus the other third of tho heat of the water vapor carried over 
from the main condenser (and continued to be carried over to the second 
stage} less the heat of the drains leavii^:. 

At full power, not more than 6 or 6 F will be picked up by the feed water 
in p^ing through the intercooler or ^tercooler, nor more than 10 or 12 F in 
PMsing through the combination. Consequently feed ■water at 110 F could 
still Well utilize the heat availaWe in a drain cooler. 

_ In general, passing the feed water through the air-ejector system first 
IS to be prefened. It is conducive to better lur-ejcctor action when the 
intercoolers and aftercoolers are ctJdcr. 

Up to the present time, the discuaaon has been on the basis of one main 
propulsion turbine exhausting to one condenser. In the .case of a four-screw 
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pump in sufacient quantity to maintjuii a maximum of iH thirty-seconds 

concentration. . . .1 i. e • 

The steam passes through a reducing valve, rcducmg the pressure to 5 psi 
r less, to the first-effect evaporator tube nest. The drains from the 


gage or I 



tube nest are returned to the feed system of the ship by the first-effect tube 
nest drain pump. 

Vapor, generated in the firstreffect evaporator shell, rises through a system 
of baffie plates and a separator to the vapor heater tubes in the upper half of 
the shell. This vapor then passes into the second-effect evaporator tube nest. 
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ship there 'ifould hefouractsof turIiiiies,'Con-<Je 0 setB, and air ejectors. They 
should then be considered as groups, each group acting as a unit of one turbine, 
and 80 on. ' ' . 

However, there will also be on the sMp electric turbogenerators. These 
will operate in groups or, at times, there may be only one turbogenerator 
operating, ■with tho main ptopuldoii secured or shut dovm as when in port. 
In that event the turbogenerators ae a little system within themselves and 
should be so considered. Therefore, it is' doinmon practice to run the con- 
densate from the turbogenerators or,' as some of the older marine people 
call them, the “dynamo condimseTs” through its own air-cjoctor system and 
then join it with the main or feed at a point just beyond the main afterc'obler. 

Often a connection is made between the exhaust of the turbogenerators 
and the main condensers. . Then, when at sea and the main condensers are 
in operation, the turbogenerator condensers can be secured together with 
condensate pumps ihd mr ejectors, and the turbogenerator turbine exhaust 
fed into the main condensers. This is an economical scheme but should be 
considered carefully before being adopted because of complication, weight, 
and apace of piping. 

From this point on to the boilers, there are two basic methods of applying 
heat to the feed water. One is to nse exhaust steam from the auxiliaries plus 
the heat from ^uch higb'pressure drains as the steam heating system, fueloil 
heating system, etc. The other is to use steam bled from the main turbines 
plus the heat from the high-pressure drains. In the latter case, the auxiliaries 
would bo driven by electric power, and tho electric generator turbines would 
exhaust to condensbrs. Consequently there would be no auxiliary exhaust 
steam available for feed heating. 

The former method will be considered first. It has already been mentioned 
and discussed to some extent. It is hardly practical to use more than one 
exhaust pressure on board ship because, if several exhaust pressures are used, 
there must be 'several exhaust-steam lines. Too much complication in ^o 
attempt to gain economy in marine steam instaUations is not justified and, 
since reliability and simplicity go hand in band to some extent, some economy 
must be sacrificed to obtain a reasonable degree of simplicity and low cost. 

Therefore, assuming that there will be but one exhaust pressure, tho value 
of this pressure can be determined rrfien the value of the feed-water tempera- 
ture at the entrance ,to the boiler (or econonuser) has been chosen. The 
saturation temperaturo* of the exhaust eteam. used for feed-water heating 
should be approamately 25 F greater than that of the feed-water final 
temperature. 

If a de^rating surge tank at slightly more than condenser pressure is 
used, such as shown in Tig. 3, the saturation or boiling temperature in this 
tank iHll be quite low, very dose to 100 F. Consequently, if this is the only 
place where heat is applied to the feed water, a very low feed-water tempera- 
ture will be the result or practically no feed-water beating at all. Tlds is 
une'cohorciical and unsatisfactory because littie or no use could bo made' 
of the exhaust steam from the auxiliary turbines. Therefore, under such 
circumstances, it would be.better to put a feed heater of the shell and tube'or 
surface ,type just ahead of tiie man feed pump or just after it. ' 

If i t is 'placed jusi ‘ahead of the mtui feed pump, it will probably be neces- 
sary to install a iced booster pump between the surge tank and the feed heater 
BO as to ensure high enough suction pressure at the main feed pump to avoid 
vaporization br 'cavitalion at this' pennt, as mentioned before; 
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BUipse {Pig. BS; see also p. 140), Area ol dlipso =* s-ab. Aroa ol Beaded 
BBgment ^ xy i-ab Ein'^ {a:/o). Length of perimeter of ellipse = ir(a + blAfi 
where A = [I + m = (a - b) /(a 4- b). 

Forj7i = 0.1 0.2 0,3 0.4 0.6 0.6 0.7 0.8 0,9 1.0 

1.002 1.010 1.023 1.040 1.064 1.092 1.127 1.108 1.21G 1.273 



Fia. 69. PiQ. GO. 


Hyperbola (Fig. GO; see also p. 144). In any hyperbola, shaded area 
A = ab loEf|^ eqmkteral hyperbola (a = b), area A ^ 

c2 8iuh->(i//o) = o’coalrK®/a). Portablesof hyperbolic functions, see p.GO. 
Here I and y are co'OrdlnatGS of point P. 

Parabola (Fig. 61; see also p. 138). Shaded area A = ?4c/j, In Kg. 62, 
length of arc 0? = s « }iPT •{• )ip log« cot Htt. Here c = any chord; p " 
lemi'latua tectum; FT « tangent atP. Note: OT = OW ■ s. 



Pro. 61. Fw. 62, 

Other Curves. For lengths and areas, sec pp. 147-156. 


SUBFACES AND 70L17MES OF SOLIDS 

Kegulat Priatsi (Kg. QiJ). Velvnwe - = Bh. LatwaV waa « 

nob = PL Hexen= number of rides; il= area of base;? « perimeter of base. 

Right Circular Cylinder (Kg. 64). Volume = 7rr-/i = PL Lateral 
area a 25rj-A = Ph. Here B ~ area of base; P = porimeter of base. 



63. Fig. 64. ’ Fio. 65. Fig. 66. 


Truncated Bight Circular Cylinder (Fig.’ 65). Volume == xr'/i = Bh. 
Lateral area = 2nh = Pk. Here h « mean bright = )5(bi ■\-h}); B= area 
of base; P = perimeter of base. . ' 




1U8 ELEMENTARY OBOMETaT AND MENSURATION 

\ Any Friam or Cylinder (Eg. 66). Vdnme =Bh = Nl. Lateral area 
= Ql- Here I = lengtli of &n demeat or lateral edge; B = area of base; N ^ 
area of normal section; Q = perimeter of aormal section. 

Any Truncated Prism or Cylinder (Fig. 67).' 'Volume = Nl. Lateral 
area = Qk. Hcrei = distancebetwefeaceutere of gravity of areas of the two 
bases; fe = distance between centers of gravity of perimetora of the two bases; 
N = area of normalBectjoii; Q = pcrimetorof'normal section. Foratnin- 
catodtrianguIarpriamwiUilaleraleidge3a,ii,c, i = i = \i{a -f-b + O' Note: 
I and k will always be parallel to the elements 


Special TTngula of a right circular cylinder. (Fig, 68.) . Volume ■ ^t^E, 
Lateral area 2rH. r s radius. (Upper surface is a semi-ellipse') 

Any Ungula of a right circular cylinder. (Figs. 69 and 70.) Volume « 
± cB)/(r ± c) * H(o(r* - M#*) ± r*ctad «j/(r ± c). Lateral area « 
HiTra ± cs)/(r ± c) = 2rif(a ± c rad «)/(r ± c). If base is greater (less) 
than a semicircle, use + (-) sign, r = radius of base; B •»' area of base; 

arc of base; u’= half the angle subtended by arc s at center; rad u « 
radian measure of angle -u (see table, p. 44). 

Hollow Cylinder (right i 

and circular). Volume “ jjft ( LA 

-r») 6) //ft 

» ffWfd + 6) = x/ibD' = /| \\ / Tl^ 

■Tthb (5 + r)» Here h « /kVA I |j| / \\ 

altitude; riJ?(d,Z)) » inner / 1 !|i\u ! ft lu I ^ V 

and outerradii (diameters); I j 'Mil \ 

b - thickness = B - r; /,'] 1 L ^ 

^^■“meandVam s=«^(cf + \| \J S4y C 

D) =D -b=d+b. M Jy \ jf V ^ 

Regular Pyramid (Fig. Eq. 71. Eo. 72. Fro. 73. 

71). Volume,'" H altitude 

X area of -base » Hbron. Lateral arra = )4 slant height X perimeter of 
base = }isan. Hctb t =» radius of in scribed circla; a = aido (of regular 
polygoi^);.n= number of ndes; s»Vr*+J»*. Vertex of pyramid directly 
above center of base. , 

Right Circular.. Cone.. Volume = J4vr*A Lateral • area ” ttts. Here 
T » radius of base; k = altitude; » » slant height = Vr* + b’. 

Frustum of Regular Pyramid (Eg.^ 72). 

Volume = i4bron[l + (b'/o)+ ( o^/“)*]-. 

Lateral area =» slant hei^t X half sum of perimeters of bases >* slant 
height X perimeter of mid-section = Ji»n{r + r'). Here r,r' •= radii 
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If it is placed just after toe maia feed pump, the leed heater is at Jull hoiler- 
dtum pressure, slightly higher, ia fact; this, though practicable, is obviously 
undesirable. Many ships, however, are in operation with feed heaters so 
placed. . . L, ' 

With this system there is a wide choice of feed temperatures available, _as 
high as 250 or 300 F with an exhaust pressure of possibly 75 psi gage. This, 
however, is unusual and the feed temperature is generally chosen at approxi- 
mately 215 or 220 F with an exhaust pressure of 10 psi gage, approximately. 

If a feed syatem incoTpoioting an atmospheric deaerating surge tank is 
chosen, the feed temperature, in the case of single-stage heating such as ia 
now being discussed, is fairly definitely fixed. 

Water boils at 212 F at atmospheric pressure. Therefore the actual 
temperature in tlie tank must be lugher owing to the higher pressure in the 
tank. Under no circumstances should it bo less than 213 F, for then no 
deaerating effect would exist. 

As mentioned before, as the mmn feed pump would take suction from this 
tank, and dischaigc to the boilers, the tank should be placed as high ns 
possible. 

It should bo borne in mind that, in the cose of fced-heatinB systems using 
exhaust steam from auxiliaries for feed heating, once the feed temperature ia 
decided upon, this fixes the exhaust pressure of the auxiliaries. This means 
that just enough exhaust steam, through very narrow limits, should be avail- 
able for tills feed heating and no more. If there is too little steam, the feed 
temperature will not be brought up to the proper point— considering deaera- 
tion, among other things. If there is too much exliaust steam, there will bo a 
wasteful boiling off of water in the case of a denorating surge tank and, in the 
case of a shell and tube feed heater, the exhaust steam will simply not con- 
dense and there will be a rise in exhaust pressure which will adversely affect 
auxiliary turbine performance. 

Therefore, the heat balance must bo carefully worked out to ensure just 
enough turbine-driven auxiliaries, the others being electrically driven, to 
fiirnish the proper amount of steam. 

If conditions of variable power rates exist caused by running nt various 
speeds under different circumstances, such as are encountered in the case of 
naval vessels, the problem is considerably complicated. Under such circum- 
stances, the only practical solution, from an economical viewpoint, is to 
select auxiUariis so that ttreto will be just enough steam under the most 
adverse condition and then feed the excess bock into the main propulsion 
tutbines at one of the lower stages under the other conditions. 

This is bad from a turbine sifindpoint for tiio reason that at various loads 
on the turbines, various pressures occur at a given stage, and there would 
therefore have to be sever^ feedback points on the turbine for a given exhaust 
pressure. Anotlier argument against it is that the largest, most expensive, 
most thfficuit to design from a mechamcal stress standpoint, part of the tur- 
bine is the low-pressure end. And, with this steam injected at low pressures, 
this undesirable situation is amplified. 

The other basic method of heating feed water, ve., by the use of steam 
bled from the turbines plus the heat from the high-pressure drains, is the 
more economical method and should be used whenever practically possible. 

_ The fvmdamental nature of tlus economy can be readily understood when 
it IS realized that the largest loss in the power plant is duo to the heat given 
up in the exhaust. This exhaust is at appioximatoly VIO F, and all the latent 
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iavoived. Saturated steam at higher temperatures is less deleterious than 
superheated steam. With the latter, the valrc scots deteriorate rapidly. 

HEAT BALANCE 

Suppose that it is desired to design or specify the propulsion macliincry 
for a ship having a displacement of 17,600 tons nnd requiring 8,600 shp; 
100 kw electrical power is required for purposes other than auxiliary equip- 
ment for propulsion; and 2,000 lb per hr desuperheated steam is required 
for evaporntora and reciprocating pumps. The electrical power for purposes 
other tlian propulsion is usually specified by the naval architect, wiiereas 
the steam consumption for the evapomtors and smnU pumps is calculated 
by the marine engineer. 

Assuming that 800 F total temperature of steam is satisfactory, reference 
to the MoUier diagram fFig. 2) will diBcloso that, without reheat, the opti- 
mum pressure to use is not far from 600 psia; t.e., with an exhaust pressure 
of 1.6 in. Hg abs. 

It may appear that this temperature and pressure arc arrived at rather 
quickly and without much investigation, but actual55' there is not much 
argument to it. Certainly the highest temperature should be used com- 
mensurate with the heat-withstanding qualiWes of the materials available. 
This is obvious from the Mollicr diagram. Also, the proper pressure is 
obvious from tlie diagram aside from tire argument for a higlier pressure to 
reduce pipe size and taking into account moisture in the exhaust steam which 
must be a limited amount (see p. 1266). 

Taking into account the pressure and temperature • drop from boiler- 
superheater outlet to turbine tlirottic, the boiler-superheater-outlot condition 
should be approximately 616 psia at 810 F; The drop through the supor- 
heater of the boiler should be approximately 25 jsi; therefore, the drum 
pressure should bo 640 psia. 

Some desuperheated steam will be necessary. K the drop through the 
desuperheater is considered negligible and 50 F of superheat remains (on 
average condition), tlie condition of the steam at the desuperheater outlet 
would be 615 psia, 639 F with an enthalpy of 1245.4 Btu per lb. 

Using the method outlined on p. 1103, a condition curve of steam through 
the turbine is obtained (see Fig. 2). 

Fv'IPUl’aIoiv TMThtTati The tannhinctl cffi.cicncy 

with gears of an 8,500-shp unit should bo approximately 7G percent (see 
Fig. 14, p. 1195) . Therefore the water rato (W.R,) should bo 


(isentropic drop)chirbme 

The isentropic drop from 600 paa, 800 F, to 1.5 in. Hg is 509.7 Btu per Ih, 
therefore, 

“ (6olw.r6) ' “ 

Total steam = 8,600 X 6.58 = 56,000 Ib/hr, no bleeding 

_ Turbogenerator Steam Consumption. Turbogenerators should be 
installed with sufficient capacity to obtain approximately 80 percent of full 
load when the ship :s operating at full power. The reason for tliis is to 
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boat of vaporizatioa of the steam being condensed in the coodeuser is tliroTrn 
away in warming up sea water. 

As was discussed in the case of using exhaust from the auxiliary turbines, 
practically all of the heat in the steam fed to auxiliary turbines is recovered 
in heating feed water. Instead of sea water carrying it away, feed water 
carries it to the boiler. 

By bleeding steam from the main propuHon turbines, an attempt is made 
to recover part of the heat fed in, which is ordinarily lost in exhaust (sec 
T'g.b). 

Obviously, if steam is hied from the turbines at a given pressure, the maxi- 
mum temperature to which feed water can be heated is the saturation tem- 
perature corresponding to that pressure. Also, .Tssuming for the sake of 
simplicity, a shell and tube type of heater with bled steam condensing in the 
shell, the maximum amount of steam that will flow out of the turbine and be 



condensed is that amount sufficient to beat the feed water to the saturation 
temperature. 

Naturally, the greatest economy will occur when the maximum amount 
of steam is diverted from the heat-wastii^ condenser and, as seen above, this 
amount is limited. 

Assume that a certain amount of steam has been condensed in the con- 
denser and assume that, at a pressure point only slightly higher than con- 
denser pressure, steam is bled and used for heating this condensate from the 
condenser up to a temperature corresponding to the bled pressure. Assume 
further that the condensed steam that was bled is mixed uith the water from 
the condenser, ail now at the same temperature. 

This bled steam has been completely useful. Its available energy has been 
applied to the turbine, and a certain percentage of mechanical energy, 
depending upon the efficiency of the turluae and gearing, has been trans- 
mitted to the propeller. The remaining heat has been utilized for a purpose 
for which otherwise fuel would have '^d to be supplied. True, the heat 
involved has been small because it was possible to raise the temperature of the 
feed water only slightly, bnttbe gain was definite and positive. 
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permit the adding of more dectrical load (^tef the ship has been in service) 
in the way of ventilating motors, etc., without the necessity of starting up 
another generator. 

Assume, as a basis lor prelimmary osculation, that 175 kw will be neces- 
sary for auxiliary equlpmoit for piopulaon. Tbia will be verified later, 

175 + 100 = 275 kw operating load. Install two 350-kw d-c generators. 
One to operate at 278 kw. The combined efficiency of a 350-kw turbo- 
generator should be approximately 53.5 percent (see Fig. 25, p. 1204). 
Therefore the water rate should be 


(isentropie diop)eturi.cteB6i&iot 


Using the same throlUe-steam conditions and exhaust pressure as in the 
case of the main turbines, the isentropie drop would be 509.7 Btu per Ib. 
Therefore, 


WR. 

(509.7)(0,535) 


13.55 IbAwht 


at Ml load. Taking the efficiency at 80 percent load to bo 95 percent as good, 
tho fractional-load water rate should be 12.55/0.96 = 13.2 Ib/kwhi. The 
total steam consumption should, therefore, be 

275 kw X 13.2 Ib/kwhr = 3,630 Ib/hr 


Air-ejector Steain Consumption. Refer to curve, Fig. 11, p. 1225. In 
the case of regenerative feed-water beating with three stages, approximately 
90 percent of the throttle steam, no deeding, goes to the condenser, Thsre- 
fore, the steam to the main condenser would ^ approximately 

0.90 X 56,000 = 50,400 lb per hr (To be checked later) 

240 lb per hr steam to main ejectors 

140 lb per hr steam to turbogenerator ejectors 


Feed-water Temperature. As demonstrated on p. 1252, the tempera- 
ture of the feed water in the deaerating feed heater corresponda to the pres- 
sure in that heater. It is not necessary that the pressure be greater than 
sufficient to drive the air out. Probably 10 psi gage or 25 psia is a fair value 
to use in calculations. This would correspond to a temperature of 240 F, 
the temperature of tho feed water leaving the deaerating heater. 

Since the turbine exhaust temperature is 02 F (corresponding to 1.5 in. Eg 
with no subcooling) and ance the aaturataon temperature at 600 psia is 486 F, 
486 — 92 = 394 F is the maximum possible rise in feed water through the 
three heaters. Referring again to p. 1263, it is seen that the optimum rise 
should be approximately 

40 + 8 X 3 = 64 % of the maximum rise 
or 0,64 X 394 F = 252 F, actual rise 

252 -b 92 = 344F 


call it 245 F for the final feed-water temperature. This corresponds to 
126 psia. To care for some temperature and pressure drop the steam should 
be bled from the turbine at approximately 20 psi higher pressure or 145 psia. 
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Nov suppose that more steam is bled at a point slightly higher and the 
process' repeated. A further srasdl saving would result. Suppose^ this 
process to he repeated and repeated at small increments of pressure until the 
maximum Weeding pressure posaWe » Teached. This maximum pressuvo 
13 the throttle pressure of the turbine. 



Fig. 6 ,— Deaerating feed^water heater and vent condenser. {Courtesy of 
Miott Company.) 

If an infinite number of bleeding pressures and heaters is used, each one 
to bring the feed-water temperature up to the saturation temperature at that 
point, the maximum economy 'will be realised. 

This can be readily seen to be true when viewed from the standpoint that 
under such conditions the maximum amount of steam is permitted to pass 
through the turbine and only the latent heat of vaporizatioii of the bled steam 
is required for feed heating, yet all the steam that it is possible to use for tliis 
purpose has been used, 
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If there is 5 F 'subcooling ia the msun coadcMcr, this being a fair figure to 
use, the nctual temperature of the condensate leaving the condenser should 
be approximately 92 — , 5 = 87 F. 

In going from the condenser to the deaerating feed heater at 240 F there 
is a temperature rise of 240 - 87 = 153 F. Assume that half of this is 
accomphshed in the first-stage heater, then 

15^-V87 = 163.5Fotl64F 

should be the temperature of the feed ivatcr leaving the first-stage heater. 
As this corresponds to 5.25 psia, the bleeding pressure should be made 
10 psia to care for the drops. The bleed pressures at the turbine as u-ell 
as the feed-water temperatures and enthalpies leaving the various heaters 
are shown on the accompanying table. It is assumed that loss of enthalpy 
in going fiom the turbine to the heater in each case is negligible. 


Stage ' 

Feed temp, 
deg P 

Enthalpy 

Btu per lb 

Bleed pressure, 

' psia 

let 

1 « • 

132 

ID 

24 1 


m 

55 

•8d 

545 

1 

316 

145 


The major part of the condensate gobig through tlm first-stago heater 
ia made up of mala turbine and turbogenerator steam (see Fig. X). Thero- 
fore, using an estimate of the amount of steam to be bled for first-stage, 
heating can be obtained. 


50,400 Ib/hr, main turbines 

3,030 tb/hr, lurbogencratOTS 

54,030 Ib/hr 

Enthalpy of condensate leaving the two condensers at 87 F is 55 Btu per lb. 


54,030 Ib/hr ,(132 - 55) = 4;160,000 Btu/hr to bo supplied. 

As previously mentioned, the wr ejectors should use 380 lb per hr and, if 
the single-stage gland leak-off ejector takes 70 lb per hr, whicii is a reasonable 
figure, the total air-ejector ^iim would bo 380 + 70 = 450 Ib per hr. Each 
pound of this steam is good for approximately 1000 Btu per lb. The total 
is, therefore, good for 450 X 1000 » 450,000 Btu per hr. 


4,160.000 - 450,000 = 3,710,000 Btu/hr 
Referring to, the condition cum ol the tutbine (Fig., 2), it is seen that the 
enthalpy of tho steam bled for the first-stage heater at 10 psia is 1123 Btu 
lofi drain leaves at an ontlialpy corresponding to 5 psia 

or ip Btu per lb, then the beat transferred will be 1123 - 130 = 993 Btu 
per lb. 


8,710,000 Btu/hr 
• 993 Btu/lb'.. 


3,740 IbAr 
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All feed water goes through tho deaerating feed heater, and the additional 
feed from the various amdliaries averages up approximately to aa enthalpy 
corresponding to the temperature of tho feed leaving the heater; conse- 
quently, in raising from 164 to 240 F there is required 

(54,0301b/hr)(208 -132) =» 4,110,000 Btu/hr 

Eeferring to the condition curve of the turbine (Fig. 2), it is seen that tho 
enthalpy of the steam hied for tbe deaerating feed heater at SSpsiais 1195 Btu 
per lb. This steam leaves as feed water at 208 Btu per lb. Therefore there 
is a transfer of 1195 - 208 =* 987 Btu per lb. 


4,110,000 Btu/hr 
987 Btu/lb 


= 4,170 lb hr 


to be bled for the deaerating heater or second ^age. 

Ordinarily, in this class of ship, tho steam for all purposes is approximately 
30 or 40 percent more than the main turbine steam to condenser. Assuma 
it is 40 percent. 

1.4 X 50,400 = 70,500 Ib/hr 

This leaves the deaerating heater at 208 Btu per lb and is raised to 316 Btu 
per lb in the third-stage heater. Referring to the condition curve of the 
turbine (Fig. 2), it is seen that the enthalpy of the steam bled for the third- 
Btage heater at U5 paia is 1205 Btu per lb. Assume that the drain leaves 
at an enthalpy corresponding to 130 psia or 319 Btu per lb. Then the heat 
transferred will be 1295 - 319 = 976 Btu/lb. 


(70,500 Ib/hr) (316 - 208) 
976 Btu/lb 


= 7.780 Ib/hr 


to bo bled for the third-stage heater. 

With these estimated values of bled steam, turbine throttle steam can be 
calculated. 

Extiactioix or Bleeding. Figure 3 shows the "coudititm cutvo" of a 
turWne on a Mollier diagram. The point a is the throttle condition, and the 
path die is the isentrofac path, or the path followed under conditions of 
100 percent internal efficiency of tho turbine. Actually, tho path will bo 
a5'e". The available energy is, of course, fc« - ke. But if steam is extracted 
or bled Iroiu the turbine at the pressure indieated by the pressure curve 
bi>'. then the available energy remaining in this bled steam would be h- —Ku 
and this is lost in so far as turbme work output is concerned. 

If riV = weight of steam bled at 6', toi = weight of throttle steam required 
to perform the remaining work, toy would have done if it had not been bled. 
Then 

tv(ky — he') = we(k« — he) 

This is on the basis that the internal effidency of the complete turbine is 
equal to the internal effidency of that section from {»' to c". This, of course, 
is not strictly true, owing to the reheat differing (see p. 1192), but it is suffi- 
ciently close for all practical purposes. The extra work and calculation in 
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correction for this small diSerence are aot ju8ti6ed. Therefore, 


h‘ — 

ha -he 


nv *= 


or the steam t<> be added at the throttle, ■when, w is bled, in order to maintain 
the same power output. 

laduetvOTi or Feeding Bach. If, on the other hand, there is excess 
steam of lo-wer than throttle pressure that must bo disposed of and the con- 
dition of this steam is as indicated by 6' and if 
uv = weight of steam feed into turhnno under condition b' 
iDi = weight of throttle steam requited to perform the work that m' 
amount of steam would perform 


then 

therefore, 


w{h - he-) = wi(Att - M 


— he" 
ha -h 


tH- 


101 


or the steam saved at the throttle when mamtaimng the same power output 



s s s s 


ial tb) (c) (d) 

Fw, 3,— and voAvsth^ (.Cefiding baclti oi sAjiam irow\ 
and into turbines. 

Id either extraction or induction tho term {h^ — he) /{ha - he) is known 
as tlic replacement factor. 

It should be carefully noted that •when steam Is bled from a turbine it 
may come out superheated, saturated, or -wet, depending on tho stage from 
which it is bled. However, when atcani la indwtftd, it is usually saturated 
and may be superheated but should never bo wet. In any event, it is highly 
improbable that the inducted steam 'mil be of exactly the same character 
as that in tho stage being entered. In Kg- 3b, c, and d, note the various 
arcumstances that may exist in inducting or feeding back at a given pressure. 
Note that the condition in a stage maybe superior or inferior to t)m condition 
of the steam coming in but that, in any event, the isentropic drop from h', 
properly located, must be used as denumstrated above. 

Steam to the Main Condenser. Bcferring to tho condition curve 
trig 2) , the roplacemcut factor for tho first bleed point or that for tho first- 
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To obtain a better conception, the two extremes and a medium point of [ 
bleeding will be considered. [ 

Suppose that steam is bled from the turlnnc at throttle pressure and at ; 

this point only. Tliia steam is used to heat feed water to the temperature ! 

corresponding to tliia pressure. At this point, the bled steam contains ! 

considerable available energy which could be converted to mechanical i 

energy. This Irigh-grade steam is need to do, to a largo extent, a low-grade 
job, i.e., to bring low-temperature feed water up to a high temperature when ‘ 
a low-pressure, low-grade steam could bring the temperature part of the ' 
way up just as well. This low-grade steam is what is left after the higli-grado 
steam has been used to obtain some mechanical energy. 

Obviously, this is not so economical ns in the case of an infinite number of 
bleed points and heaters. 

Suppose that steam is bled from the turbine at exhaust pressure. Of 
course, that is merely omvcntaonal operation and all the latent heat of 
vaporization of all the steam is lost in the condenser and that is not at all 
economical. It is what we are trying to avoid. 

Suppose that steam is bled from the turbine at a point midway between 
throttle and exhaust. This is certainly better than bleeding at throttle 
pressure because some of the available energy of the bled steam has been 
converted to mechanical energy, and it is certainly bettor than no bleeding 
at all because some of the latent heat of vaporisation has been salvaged. 

But it is not so economical as using an infinite number of beaters. 

Therefore, It follows that tiie more the bleed points or stages of heating, the 
better the economy. 

Naturally, it is impossible to install an infinite number of stages of heating 
on board ship. It would be impossible to have more stages of heating than 
there are pressure stages iu the turbine and this is far too many for practical 
purposes. The maximum number that is, at present, acceptable to most ship 
operators is three, and it has been generally found that equal increments of 
feed-water temperature are best for economy. But this cannot always be 
exactly realized in marine installations because the construction of the tur- 
bines influence, bleeding pressures and the middle-stage temperature is fixed 
by the deaerating surge tank. 

The foregoing discussion has made no mention of losses, but there are, of 
course, losses. In the first place, since an infinite number of heaters is not 
used there is some loss due to using relatively high-tompcrature steam to bring 
relatively low-temperature water up to approximately the steam temperature. 

Also, there is a drop in pressure between the turbine and the heaters as well 
as a differential in temperature between steam and water in shell and tube 
heaters. In the second place, tliere is loss of heat due to heat transfer to the 
outside atmosphere from the various heaters and piping. 

There are, on the other hand, vaiicraa attendant advantages which are 
very important. (1) The iurlrae bla^g design becomes more rugged 
owing to the fact that the greater amount of steam passes through the upper, 
smaller, high-pressure stages. (2) He ^ and cost of the turbine exhaust 
shell become less for a given capadty. 0) The sUeand cost of the condenser 
decrease, 

The best feed-water temperature has been the subject of considerable 
study. Obviously, the Brealer the number of heaters, the greater the 
optimum feed-water temperature. As already demonstrated, for an infinite 
number of heaters, the optimum temperature is the saturation temperature 
of the throttle steam, or the highest temperature it is possible to reach. 
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stage heater would be 


hy -ht! _ 1,123 - 965 


ha ~ht 


509.7 


For the second bleed point or second-stage heater, the replacement factor 
would bo 


hy 

^ he 


1,195 - 948 
509.7 


= 0,485 


For tho third bleed point f 
would be 

hy ~~ hf 

ho —hf 


third-stage hoator, the replacement factor 


1,295 - 926 
509.7 


= 0.725 


A table can now be made lihe the accompanying. 


Heater 

Bled steam, 
lb per hr 

Replacement 

factor 

Steam added, 
lb per hr 


3.740 

0,311 

1.162 


4.170 

0 455 

2.020 


7.7«0 

0 725 

5.650 

Total bled ^ 

15.690 

To be added 

8.832 


Throttle steam = 56,000 + m2 = 64,SS2 Ib/hr 
To condenser * 64,832 - 15,690 = 49,142 Ib/hr 

(This is within 2 percent of the estimated condensate used to estimate amount 
of bleeding. This is close enough for tho preliminaiy work now being done.) 
A preliminary steam summary can now be made 

PRELIMINARY STEAM SUMMARY 


Lb per hr 

Main propulrion turbines 64,832 

Turbogenerators 3,630 

Total superheated steam 68,462 

Evaporators and reciproeating; pumps 2,000 

Air ejectors 450 

Total desuperheated steam ,2,450 

Totsl .steam, all purposes 70,912 


This is sufficiently close to tho 70,500 !b per hr used to estimate the bleeding 
of the turbine. ' 

The heat balance will now be calculated. Refer to the steam Sow diagram . 
(Fig. 1) and start at the turbogenerator. 

From the turbogenerator condenser, assume 10 lb, per hr gland leak-off 
steam from all turbine bearings. 

When operating at 8,500 shp, have all drains from the atmospheric drain 
tank enter the drain coeder. 
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Of course, the quantity or value really under consideration is the temper, 
ature rise because the bled steam really raises tim temperature above tliat 
of condensate temperature. An empirical expre^ion which may bo used to 
obtain a first estimate of the optimum temperature is as follows: 

Temperature rise of feed water in percent of maximum possible rise 

s= 40 ■}- 8 (number of heaters) 

When the final temperature has been determined in this manner, it may 
he well to work out a couple of temporatUTes on cither side to see if there is 
any change in economy. However, the efficiency curve at the optimum 
point is quite flat and there con be considerable change in temperature with 
very little change in economy. 

The amount to be bled and the effect on turbine throttle steam value are 
also taken up on p. 1272, 

It is not always practical to use Uiis most economical scheme. Obviously, 
for certain bleeding pressures, it is set for a ccrtnln load on the turbines, 
normally the designed cruising speed of the ship. If the load on the turbines 
is changed to any extent, the pressures in tho various stages will change 
and the corresponding temperatures of the bled steam to the various heaters 
will be entirely different. This will result in tho system's being out of adjust* 
ment and a loss of economy. 

It is not practical to have a multiplicity of bleeding points on a turbine 
and to change from one to tho other quickly. 

In the case of most naval vessels, maneuverability is important, and this 
involves wide changes in load. In such cases it may bo best to have most 
auxiliary units steam-driven and have one bleed point on tho turbine, this 
at auxiliary exhaust pressure; then steam can cither be bled from or fed back 
in at this point when there is not enough or too much auxiliary exhaust 
for feed heating. In other words, economy must sometimes bo sacrificed 
for flexibility. 

In the case of destroyers, the cruising speed at which tho ship operates 
more than 90 percent of tho time requires power less than 10 percent of that 
required at full speed. In such case, it might bo best to have a special cruising 
turbine and use bled steam for feed heating, driving tho small cruising 
auxiliaries electricaliy; then for powers above this, steam-driven auxiliaries 
with their attendant flexibility could he used and their exhaust used for feed 
heating. In short, there would be two systems on one ship, ono of less than 
10 percent the capacity of tho other. 
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“Carry-over," or water in the air removed by air ejectors, can generally be 
taken as 0.00002 times tho steam eondensed. Also it can be assumed that 
70 percent of this carry-over is condensed in the intercooler and the other 
30 percent in the aftcrcooler. 

0.00002 X 3,630 = 0.0726 Ib/br (negligible) 

Turbogenerator intercooler drain = 70 Ib/hr 
Total condensate from turbogenerator condenser = 3,030 + 70 = 3.700 
Ib/hr, At 1.5 in. Hg, 

Temperature = 92 — 5 = 87 F 
Enthalpy = 55 BtuAb 

Total heat leaving turbogenerator condenser « 3,700 X 66 Btu/lb 

= 203,500 Btu/lir 

Gland Leak-off Condenser. Assume drains at 209 F or 177 Btu per lb, 
10 lb per hr steam at atmospheric pressure. 


10 Ib/hr X 1160 Btii/lb 11.500 Btu/hr 

10 Ib/hr X 177 Btu/lb 1,770 

Heat transferred 9.730 Btu/hr 

Heat leaviog turbogenerator 203,600 

Total heat leaving condenser 213,230 Btu/hr 


213,230 BtuAr t- 

^ — = 57.7 Btu/lb Or 90 F 

3,700 Ib/hr ^ 

Turbogenerator Intercooler. Tho temperature of the leaving drains is 
approximately 121 F or at 89 Btu per Ib. 


701b/hrX 1246,4 Btu/lb 87,200 Btu/hr 

701b/iir X 89 Btu/lb C.230 

Heat transferred 80,970 Btu/hr 

In condensate 213.230 

In condensate leaving 294,200 Btu/hr 


Drain to turbogenerator condenser. 

Turbogenerator Aftercooler. Tho temperature of tho leaving drains 
is approximately 209 F or at 177 Btu per lb. There arc two ejectors blovdng 
into this condenser: the gland leak-off ejector, and the second stage of the 
turbogenerator ejection system, each at 70 lb per hr. 


70 Ib/hr X 1245.4 Btu/lb 87,200 Btu/hr 

70 Ib/hr X 1246.4 Btu/lb 87,200 

Entering 174,400 Btu/hr 

140 Ib/hr X 177 Btu/lb 24,800 

Transferred 149,000 Btu/hr 

In oondensatc.,.. 294,200 

In condensate leaving 443,800 Btu/hr 


443,800 Btu/hr 

TWVET "‘“Bta/Iborl 62 P 

Drain to atmospheric drain tank. 

Atmospheric Drain Tank. “Carry-over" from main condenser, 
0.00002 X 49,142 Ib^r = 0.98 Ib/hr 



HEAT BALANCE AND SIZES OF AUXILIARIES 

BY , 

J. M. LABBERTON 


STEAM PRESSURE AND SUPERHEAT 

Steam pressure and steam temperature should be chosen to obtain the 
greatest amount oi available enei^ from steam, the available energy being 
defined as that energy useful to tho turbine or isentropic heat drop. Refer- 
ence to the typical steam MoUier digram (Fig. 2) will disclose that the 
available energy increases as the temperature increases, throttle pressure and 
exhaust pressure being bdd constant. However, there is a limit to the 
temperature duo to the materials available for use in the upper stages of the 
turbine. At present this limit is practically about 1000 F, but much develop- 
mental work is being done, especially in view of the gas turbine (see p. 1205) , 
and it is probable that the practical temperature ndll be raised considerably 
in the near futuro. The Mollier diagram, on the other hand, discloses that,' 
although the available energy does increase as the pressure increases, this 
increase docs not amount to much after 600 psia is passed, provided tempera^ 
ture and exhaust pressure are held constant Consequently there is little 
to bo gained by increasing the pressure above 600 psia if available energy is 
the only consideration. 

Since steam volume decreases almost directly with pressure increase, 
temperature being held constant, there is some argument involving the size 
of liigli-pTessure piping in favor of a pressure higlier than 600 psia. The 
smaller this piping, temperature being held constant, the easier is the problem 
of pipe stresses. The maximum pressure without reheat should probably be 
860 to 900 psia. 

In the event that reheating of the st'Cain, alter it has passed through a 
portion of the turbine (see p. 1202), is’contemplated, then the pressure should 
be increased to not less than 1,200 psia, otherwUo the volumes of steam 
involved during reheating wiU be so large as to be impractical. 

As to exhaust pressure, when space, wright, and economy are considered, 
1.5 in. Hg abs seems to be the optimum pressure at the present time. This 
permits a condenser of good reasonable design. 

FEED SYSTEM 

As demonstrated on pp. 1258 to 1263, there is little argument in favor of 
any feed system other than the regenerative ^tem, except in cases where a 
ship must be run continuously at several widely different speeds, as in the case 
of naval vessels. 

A steam-flow diagram, such as that shown in Fig. 1, is a practical one and 
can be modified to include more or less stages of feed-water heating or to 
eliminate or add drain coolers, etc., as may be desirable from an economical 
or simplification standpoint. Calculations will show how much is to be 
aaved at various points by the units under conaidatation. 

It will be noted that the diagramincludes a "contaminated” water system. 
This permits a small separate system to take care of water that might become 
contaminated with oil or other substances injurious to the boilers or other 
parts of the main system. As diown, this small system feeds the fuel-oil 
12M 
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Cal! it 1 lb per hr. Although this is diTjded 70 and 30 percent in the inler- 
and aftercoolers, in order to avoid dealing in fractions of a pound, assume 
that all of this carry-over is condensed in the intercooler. Therefore, tho 
only drain from the main aftercooler is due to the motive steam of the air 
ejector. 

Main aftcrcooler 120 Ib/hr X 177 Btu/lh = 21 , 240 Btu/hr 

Turbogenerator aftereooler... 140 Ib/hr X 177 Btii/lb = 24,780 

Glandkak-off JO Ib/hr X 177 Btu/lb « 1,770 

270 Ib/hr 47,790 Btu/hr 

Drain Cooler. From lirst-stage feed-water heater at 5 psia (assuming 
pressure drop in coming from bleed point on turbine), 162 F or 130 Btu 
per lb. 

3740 IbAr X 130 Btu/lb 486.000 Btu/hr 
270 Ib/hr X 177 Bta/lb » 47,790 

40101b/hr 533,790 Btu/hr 

- “3 Bta/lb or 185 P eotermB. 

4,010 Ib/hr 

These drain coolers are usually designed with sufficient surface to result 
in a leaving drain temperature of 110 F or 78 Btu per lb. 

133 - 78 = 65 Btu/lb heat transferred 
Total transfer = 4010 Ib/ltr X 05 Btu/lb * 260,500 Btu/hr 
This transferred lieat will be applied to the combined condensates of the 
turbogenerator condenser and main condenser. Calculations for the latter 
follow. 

From Main Condenser. 

Lb per Hr 


Main propulsion turbines 49,142 

Gland leak'Off -10 

Drain cooler 4,010 

Main intercooler 121 

Through air ejectors - 1 


Entering main condensate pump 53,262 

Assuming some subcooling as in the case of the turbogenerator condenser, 
the condensate is at 55 Btu per lb. 

Heat leaving = 53,262 Ib/hr X 55 Btu/lb = 2,930,000 Btu/hr 
Main Intercoolers. 121 F dram leaving, 89 Btu per lb. 

120 Ib/hr X 1245.4 Btu/lb. 

_Jlb/hrXll02 Btu/lb... 

121 Ib/hr 

121 Ib/hr X 89 Btu/lb 

Heat transferred 

In condensate 

In condensate leaving. . . . 


149,600 BtuAr 
1,102 

150,702 Btu/hr 
10,780 

139,922 Btu/hr 
2,930,000 
3.069,022 BtuAr 


3,069,922 Btu/hr 
53,262 Ib/hr 


= 57.6 Btu/lb or 90 F 


Drain to main condenser. 





-Stsnm aad feed flow dieeram. Cloeed roBoneratiTO system with three stages of feed-water hoatins. 
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Main Aftercooler. 209 F drain leaving, 177 Btu per lb. 

]201b/hr X 1245,4 149,600 Btu/hr 

12 Cllb/hr X mBWlb 21,240 

Heat transferred • ■ 128,360 Btu/hr 

]n condensate — 3,069,922 

In condensate leaving 3,198,282 Btu/hr 

= 60 Btu/lb or 92 r 

53,262 Ib/hr 

Combmation of Condensates. 

53,262 IbAir at 3.198,282 Btu/hr 

3,700 Ib/lir at 443,800 

56,962 Ib/hr at 3,042,082 Btu/hr 

3,642,082 Btu/hr 


56,962 Ib/hr 


• = 64 Btu/lb or 96 F 


This enters the cold side of tho drain cooler. 
Drain Cooler. 


In condensate 

Transferred in cooler, 
56,062 Ib/hr at, , 


3.0^2,083 Btu/b 
260,500 

3,902,582 Btu/hr 


3,902,582 BtnAr 

50,962 Ib/hr 


= 68.8 Btu/lborlOlF 


Fiist'Stage Heater. 


Enthalpy of steam entering healer 1123 Btu/lb 

Enthalpy of drain leaving 130 

Transferred per Ih 993 Btu/Ib 


3,740 IbAr X 993 Btu/lb « 3,710,000 Bln/Ur 

In condensate 3,002,582 

In condensate leaving 7,612,682 Btu/hr 


7,612,582 Btu/lir 
56,952 Ib/hr 


134 Btu/lb or 166 F 


164 F was the temperature sought for this stage. 

Deaerating Peed Heater and Vent Condenser. A total of 4,170 lb 
per hr is to be bled from the main turbines at 1195 Btu per lb and introduced 
directly into the heater. A total of 7,780 lb per hr is to bo bled at the highest 
pressure, 145 psia, and with an enthalpy of 1295 Btu per lb for use in the third- 
stage heater. Assume that 100 lb per hr of this is diverted to the make-up 
feed evaporator where it will be used to generate steam at approximately 
20 psia which enters the deaeiatang feed Ireatet for make-up. Such a scheme 
assures absolutely pure make-up water, and the heat used for vaporizing 
the feed water is not lost, Tho remaining 7,680 lb per hr will condense in the 
third-stage heater and return to the deaerating heater as water at 319 Btu 
per lb. 

The fluid entering the deaerating heater will include tho drain from the 
make-up feed evaporator or 100 lb per hr at 196 Btu per lb, assuming no 
Subcooling. 




pressure of which is reduced by means of reducing valves, in that there is no 
superheat. Superheat is bad in a quarteis-hoating system because of the 
corrosive action of superheated steam in sjate of the low temperatures 
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The sum of the fluids entering the deaerating heater is as follows: 


In condensate 56,962 Ib/hr 

In bled steam 4,170 Ib/hr X 1195 Btu/lb. , . . 

Evaporators and reciprocatine 

pumps 2,0001b/hrX 335 Btu/lb ... . 

Make-up evaporator 100 Ib/hr X 196 Btu/lb. .. . 

Third-stage heater drain... .... 7,680 Ib/hr X 319 Btu/lb. . . . 

70,912 Ib/hr 


7,612,582 Btu/hr 

4.980.000 

670,000 

19,600 

2.450.000 
15,732,182 Btu/hr 


15,732,182 Btu/hr 
70,912 Ib/hr 


= 222 Btu/lb or 254 F 


This is too high a temperature at this point, and it is apparent that the 
bleeding from the turbine must be reduced. However, a good method is to 
accept this temperature for the time being and continue the calculations for 
the third-stage lieater, then make correctioi^ at once. 

It is well to note at this point that the total weight of feed water leaving 
the deaerating heater should be the same as the weight of steam, all purposes 
(see Preliminary Steam Summary, p. 1272), as no more water is added from 
this point on to the boiler. Note also that it is assumed here that the steam 
requiring makc'Up is lost from the system at the same pressure os that of 
the make-up steam entering the deaerating heater. This simplifies the calcu- 
lations and is as justifiable an assumption as any other. 


Third-stage Heater. 

Btu Btu 
per Lb per Hr 


Enthalpy of steam entering 1296 

Enthalpy of drain leaving 819 

Heat transferred per lb 976 

7,680 Ib/hr X 976 Btu/lb 7,500,000 

In condensate 15,732,182 

Total in feed 23,232,182 


23,232,182 Btu/l>r 

70,912 Ib/hr 


= 328 Btu/lb or 356 F 


This is 11 F too high or 12 Btu per lb too much. 

The enthalpy leaving the second-stage heater should have been 208 Btu 
Or f^'keress it rt usf 225 9ia per Jfr er 1-i Bin per tee itronk. rMuArre, 
the second stage should be decreased 14 Btu per lb and the third stage 
increased 2 Btu per lb. 


70,912 Ib/br X U BtuAb 
(1195 - 208) Btu/lb 


= 1005 Ib/hr reduction 


4170 — 1005 = 3165 Ib/hr to be Hod for second stage. 


70,912 Ib/hr X 2 Btu/lb 
976 Btu/lb 


= 145 Ib/hr increase 


1780 -f 145 = 7925 Ib/hr to be bled for third stage. 

Corrected Steam Summary and Heat Balance. Make a table for the 
Jew bleedings similar to the one on p. 1272. 
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of inscribed circles; s ■= “ V)* + ^*5 " sides of lover and uppci 

bases; n « number of sides. ’ ' , 

Frustum of Eijht Circular Cone (Kg. 73). Volume « 
Hirrilill+ (r'A) +(r'/r)*l = Vtoft y + r/ + 

Lateral area = 7rs(r + r')j s = V(J* — r')* + ^ 

Any Pyramid or Cone. Voluine=J4BA. B = area of base; A « perpen- 
dicular distance from vortex to piano in trfucb base lies. 

Any Pyramidal or Conical Frustum (Fig, 74). Volume* 
+ =H1 iB 11 + (BVB) + (P7-P)’1. 'Hero B, B'=arc!i3 of 

lower and upper, bases; P,P' « pwimcta^ of lower and upper bases. 



Obelisk (Frustum of a roctangulnr pyramid. Fig. 75). 

■ Volume* )tl:((2a-l-(iO&+(2«i + *)f>il“itM®H (o + oi) (6 +6i) +fli6il. 

' Wedge (Rectangular base; oi parallel to a, a and at distance Jiabovo base. 
^6.70). VolumeaH^b(2a+oi). 

Sphere. Volume * V = 5 Jffr* • 4.188790r* = = 0.523599cf* (table, 

p. 30) a ^.volume of circumscribed cylinder. Area * A « 4flT* » four great 
circles (table, p. 30) *® ird ^ » 3.14159(P = la teral a rea of circumscribed cylinder. 
Hero r » radius; d»2r = diameter «= ■^GV/w*. 1.24070 ^/y « ‘JaI'v » 
Q.564l9vi. 

Hollow Sphere, or spherical ehell. Volume = 

- r^) = W5r(-D® - (?) = 4irRvi -j- yitlK Hero 
B,r = outer and inner radii; Did ~ outer and inner 
diameters; i « thickness = JJ - r; Ri = mean radius = 
k(H-l-r). 

Spherical Segment of One Base. Zone (spher- Fia, 77. 
ical '‘oap” of Fig, 78). Volume* + It") = 

M7r/i’(3r - li) (table, p. ^). Lateral area (of zone) = 

2irr/i = x(o* + li^). Note: c’ «= h(2r!“ A), where r 
= radius of sphere. ' 

Any Spherical Segment. Zone (Fig. 77). Vol- 
ume = }5irA(3a- -f Soi^ -f hr). Lateral area (zone) 

= 27rrA, Here r *= radius of sphao. If the inscribed 
frustum of a cone be removed from -the spherical eeg-- 
ment, the volume lem aiping is IfarAc*, where c * slant 
height of frustum = y/h^ -k (a 

Spherical Sector (Fig. 78). Voluino * Hr X area of cap = 

Total area's area' of oap ■b. area- of 'conO'= 2TrrA'.-l-Tra. -Notoro* * 
A(2r - A); '• •; ■■ -i- 



'..Fig, 78. 
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Spherical Wedge bounded by two jdaae semioirclea and a lune. (Pig, 
79.) Volume of wedge -j- volume of sphere = «/360®. Area of luno -t- area 
of sphere = u/3QQ“. « = dihedral an^e of the wedge. 

Spherical Triangle bounded by arcs of three great circles. (Fig. 80.) 
Area of triangle = rriPJ/lSO" = area (rf octant X E/90®. E = spherical 
excess = 180“ - (A + B + C), where A., B, and C are angles of tbo triangle. 
See also p. 134. 

Solid Angles. Any poriion of a spherical eurface subtends what is 
colled a solid angle at the cento* of ^ sphere. If the area of the given 
portion of spherical surface is eqmd to tbo square of 
the radius, the subtended sdid nn^c is called a 
steradian, and this is commonly taken as the unit. 

The entire solid angle about tho center is called a 
steregon, bo that 4? steradians =: 1 stcregon. A 
BO-called “solid right angle” is the solid angle sub- 
tended by a quadrantal (gr trirectaugular] spherical 
triangle, and a “spherical degree” (now little used) 
ia a solid anglo equal to of a solid right angle. 

Hence 720 spherical degrees » 1 steregon. or? stera* 
dUns = 180 spherical degrees. If u ^ the anglo 
which an element of a cone makes xririi its axis, then the solid angle of the 
cone contains 27r(l - cos u) steradians. 



Fig. 70. Fig. 80. 


Regular Polyhedra. A » area of surface; 7 » volume; o a edge. 


Name c( solid (see p. 100) 

Tetrahedron 

Cube 

Octahedron 

Dodecahedron 

looiahedron 


Bounded by 

A/a* 

V/a* 

4 Imngles 

1.7321 

0.1179 

6 equnres 

6,0000 

1.0006 

8 trianfles 

3,4641 

0,471-1 

12 pcctsgnoe 

20,6167 

7.6681 

20 IrkagUs 

S.6S03 

2.1817 


Ellipsoid (Rg. 81). Volume * tirrobc, where a, b, c * semi-axes, 
Spheroid (or ellipsoid of levdutioii). The volume of any segment made 
by two planes perpendicular to the axis of revolution may be found ac- 
curately by the prismoidai formula (p. Ul). 



Feiabolold ot Revolution (Fig. 82). Vobame = = Yi volume of 

circumscribed cylinder. 

Segment of Pajaboloid of Revolution (Bases porpendioular to axis, 
Fig. 83). Volume of segment = 

Barrels or Casks (Fig. 84). Volume » Hss-b(2D’ -f d*) approx for cir- 
cular staves. Volume = Hprh&B* JW -h Jfd*) exactly for parabolic staves. 
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Heater 

Hied steam, 
lb per hr 

Hepiaccmcnt 
factor ■ 

1 

Steam added, 
lb per hr 



• 0.311 

i;i62 


3,165 „ 

, 0,4B5 

1.536 


■. 7.925 

0.725 

5.750 

Total bled 

14,830 ' 

To be added 

: 8,44S 

1 


Throttle steam = 56,000 + 8,448 -« 64,448 lb /hr . 
To condenser = 64,448 — 14,830 « 49,Gl8 Ib/hr 


This is even, closer to the estimated condensate than in tlic case of the 
preliminary calculations. A final steam summary can now be made. 

Final Steam Summary 


Lh per Hr 

Main propulsion turbines 64,445 

Turbogenerators 3,030 

Total suporhcalcd steam 05,078 

Evaporatota and rodprocating pumps 2,000 

Mtcjcciota _ 450 

Total desuperheated steam. ' 2,450 

Total steam, all purposes ' 70,628 


This is very close to tho 70,500 lb per hr used to estimate the bleeding 
of the turbine. 

Prom the steam fiou' diagram (Fig. 1) U can bo seen that tho turbogen- 
erator steam flow and amount arc unchanged. • Tbercfore,'8tart at tho main 
condenser, 


Trom Main Condenser. 

' ' _ Lb per Hr ' 

Main propulsion turbines....' ' 49,618 ■ 

Gland leak-oil -10 

Drain cooler 4,010 - 

Main intercooler 121 

Through air ejectors -1 

Heat leaving = 53,738 IbAr X 55 Htu/lb . . . 2,953,500 BtuAr 

Transferred in main intcicoolcr • 139,022 

Transferred in main aftercoolcr 128,300 

Total heat in feed..., 3T221J82 Btu/hr 


3,221,782 BtuAr 
53,738 Ib/hr 


- 60 Bta/lb or &2 F 


Combination o! Condensates. 


Lb per Hr 
,63,738 
3, 700 
57,438 


Btu per Hr 
at 8,221,782 

■ 443,800 
St 3,665,683 


8,665,582 BtnAr 
57,438 Ib/hr 


« 64 Btn/lb or 96 F 
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be placed so that it is possible to remove the rotor without removing the 
frame from the bedplate. Small turbines should be placed so that the top 
half of the casing and the rotor may be removed without disturbing the rest 
of the assembly. Sufficient space should bo available around boilers and 
eondensere so that tubes can be removed and replaced without disturbing 



Fig. 5. — Intermediate level of S. S. “Exceller." 


other apparatus. Probably the easiest vray to assure these features is to 
make scale-size cardboard cutouts of the various motor and pump assemblies, 
etc., and have this cutout extended to the point wiiero sufficient space is 
available to make the repairs mentioned above. Then in the preliminary 
stages of the layout these cutouts can be moved around and pinned in place 
temporarily on the layout board. These devices will, of course, show 
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In condensate 

Transferred in drain cooler 

Transferred in first-sUge heater. 


57,438 Ib/hr at 

7,636,082 Btu/hr 
57,438 Ib/hr 


133 Btu/lb or 166 F 


Btu per Hr 
3,665,582 
260,500 
3,710,000 
7,636,082 


This enters the deaerating feed heater via tiie vent condenser at 166 F. 
Deaerating Feed Heater and Vent Condenser. 


In condensate 57,438lb/hr 7 ,636,082 Btu/hr 

In bled steam 3,166 Ib/hr X 1196 Btu/lb = 3,780,000 

Evaporators and reciprocating 

pumps 2,000 Ib/hr X 335 Btu/lb = 670,000 

Make-up evaporator., lOOlbAr X 196 Btu/lb “ 19.600 

Third-stage heater drain 7,825 Ib/hr X 319 Bfu/ib = 2,500,000 


70,628 Ib/hr 


14,606,682 Btu/br 


U,CQ6.682 Btu/hr 
70,528 IbAr 


207.5 Btu/lb or 280 F 


As 240 F vras desired at this point, 239 F is eatisfactory. 
Thlrd'Stage Heater. 


7825 Ib/hr X 976 Btu/ib 

In oondenaate 

22,255,682 Btu/hr 
70,528 Ib/br 


.............. 7,650,000 Btu/hr 

14,605,682 

22,255,682 Btu/hr 

316 Btu/lb or 345 F 


which was the final feed temperature oripnaUy sought. 

To determine the luel consumption, the boiler per/ormanco must be 
calculated. 

' Boilers. 


Enthalpy steam at 615 psia, 810 F 1412 . 2 Btu/lb 

Enthalpy feed water at 345 F.. 3lG 

’Heat gain I096.2 Btu/lb 

Enthalpy steam at 615 jwa, 639 F 1245.4 

Enthalpy feed water at 345 F 316 

Heat gain 929.4 Btu/lb 


Superheated 68,078 Ib/hr X 1096.2 Btu/lb « 74,600.000 Btu/hr 
Desuperheated 2,450 Ib/hr X 929,4 Btu/lb = 2,280,000 

76,880,000 Btu/hr 


Assuming a boiler efficiency of 88 percent and fuel oil with a calorific 
value of 18,500 Btu per Ib, the oil consumption should be 


76,880,000 Btu/hr , , 

0.88 X 18.600 Bta/lb ~ 

0.555 IbM/shp/h, 


Install two boilers. 
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S.W.Ewip.fe«dpump • 


\l«wal£rdrc.punif 
Refrig, ccnderaer- 
circ.pump 

FO.SeHlirg fank 
/Cop.60ior^ 


I e«>l»rotor> jCwtam.f 
j Refrig. V^e«P- 
L( condenser fed jump 

[iflndreceiverjie^. . . 



j^'-ro.TfflftS.pomp I 


j 

LuIxotTcoolers . 


’^f^T^'ffeed wafer 
'^'■y drain cooler 
yMoin . 

5;:7circ.puinp Drain O 



Fire and gen. / i 

«. serv.pump / I Mam fed P 

\ / 'Sonilory tpumps i notwate 

\ / pump 

F-O.SeHllnq tok O 

C^,60t^ 

/ \ yeedevap. heater 

0 


Mokeupewporalorfeedpijmp D'rinkingwoterpumps ' 

, Fig, 6.~Engine-rooni layout of the S. S. “Joseph Lykes," a 4,000 S.H.P., 
C*l-B. steamship - demgned by the TI.S. Maritime Commission. (From . 
(Marine Engineering and Shipping Review.) 
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ELECTRICAL LOAD AND SIZES OF ATIXILIARIES 
Tireroojn Blowers. Assunie that throe fireroom blowers will be installed 
any one of wliich will be able completely to handle the requirements of caul 
of the two boilers. Assume that the total air pressure required is to be 8 in 
water when 225 cu ft air per lb fuel is being supplied. This is a fair sct_ o 
operating conditions for modern boilers and is probably on the conservative 
side. 

From the heat balance, 

4jl01b/l.r X 225 cu ft/lb ^ 

60 min 

for 2 blowers. 

1 7, 700 _ g ggo cfm/blowcr at 8 in. water 



Fig. 4. — Electric motors. Approximate percentage of full load efficiency 
at fractional loads. 

Assume 60 percent blower efficiency. Tliis is n conservative figure, an( 
the manufacturer of the blower may guarantee a higher efficiency, 

_ 0.0001573 X efra X in, water 
efficiency 

0.0001573 X 8.850 X 8 

“ MO 

Install a 20-hp 1,760-rpin motor. Table 13, p. 1727, shows the pcrformanci 
to be expected of conventional designs of d-c motors. 
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Fig. 6. — Continued. 



1280 


HEAT BALANCE AND SIZES OF AUXILIARIES 


18.6/20 = 94 percent of rated capacity. Effideni^ at Ibis load is S7.5 per- 
cent (see Fig. 4). 

. 18.6X0.746 

AW input to motor » — = lo.9 

Total bw = 2 X 15.9 = 31.8 


Main Circulating Pump. Install one, operate one. Later, the actual 
water and pressure required for the condenser can be obtained from the 
condenser manufacturer; at the present stage a prellimnary estimate must 
be made. Assuming 1000 Btu dissipated in the condenser for each pound 
of turbine exhaust and a 10 P rise in sea water passing through the con- 
denser, which are conservative figures, the Btu per gallon on sea water can 
be approximated as follows. There are 8.58 lb per gal in sea water under 
average temperature conditions and the specific beat is 0.94. 


0.94 X 8,58 X 10 F = 80.6 Btu/gal 
4^,618 Ib/hr to condenser (see heat balance, p. 1277) 
49,618 Ib/hr X 1000 Btu/lb ^ 

80.6 Btu/gai X 00 min 


• “ 10,300 gpni 


which should be the normal c.apacily of the pump. Install with 20 percent 
margin, or 1.2 X 10,300 » 12,380 gpn). Call it 12,500 gpm at 10 psi total 
head and assume motor drive at 690 rpm. Take 10 psi as equivalent to 
28 ft ahead. Make the impeller so as to have water enter each side as in 
Fig. 1 in the pump section. This would result in 6.250 gpm per side at 23 ft 
690 rpm (see Fig. 10, p. 1606). iV, = 5,170 (see Fig. 11, p. 1607), Efficiency 
= 87 percent. A mis-flo type of pump. 


Hp 

Hp 


gpm X psi 
1,715 X efficiency 


12,600 X 10 
1,715 X 0.87 


= 83.8 


Install S5-hp motor capable of speed adjustment down to 75 percent of rated 
by field 

Operating load on the pump is 10,300 gpm or = 82.5 percent of 

rated capacity (sea Fig. 12, p. 1608). 


Efficiency = 0.95 X 0.87 = 0.826 


Operating head is 


/^SOOV 

\12,506^ 


(10) = 


_ , ,10.300 X 6.8 , 

Bee Table 13, page 1727. Motor effidcncy is 0.89. Motor efficiency at 
49.4 hp is. 87 percent (see Fig. 4). ! ; • i 

, . • 0.746 Xhp 0.746 X 49.4 

kw mput = — 


• efficieni^ • 


« 42.4 


.0.87 
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Fig. 7. — Engine-rooni layout of the S. S. "American Manufacturer," a 4,000 
S.H.P., diesel ship deigned by the U. S. Maritime Commission. 

(From Marine Engineering and Skipping Review.) 
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Main Condensate Pumps. Install two, operate one. 


5S.738Ib/hr 

8.33 Ib/gftl X 60 min 


= 107.4 gpm 


Install -witli 35 percent margin. 

1.35 X 107.4 = 145 gpm 
75 psi total head 

Mahe two stage and drive at 1,750 rpm (see Pig. 10, p. 1606). 
75 psi = 172.5 ft head 
172 5 

= 86.25 ft liead per stage 


A^ = 748 (SccFig. n,p. 1607) 

EfScioncy = 58 percent 


Hp 


145 X 75 
1,715 X 0.58 


= 10.92 


Install a 12-hp motor. Operating capacity of the pump Is 


. 107.4 gpm 


percent oi rated (sco Fig. 12, p. 1608). 


145 gpm 


74 


Operating efficiency * 0.90 X .58 = 52.2 percent 
107.4 X 75 


Operating hp « 


1,715 X 0.522 


See Table 13, page 1727. Full-load efficiency « 80 percent. Motor efficiency 
at 75 percent load « 85 percent (sec Fig, 4). 


Kw input = 


D.74C X 9 
0.85 


= 7.92 


Auxiliary Condensate Pumps. One pump for each gonoratoc. 

Full-load water rate = 12.55 Ib/kwhr 
350 kw X 12.55 Ib/kwhr = 4,400 Ib/lir 
4,400 Ib/hr 

o >;r, ii. 7~ 1 v/ T n — ^ ® epm normal 
8.33 Ib/gal X 60 min 

Imtall -with 35 percent mar^n. 

1.35 X 8.8 = 11.9 


Call it 12 gpm at 75 psi total head. Make tw) stage and drive at 1,760 rpm, 

75 psi = 172.5 ft load 
172.5 
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6-Se.c),Kl, ySMArf g-g- 


Sea chest, high., 10, 'Sea chest, lew 



I'lG. 7. — Continued. 
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Refer to Fig. 11, p. 1607. This value of ^Kscific speed is off the curve, but 
extrapolation indicates an effidency of approximately 30 percent. 


Hp 


12 X75 
1,715 X 0.30 


= 1,75 


Install 2-hp motor. Operating capadty of the pump is 8.8/12 = 73.5 per- 
cent of rated (see Fig. 12, p. 1608). Operating efficiency, 0.90 X 0.30 = 27 
percent. 

Opening 1.425 


See Table 13, p. 1727 Motor efficiency, 78 percent. At 1.425 hp, motor 
efficiency = 77.5 percent (see Fig. 4) 


Kw input * 


0.740 X 1.425 
0.775 


1.37 


Auxiliary Circulating Pumps. One pump for each generator. Assume 
1100 Btu per lb dissipated in condenser because of the lower efficiency of the 
turbogenerator turbine. 


4,400 Ib/hr X 1100 Btu/lb 
80.6Btu/gaJ X 60 min 


= 1,000 gpm 


Install with 20 percent margiD. 1.2 X 1,000 — 2,200 gpm at 10 psi total 
head, 23 ft, Make this small pump of the centrifugal type, single stage, 
operating at 1,760 rpm (see Fig. 11, p. 1007). Efficiency = 76 percent. 


Hp 


1,200 X 10 
1,716 X 0,75 


9.85 


Install lO-hp motor. 86 percent rated efficien<?y (see Table 13, p. 1727). 


Operating pressure » 


i.oooy 

.I.200J 


(10) = 7 


Pump operating eSdency = 0.95 X 0.75 = 71 percent 
1,000 X 7 


Operating motor efficiency = 83.5 percent (see Fig. 4) 


Main Peed Pumps. Two installed, two operating. 70,528 lb per hr 
total steam all of which passes through the main feed pump. Weight of 
water at this temperature is 7.9 lb per gaL 



Pig. 8, — Engine-room layout of the S. S. “Ilawniian Planter, " an 8,500 
S.H.P., C-3 ateamsliip desgued by the TT. S. Maritime Commission, (from 
Jlforine Engineering and Shipinno Renew.) 
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Boiler drum pressure 640 psia 

6% line drop 32 psi 

Check valve 50 psi 

Economizer 10 psi 

S-stage heater 20 psi 

Discharge pressure "58 psin 

Assume suction pressure Psin 

Total head 738 psi 


70,528 Ib/hr 

7.9 Ib/gal X 60 min X 2 pumps 


= 74.6 gpm 


Install with 25 percent margin. 


1.25 X 74.5 = 93 gptn per pump 

Install 100-gpm pumps. Investigation will show that for this small capac- 
ity so many stages would be needed to obtain a centrifugal pump ^ntli 
reasonable efficiency that it would be better to use a motor-driver reciprocat- 
ing pump (see Fig. 32, p. 1027). Use with double reduction gearing. 


Water hp 


100 X 738 


1,715 

Efficiency * 82 — 5 * ' 


= 43 

77 percent 


Install 60-hp motor. 89 percent rated efficiency (sec Table 13, p. 1727). 

. . , 74.5 X 73S „„ 

=«.0 

Motor efficiency at 41.6 hp is 87 percent (sec Fig. 4). 


Total kw input 


2 X 0.746 X 41.C 
0.87 


= 71.5 


Fuel-oil Service Pumps, Two installed, one operating. Fuel oil weighs 
8.1 lb per gal. 


4,71Q Ib/hr fuel 
8.1 Ib/gal X 60 min 


= 9.7 gpm Operating 


Install with 30 per cent margin. 


1.3 X 9.7 = 12.G. Call it 12.5 gpm. 

Fuel-oil service pumps, regardless of the horsepower or steam pressure of 
the ship, are usually installed capable of 400 psi total head. Tliis is on 
account of the atomizing pressure required at the burners (see Fig, 36, p. 1630) . 
Rated efficiency = 62 percent. 


ITp 


12.5 X 400 
1,715 X 0.62 
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Fia. 8, — CorUinued. 
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HEAT BALANCE AND SIZES OF AVXILIARIES 


Install 5-hp motor. Rated motor cffidency = SO percent (see Table 13, 
p. 1727). 


Operating pump effidGncy = 1.00 X ®.02 = 62 percent 


Operating bp = 


1,715 X 0,62 


Operating motor ofBciency 78.5 percent (see Vig. 4). 


Lubiicating-oil Serrica fumps. Two installed, one operating at full 
capacity. Obtain preliminary capacity from emmrical formula. 

Gpm « 36 + V (7.15) (dip) +1,300 

« 36 + V 7.15 X 8.600 + 1,300 * 286 

Call it 800 gpm at 60 pel total bead (see Fig. 35, p. 1629). Hated eSicienoy 
= 71 percent, 


300 X 50 
1,715 X 0.71 


12.3 


Install 16-hp motor, 87 percent effidency. At 12.3 hp the effioiency should 
be approximately the same as at rated capacity. 


Total kw 


12.3 X 0.746 
0.87 


10.65 


Total Electrical Load. The total kilowatt load due to these pumps and 
fans is as follows: 


Fireroom blower 31.8 

Main citculating pump 42,4 

Main condensate pump 7.9 

Auxiliary condensate pomps 1.4 

Auxiliary circulating pumps 5.2 

Main feed pumps 71.5 

Fuel-oil service pump 3,5 

Lubrioating-oil service pump 10,6 


174.3 

This compares favorably with the estimate of 175 kw made to cover 
straight propulsion load. The remmndcr of tlie electrical load consisting of 
bilge pumps, Hanitary water pumps, ventilating fans, galley, laundry, etc,, 
and of such items as arc not controlled by the propulsion equipment was 
assumed to be 100 kw. This infonnation should be furnished by the naval 
architect. Total operating load, 275 kw. 
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LAYOUT . 

General. There are a few fundamental principles that should be followed 
ia machinery layout. The rest is common sense and irgcnuitj'. 

1, Apparatus should bo accessible for operation, inspection, and repair. 

2. Apparatus should l>e compactly arranged so as to occupy as little space 
ns necessary so as to free space for revenue purposes. 



3. Certam types of apparatus should occupy certain relative positions, or 
they will render the plant inoperative. 

4. Apparatus should be so disposed as to assure trim of the ship. 
Requirements 1 and 2 are opposed to each other and, as in all successful 

eneneering, the beat compromise should be reached Electric motors should 




LXYOVT • 


1295 















OOP 





SURFACES AND VOLUMES OP SOLIDS 


111 


For a standine cask, partially full, computo contents 
by the prismoidal formula, p. 111. Kou^y, the num- 
ber of gallons, G, in a cask is given by 6 *= 0.(K)34ttVi, 
where n ~ number of inches in the mean diameter, 
or yi{D + d), and h = number of inches in the height. 

Torus, or Anchor Ring (Fig. 85). Volume = Fjq, $ 5 , 

Vcr% Area = 4ir’cr (Proof by thcoroma of Pappus). 

Theorems of Pappus. 1. Assume that a piano figure, area A, revolves 
about an asis in its plane but not cutting it; and let s » length of circular 
arc tr.aced by its center oi graidty. Then volume of the solid generated by 
A is V = is. For a complete revolution, V = 2flTi, where r = distance 
from axis to center of gravity of A. 

2. Assume that a plane curve, length I, revolves about an axis in its piano 
but not cutting it; and lets » length of circular are traced by its center 
of gravity. Then area of the surface generated by f is fi" ^ li. For a 
complete revolution, S ~ 2rrl, where r « distonco from axifl to center of 
gravity of I 

Nora. If Fi or Si about any axis is known, then or 5: about any 
parallel axis can be readily computed wboo tho dishince between the axes is 
known. 

OeueroUzed Theorems ot Pappus. Consider any curved path ot 
length 8. If (1) a plauo figure, area i (or (2) a plane 
curve, length i] moves so that its center of gravity 
slides along this curved path (Fig. 86), while tho 
piano of A [or 1] remains always porpondicular to tho 
path, then (1) the volume generated by A is V = is 
[and (2) the area generated by I hS - fs]. Tho 
path is assumed to curve so gradually that successive positions of A [or 1] 
will not intersect. 

The Prismoidal Formula (Fig:. 87). Volume si)6h(i +5 -f* Of), 
where A a altitude, i and S = areas of basw and Jll * area of a piano section 
midway between the 
bases. This fotmula ia 
exactly true for any 
solid lying between two 
parallel planes and such 
that the area of a sec- 
tion at distance x irom 
one of these planes is 
expressible aa a polynomial of not higher than tho third degree in z. It is 
approximately true for many other solids. 

Simpson’s Rule may be applied to finding volumes, if tho ordinates 
Vix Vix he interpretad aa the areas of pbue aoctions, at constant distance 
h apart (p. 106). 

Cavalieri's Theorem. Assume two solids to have their bases in the 
Same piano. If the plane section of one solid at every distance x above the 
base is equal in area to the piano section of the other solid at the same dis- 
tance z above tho base, then the volumes of the two solids will be equal. 
See Fig. 88. ' 
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ALGEBRA 

FOEMAl, ALGEBRA 

Notation. The mein points of aeparation in a simple algebraic expres- 
sioa arc tbo + and — signs. Thus, o+bXc-d-rX+yiatobe inter- 
preted aa 0 + (1> X c) — (d -5- ®) + p. In other words, the range of opera- 
tion of the symbols X and -i- extends only so far as tho next + or - sign. 
As between the signs, X and themselves, a -r b X c means, properly speak- 
ing, a ^ (b X c); that is, the -r 'sign is the stronger separative; but this rule 
is not always strictly fdlowed, and in order to avoid ambiguity it is better 
to use tho parentheses. 

The range of inSuenco of ciponcnta «id radical signs extends only over 
tne next adjacent <}uantity. Thus, 201* means 2o(®*), andV^ai meaiiB 
(V^) (01). Instead of ^/Tox, it is safer, however, to write y/2'as, or, bet- 
ter, oiVS. 

Any expression within parentheses is to be treated as a single quantity. 
A horisontal bar serves the same purpose as parentheses. 

The notation a-b, or simply ob, moans « Xb; and o;b, or o/b, means a ■(•b. 
The symbol la| means “absolute value of a," regardless of sign; thus, 
1-21 - H-21 =2. 

The symbol ft! (where ft is a whole number) ie read; “n faotorial,” and 
means the product of the natural numbers from 1 to n, inclusive. Thus 
II - 1; 21 - 1 X 2; 3! - 1 X 2 X 3; 41 « I x 2 X 3 X 4; etc. 

The symbol 5^ or + means “not equal to"; ± means "plus or minus." 
The symbol = is sometimes used for “approximately equal to." 
Addition and Subtraction, a + 6 » b -f a. 

(0 + b) + c s* 0 -t-(b +c). a-(-b)»a+b. o-o* 0 . 
a+(s-y+3)=o-bj:-i/+2. = a- ai+y-*. 

A minus sign preceding a paienlLesis operates to reverse the sign of every 
term within, when tho parentheses are removed. 

Multiplication and Simple Factoring, ab = ba. (ab>c » a(be). 
o(b -(• c) = ab -b ac. a(b — e) « ob — oc. Also, 0 X ( - b) = - ab, and 
( - a) X ( — b) » ob; “unlike signs give minus; like signs give plus.” 

(b -b b) (a - b) 1= 0* - b*. 

(0 + b)2 = -t- 2ab +b*. (o - 6)* =a^ - 2ab + b». 

(0 -j- b)* = 0* 4- 3a*b +3(ib* -j-f, (o -b)*= 0® -Sa^b-b 3ab’ -b5;oto. 
(See table of binomial coeffidents, p. 39; also p. U4'.) 
aJ - b’ = (a - b)(o + b), o’ - b* = (0 - b){o* + ab + b’). 
a” _ 6" = (a - b)(o"-« + oM) -bo»"«6* + . . . + ob-'-H b’'-i). 
fl" + h" is factorable by o -f b only when n is odd; thus, 
a»-i-b’ =(o+b)(o»-flb-i-b2), 
a’ -i-b’ = (0 +b)(o* -o*b ■foV -06’ +b*); eto, . 

The following transformation is sometimes useful: 

l-b ba + c = n [(- 

Fractions. If m is not seto, , - , 

m® + my I -j. y 

both numerator and denosunator of a fiactlon may be multiplied or divided 
112 


OTO 4- mb + me c 4- b 4- c 
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clearances on the plan view only; further check must be made for vertical 

clearances. , , , , i j x 

As to requirement 3, the deaerating feed heaters should be placed at as 
high a point as possible in order to obtain sufficient head on the feed pumps. 
11 this cannot be done, booster pumps vdll bo necessary. For the same 
reasons, the feed pumps must be placed at as low n point as possible. Bilge 
pumps should, of course, be placed at as low a point ns possible. Condensers 
should always he placed directly under the turbines they serve and should be 



Fig. 10b.— Upper level of theU. S. S. "West Point” (formerly S. S. “Amer- 
ica”). (From Marine Engineering and Shipping Rmew.) 

supported by the turbines. The main propulsion turbines and gears should 
be so disposed as to have tho shortest runs of propulsion shafting and to clear 
other shafting. The shafting should have as little tingle ivith tlie center lino 
of the ship as is practical. In the case of a single-scrcw ship, the propulsion 
shafting line should coincide -with the center Une of the ship. A slight angle 
of elevation is permissible so as to permit the turbines to be above the con- 
denser yet have as great a submergence of the propeller as practical. The tip 
of the propeUer blade must not go below keel. 

As to requirement 4, ordinary symmetry of arrangement of the heaidcr 
Items such as turbines, gears, and hdisn vnU almost solve the problem. A 
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turbine may be shut' down'from the deck'if dearcd; ' This feature is required 
by the U.S. ' Coast' Guard'as a remote means for securing the main turbine if 
it is necessary to abandon ship and no one is in the engine room to 'secure 
the turbine. 

Diesei-engine and High-speed Reciprocating-engine Lubricating- 
oil Service System. Lubricating-oil service syateins installed for diesel 
engines' are' usually of the pressure type, similar to that installed for a steam 
turbine-driven vessel, ■ Tliey dp differ, however, from the turbine installation 
in that they require larger quantities of oil at higher pressures at the oil 
inlet connection tlian a turbine installation of the same' shaft horsepower. In 
brder to 'maintain constant oil pressure' at the engine, the oil delivery is 
controlled by adjusting the speed of the service pump.'Wluch should be 
fitted for about 50 percent speed control. This wide speed control is neces- 
sary' since for a constarit oil 'pressure most ehpncs require much' more oil at 
reduced speeds than whcii operating at full speed. In a Blesol installation the 
oil be'eomes ' contaminated with fine carbon particles in a vciy short time, and 
tbefo are usually removed by installing a by-pass ty ])0 of oil filter. Tliesc 
filters employ fuller's earth,' or ccllulore matcriol, as a filtering modiuin. 

■ Oil' Service systems for high-speed reciprocating engines employing forced 
oil feed are very similar to those installed for-ateam turbine-driven vessels 
employing the pressure-typcoil system, except that the oil pressure required 
at the enpne'ia relatively high and the quantity of oil required is much less 
than for turbinea of the same slmft borsepoveer. 

The oil storage, transfer, and purifying systems are the same for diyscl 
and high-speed reciprocating engines except that, on diesel installations tlio 
oil storage tank must be large to allow for tlic relatively large amount 'of oil 
consumed by the 'engine. . 


Piping Materials. The lubricating-oil piping materials, installed on 
most vessels that have been built- -to tho U.S.-Mnritimo Commission 
requirements, have used standard-weight black steel pipe with, all valves, 
flanges, . and fittings either forged dr cast steel. All take-down joints aro 
generally flanged along with all'ytdvcs 2 in. and above in bIm'. All Biuall siaos 
of, valves and fittings aro either of screwed or Bocket-welded'dosigiii with 
tho's'erewed design of valves scal-weldcd to the pipe. All fittings 2 in.'in size 
and larger are generally of butt-welded design with a few castrsteel flanged 
fit-tinp 'being u'sed where noecssnry. With the foregoing arrangement, a 
tight aysteih is assured since all joints are either of welded or flanged design. 
The iise'of an all-steel system is an advaatago since it offers the maximum 
protection against a fire hazard 'duo 'tdlbeiiigh melting point of the steel as 
compared with copper or brass. 

The oil-piping material instalied Ion all riew U.S. Navj^ constructions 
employs the use of Ihin-wall steel tubing.witb tdl valves, flanges, and fittings 
either forged or cast steel. All joints are either welded or flanged similar 
to merchant practice. In the pa^, however, the Navy' used copper tubing 
with. composition valves and fittings, and many of these vessels are still in 
use today ^th these materials. , ^ ' ' ' 

Extreme, precaution should he taken'.ot.aU'-timos from thdlfahncation 
of all the parts to the completion of the system, in order to ensure that all 
foreign matter is removed, and' bas .no, opportunity to reenter the system. 
Mer all piping has been fabticaled an'd fitted into the vessel, it should be 
disassembled and thoroughly cleaned by sandblasiaiig. The use of pi'ekliiig 
m heu of sandblasting'is not'gencrdly satisfalctory'Knco'the' pickling will not 





1308 


FUEL- AND LUBTUCATJON-OIL SYSTEMS 


remove, the lacquer. or yamish asusUy placed on tlje steel pipe by the manu- 
facturer. After sandblasting, all of the pipe should be reassembled and 
flushed with a light grade of fl ushin g oil for a period of about 24 to 48 hr. 
During this operation, the oQ should not pass through the turbine and gears 
for foreign matter may lodge in the hewing and cause trouble at some later 
date. , 

(Capacity Service Pumps. It is difficult to determine the actual quan- 
tity of oil required to be ddivered hy the lubricating-oil service pumps, since 
it varies, depending upon the type of unit involved, the individual ideas 
of - the manufacturer, the shaft horsepower, and the propeller revolutions.- 
As an example of the effect the individual designs of the manufacturer have 
upon the lubricatii\g-oiI requirements it may be noted that for 8,500 shp 
geared turbine units installed on the U.S. Maritime Commission Victory 
ships and supplied by three of the leading manufacturers and all operating, 
with the same propeller rpm and steam conditions, the individual oil require- 
ments varied from 230 gpm asa minimum to 310 gpm as a maximum. There- 
fore, no definite rule can be stated as to the size of pumps required. The 
accompanying table, however, gives the sise required for recent merchant 
vessels. Pages 1284‘and 1633 show a method of estimating capacity required. 


Type drive 

Nonnnl 

sbp 

Propeller 

rpm 

_ 1 

Installed luhrieat- 
ing-oil pump 
capacity 

loetallcd lubricst- 
i^-oE_piimp, 
TD.E., psi 


4.000 

90 

175 



6.000 

92 

250 




ts 

525 




ISO 

500 


Diesel direet 

bm 

92 

375 

5. 


Buplez Strainers. A lubricaling-oil duplex strainer is in eSeot two 
strainers built into one body, complete with inlet and outlet valves and 
designed so that one strainer may be in service while the other is available 
for cleaning. These strainers are of two basic designs. One is the plug 
type, which employs two plug cock valves for controlling the flow of the oil 
and the other employs a sliding gate valve. In both designs it is most 
important that there be some foolproof manner provided to prevent the 
stoppage of Sow when ^lifting from one compartment to the other at cleaning 
time. In the case of the plug-type strainer, this feature is obtained by merely 
interlocking the inlet and outlet plug valves bo that they may both work 
together. With the detign of strainer shown in Figs. 5 and 6, an interlocking 
chain drive is provided between the sliding gate valves. The chain must 
have sufficient slack so that each indi^dual sliding gate valve may be seated 
tight by the use of its handwbccL It is also desirable to have an indicator 
-with both the plug and sliding gate valve type of strainer to enable the oper- 
ator to tell at a glance which compartment is in sendee and which may be 
opened ior inspection and cleaning. To open the strainer for inspection, 
generally all that is required is to loosen two or four bolts on the strainer 
cover; then the cover and strainer basket may be removed. 

The materials of the body of a lubricating-oil duplex strainer are generall 3 ' 
cast steel, fabricated steel, or a comlrination of the trvo. It is best, however, 
to make the body containing the -valve' parts, of solid steel casting. Cast 
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table of momentsrdue to ail tbe.apparotm-.ajwut-thc centerline of the ship 
and another table 'of moments about a Bne' Eenetaily soTnewhat aft of amid- 
ships depending upon hull weight' 'distribution should be made up. The 
moments tending to roll the.sliip starbcmrd.could he called positive and those 
tending to toU the ship port’ could 'be called Wgative. All these moments 
should add up to zero. It is a simple matter to shift apparatus, other than 
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Inside diameter of pipe, inches 

Fig. 11. — ^Approximate pipe sizes for pressure and exhaust, steam. 


that covered. under roquiremeut 3, so as to obtain a total of zero. In a 
similar manner the moments about the lino aft of amidships should add up 
to sera. With these tables of momentB avsdlable any proposal concerning the 
addition or elimination of apparatus c^ he, disposed of intelligently. Some 
typical layouts are shown in Figs. 6 to' 10., 

Figure 11 shows a curve from which the siz^ of piping may be determined 
for both pressure and exhaust steam. , , ■ ' ' 
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LGBRICATING-On. SYSTEM 

One of the most important parts of the whole marine power plant is the 
lubricating-oil system. This system may be of a very simple design, such 
as used with most steam reriprocating en^nes, where hand lubrication meth- 
ods with the aid of small tubes and wick feeds are used, or it may be of a more 
complex design, such as the pressure feed type, as used on turbine, diesel, 
and some designs of hi^-specd steam reciprocating engines. The system to 
be discussed in the next few pages is the pressure feed type, particularly with 
reference to its use on goared turWne-driTOn merchant vessels. 

Principal Divisiona, The lubricating-ofl system for a geared turbine- 
driven vessel is divided into three ^visions, the principal one being the 
lubricating-oil service system. The functions of the service system are 
(1) to supply clean lubricating oil to the main turbine and gear bearings and 
gear meshes and (2) to remove the beat that b transmitted to the oil from tho 
bearings and gears. The second principal division of the lubricating-oil 
system b the storage, transfer, and purifying system, whose principal 
functions are (1) to provide storage space for oil that is consumed by the 
main turbines, turbogenerators, line-shaft bearings, and auxiliary machinery 
and (2) to provide a method of purifying the oil used by the main turbine and 
turbogenerator. The third division of the lubricating-oil system is the 
turbine governor system, wluch operates to protect the turbine from over- 
speeding and also to shut down the unit immediately should the lubricating- 
oil service system fail. 

Service System. The Amplest lubricating-oil system is the pressure 
type, which is shown by Fig. 1. A system similar to the one shown is used on 
many merchant vessels. In this system a motor-driven rotary service pump 
takes suction throu^ a macomb strainer from the turbine and gear sump 
tank, discharges the oil througli a lubricating-oil cooler, a duplex magnetic 
strainer, and delivers it under pressure directly to the main turbine bearings 
and gears. The proper distribution of oil to the gears, bearings, and other 
parts requiring lubrication is accomplirfied by means of a system of piping, 
manifolds, and spray nozzles, which are biult into the turbine and gear unit. 
A system of drain piping, also built into the gear unit, carries tho oil away 
from the bearings and gears, back to the oil sump tank. In parallel with the 
motor-driven service pump is a steam-driven lubricating-oil service stand-by 
pump, which is installed so that it will operate immediately in event of the 
failure of the main motor-driven pump and thus prevent damage to tho main 
turbines and gears owing to lack of lubrication. To keep the stand-by 
pump available for immediate service, it is essential that it be kept operating 
at an idling speed at all times when the system is in use so that the steam end 
will remain hot and properly drained. Steam is supplied to the pump for 
this condition through an orifice fitted in a by-pass around the stand-by pump 
governor valve. If the service pump should faO, the drop in oil discharge 
pressure will immediately op® the pivernor valve in the steam supply line 
and place the stand-by pump in operation. The pump will then deliver 
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iron may be used, however, if the strainer is to meet only the current 1944 
requirements of the American Bureau of Shipping and the TJ.S. Coast Guard 
and not the requirements of Settale Report 184. The valves are generally 
bronze with steel stems and handwheels. The strainer baskets are usually 
bronze and, in the case of'ft discharge strainer, are lined with bronze or monel 
wire cloth. 

The friction drop and free hole area are two important points to bo con- 
sidered in selecting the size of strainer desired. It is generally considered 
good practice to have a free' bole area through the strainer basket of at least 
six times the area of the inlet pipe connection, with the velocity of the liquid 
in the pipe not exceeding npproxiniately 5 fps if the strainer is installed in the 
suction of a pump, or 6 fps if the strainer is in the discharge side of the pump. 
To maintain the friction drop as low as possible, it is essential that all ports 
and passages be aa large as possible so that the velocity, and thus friction 
drop, is maintained at a minimum. 

The size of perforations in a strainer depends upon its location and purpose 
in the system. Strainers located in the suction line to service pumps are 
used to protect the pump only; therefore, the perforations need to be in. 
diameter. Sm^l diameter perforations are not recommended for this 
service since they will present too much resistance to the flow of oil and thus 
may reduce the capadty of the service pump. Strainers located in the dis- 
charge side of the service pump are used to protect the bearings and gears 
of the engine or turbine from all foreign solid substances. The baskets of 
these 'Strainers are generally formed oT in. thickness plate fitted with 
% in. diameter holes. This -basket is then lined with a wire cloth having 
about 80 wires of 0.004 in. diameter to the inch. The use of any finer mesh 
is not recommended since it has a tendency to wear very easily, 

One of the duplex strainers installed in a lubricating-oil service system 
should be fitted with magnets effectively clamped in the basket which will 
remove iron or steel filings, welding beads, or other ferrous material. If 
bright metal chips are deposited on these magnets, it is a good indication that 
trouble is developing within the unit being served. 

Purifying Lubricating Oil. The entrance of water along with small 
particles of dirt, rust, and scale into the lubricating-oil system cannot be 
prevented. These foreign substances, along with solids, formed as a result 
of decomposition of the oil, should be removed frequently from the lubricat- 
ing oil. There are three prime methods by which these foreign substances 
may be removed from oil on shipboard: by settling, by filtering, or by the 
use of a centrifugal purifier. Generally, a combination of two of the methods 
or all three are used since each has »me feature which the other does not 
possess. 

The use of gravity settling in a tank is the simplest method of purification 
to employ, but it does not fundaou well at sea owing to the motion of the ship 
and the relatively long time required to accomplish the settling. The use of 
filters to purify oil is satisfactory when it is desired to remove only foreign 
solid substances, but it is not- designed for the removal of water from oil. 
A centrifugal purifier has the advantage over the use of a filter or settling 
tank, since it will remove both solid foreign substances and liquids in a 
relatively short time. A filter does, however, tend to remove very fine sub- 
stances more effectively. 

.Centriju^al Purifiers. The mMOer in which separation of two liquids takes 
place in a'ccntrifu^al oil punfiw'inay'be-easLly understood 'by' examining the 
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enouch oil to prevent any damage to the main turbine bearings and gears. 
To operate tho system at its normal pressure conditions, however, the 
tension of the governor spring sliould be readjusted by means of a readily 
accessible handwheel provided on the governor valve. 


Klaxon 

alarm 
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[X] Ohbe valve 1>K1 Gate valve 
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Fig. 1.— Lubricating-oil service system — pressure type. 


The gravity-type system, shown by Fig. 2, is similar to tho prossuro type, 
except that gravity tanks are fitted in the piping system between the lubricat- 
ing oil cooler and the turbine and gews. These tanks' are generally located 
about 30 ft above the turbine in order to assure the required pressure at the 
turbine and gear oil inlet conneetion. An orifice valve is generally fitted 
immediately before the inlet connection to idlow close adjustment of tiie oil' 
pressure and flow. The service pump is adjusted to pump oil in excess of that 
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simplest ol all scpatatiag devices, the settline tanL- Gonorally speaking, any 
two liquids that have different spedfio gravities and are not soluble in eacli 
other can be .separated by gravity, but they can be separated much more 
thoroughly and in la fraction of the 
time by correctly applied centrifugal 
force. ■ 

The primary advantage of a cen* 
trifugal purifier over a gravity tank 
is that it makes use of a force many 
thousands of times stronger than 
gravity. When applied to the best 
advantage, as in the purifying mem« 
her of either of the designs of purifier 
shown (see Figs. 7 and 8), centrifugal 
force is so much more intense than 
gravity that it will often accomplish 
work that gravity separation alone 
would not be able to do. k cubic 
inch of oil at the bottom of a water- 
filled tank has a buoyant force of a 
fraction of an outicc acting on it tend- 
ing to make it rise to tlic top. If the 
same cubic inch of oil were in the 
purifying member of a separator, 
the ^oyant force would be a good 
many pounds, enabling separation to 
bo effected in a much shorter time. 

Moreover, it sometimes happens, ns 
in the case of an emulsion, that a 
heavy liquid is distributed through a 
lighter liquid in such very fine drop- 
lets that the use of force of gravity 
cannot cause perceptible movement. 

Under the influence of eentrifugnl 
force, these fine droplets will move 
and separate out. In addition to 
separating svatet from ofi, the centrif- 
ugal purifier will also remove solid 
substances. A portion of the solid 
substances separated is generally removed from the maoliine along with the 
water; however, a portion of the solid substances remains in the purifying 
member and must bo removed by hand cloaning methods. 

Types of Centrifugal Purifiers. Two common designs of marine lubri- 
cating-oil pnrifiets are shown in Hgs. 7 and 8, one of which is the Sharpies 
design and the other the DeLaval derign. Each, when installed on ship- 
hoard, is fitted with suction and discharge pumps which are capable of lifting 
oil from one reservoir and disdiax^g it to another. In the Sharpies design 
an additional motor is required to drive the transfer, pumps (motor and trans- 
fer pumps not shown). On the DeLaval deagnshoum, the attached transfer 
pumps and centrifuge are all driven by one motor. In the two designs of 
centrifuges shown, the same principle is employed to accomplish the eeparat- 
lug, but the design of the units is quite different, for the Sharpies design 
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required by the turbines and gears, and this excess oil runs through the orer- 
flow fitted in 'the -gravity tAnlr imd then by a sight glass to the sump tank, " 
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Jio, 2 . — Gravity-iype iuhrica£mg-oii system. 

The gravity tanks are-generally aiaed such that there -will be about a 3- to 
4-min reserve supply that may be used by the mjun unit after the service puitip 
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employs the use of "tubidar-type” bowl, whfle the DeLaval uses the "disk- 
type” bowl. The tubutar-type bowl is relatively small in diameter, which 
permits operation at a high rotative speed, which in turn develops high 
centrifugal force. Also, with the bowl designed with a length many times 
the depth of the liquid layer, the distance the oil has to travd is many times 
the settling distance. This allows for a relatively long settling time. In 
addition, the bowl is provided on the inade with a simple three-wing device, 
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ceases to deliver oU. With this reserve supply on hand, sufficient time is 
usually available to start the st^m sl^d-by pump and prevent .damage to 
the bcaringsi Gravity tanka arc sometimes arranged with a water idrain-off 
connection so that the, tank mot in use may be used for gravity settling if 
desired. 

In both system designs, it is most important that consideration be given 
to the location of the lubricating-oil service pumps so that their suction lift 
is not greater than that for which tl'cy are designed, especially when the vessel 
is not on even keol. The suction-pipe in the sump tank should be bcll- 
mouthed and located where it will Have notTess than ^ ft oil over tlie open 
end when the vessel 'is rolling about 45 deg. The suction piping sliould be 
free from' bends and of largo diameter to assure minimum drop. The macomb 
strainer indicated in' the suction lino to the motor-drh'on service pump is 
sometimes replaced by a strainer bidlt into the pump suction, which reduces 
the friction drop in the piping. • 

On both designs indicated, tw lubncating-oil coolers have been shown, since 
the installation of two units is the most common commercial practice. On 
many installations,' however, only one cooler with an oil by-pas-s is pi'o\’ided. 

The location chosen for the magnetic duplex strainers is a very important 
item. These strainers should bo placed as close to the turbine and gear 
inlet connection as possiblc-for it. should bo rcmcmborod'that the turbine 
and gears arc being protected from foreign matter and not the gravity tanks, 
oil coolers, or interconnecting piping.- - - ' 

The pressure and gravity systems have tertain advantages and disadvan- 
tages, and it is a matter of much discussion ns to wiiich system is the better 
to install on a particular.dosign of vessel. •_ 

The principal advantages of the gravity! system over the pressure system 
are as follows: (1) In the event of failurc(of the service pump, about 3 to 
4 min are available to restore the flow of oil by the use of tlie stand-by pump 
before damage, may be done to the main unit. ..In.the .pressure system, how- 
ever, one depends entirely upon, the automatic starting of the stand-by pump, 
which is not considered very dependable by some designers and operators. 
(2) Close regulation of the oil quantity delivered ijy the service pump is not 
required since all excess oil flows through the overflow fitted in the gravity 
tank. (3) The sight glass provided in the 'overflow gives a visible indication 
that sufficient oil is being supplied to tfic main turbine unit. , ' 

The principal advantages of the pressure system over the gravity system 
are as follows; (1) The pressure s^cm lends itself well to a vessel tliat has 
low headroom in the engine room, such as a dtsstroyer or other naval vessel. 
(2) The fire liazard is greatly reduced sinco,3,000 to 4,000 gal less of hibricat- 
mg oil are carried in the engine room. ' This is particularly an advantage 
in wartime. (3) The weight of the piping, tanks, etc., for a pressure system 
IS about 50 percent, less than that of the gravity system. (4) The installa- 
tion of a pressure system is almost a requisite Tor .lubrication of high-speed 
steam reciprocating or diesel en^nes owing '-to tho relatively liigh pressure 
required at .the bearing^'- (5) -Theisiac'Of the lubricating-oil .coolers and 
pumps is smaller than in the gravity system. 

^ , Storage',,. Transfer,"' and PurUying^- Systems'.' -The pnncipal'',tanks 
installed in the Ipbricatifig-oil'e^liem are aStorage tank.'a'sot’tUng'tank, 
a sump tank, and/'in the ,case of, 'a 'grainty 'System, one dr two 'gravity 
tanks, The .storage tank k ' gen^^y med sufficieritly'.large to hold'biie 
complete,, fresh; cWge.pf ^ lulMidatiii.g_''bil'‘fdr ihe' servich’ system, 'plus"th'e 
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Sharpies design the bowl is belt-driven from the motor and is suspended by a 
flexible spindle from a bearing at the top of the housing; in the DeLaval design 
the bowl is ordinarily gear-driven from below, with tiie spindle itself ri^d but 
the upper bearing flexibly mounted. The feed to the tubular-type bowl is 
tJjrough a feed nozzle at the bottom, whereas the disk-type bowl is ordinarily 
fed from the top through a center tube, by which the liquid is directed toward 
a series of holes punched through the disk stack and then flows upward 
through these holes. Separated light liquid moves toward the center to 
discharge into one of the covers, and the separated heavier liquid moves 



Fig. 9.— Bowl for De Laval centrifugal purifier. 

toward the outside, being diverted from the bowl into the other cover (oeo 
Kg. 9). 


FXTEL-OrL SYSTEM 

The duty of the fuel-oil service system is to deliver a required quantity 
of fuel oil at the desired pressure and temperature conditions, to tho burners 
of a boiler in the case of a steam-propelled vessel, or to the injectors of tho 
engine in the case of a diesel-propcUcd vessel. The system must also bo 
fitted with the necessary filters, strmners, purifiers, etc., so that the oil is 
delivered in the required purity. 

Service System for Steam-propelled Vessels. The system to be 
discussed is the tjrpe that is installed on many steam-propelled merchant 
vessels that use heavy-grade bunker oil as fuel, since this is the common 
design. Figure 10 shows a typical fuel-oil service system. In this system, 
oU may be drawm from either of the two fuel-oil settling tanks or direct from 
the inner bottom or deep bunker oil tanks. Each settling tank generally 
has sufficient capacity for about a 28-hr fuel supply for the vessel when it is 
operating at normal power. For normal operation of the system, oil is 
pumped by means of a fuel-oil transfer jnimp (not sJiowii in sketch) from tho 
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oil that 'will be consumed by the QigiDes during the voyage. Tho settling 
and sump tanks generally are siaed sufScienlly large to take all the oil in the 
service system. The gravity tanks, when used, usually have a capacity of 
about 3- to 4-min supply of oil for the normal requirements of the service 
system. 
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Fig. 3.— Lubricating-oil storage, transfer, and purifying system. 

Figure 3 shows a typical piping arrangoment for a lubricating-oU storage, 
transfer, and purifying system. The storage system is designed so that oil 
from deck may be led to the storage tank where it may be run by gravity 
to the main or turbogenerator sump tanks. The transfer part of the system 
is designed so that oil be pumped from the main sump tank by moans 
of the lubricating^jil purifier transfer pumps and/or the stand-by lubricating- 
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Fig. 10.- 

to settle. While settling is taking place in the one tank, the service pump 
will be taking suction from the other tank. When the tank on which the 
Krvice pump is operating becomes nearly empty, the suction to the full tank 
is opened and the suction to the empty tank k olosed. The empty tank is 
then filled as described above. For most economical operation, the fuel-oil 
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-Fuel-oil service eystem for steamships. 
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oil service pump. Those pumps are fitted so that they can discharge either 
to the storage or settling tanks or to deck. If the turbogenerator sump tanka 
are to be emptied, the lubricatang-oil transfer pumps attached to the purifier 
may be used or the oil may be run by gravity to the main turbine sump tank. 

The purification system is arranged so that either “ continuous ” or ‘ ' batch ” 
purification methods may he employed. To accomplish this, a centrifugal 
lubricating-oil purifier rvith attached suction and discharge pumps, a lubricat- 
ing-oil heater, and a lubricating-oil BctlUng tank fitted with a heating coil 
are gencraily provided. For continuous purifications, suction is taken from 
the main turbine sump by means of the purifier suction pump, and oil is 
discharged through the lubricating-oil heater to the centrifuge where it is 
purified. The discharge pump takes suction from the purifier and discharges 
purified oil back to the sump tank. The same operation may bo performed 
for the oil in the turbogenerator sump tanks if desired. The lubricating-oil 
purifier is generally of sufficient capacity so that it need operate only about 
8 hr per day while the vessel is in operation. 

For batch purification, auction is taken from the main turbine sump by 
means of either the lubricating-oil service stand-by pump or the lubricating- 
oil purifier transfer pumps, and discharged to the lubricating*oil settling 
tank. Fresh oil may then be rua from, the storage tank to the sump tank 
if desired. The oil in the settling tank may then bo heated to approximately 
180 deg by moans of the steam coil provided, and the water will settle from 
the oil. When the settling has been completed, the water may bo drawn 
off by means of the drain-off v.alve provided, and then the oil may bo run to 
the centrifuge and purified. The purified oil may then bo discharged to 
the main sump or storage tank depending on whcllier or not a new clmrge is 
desired in the service system. Purification by the centrifuge after settling 
is not required since the settling tank alone will purify tlio oil very well. 

Purification by the batch method has one serious limitation, hon’cver, for 
it cannot be used unless the main turbines arc shut down for the period when 
the sump tank is empty. The batch method, therefore, is the common one 
to use when the vessel is in port and the continuous method is the common 
one to use when at sea. 

Turbine Governor System. The turbine governor system is designed 
primarily to protect the turbines, rotors, and other parts from damage due 
to overspeeding or from damage to the bearings and gears duo to an insuffi- 
cient supply of lubricating oil. Figure 4 shows a typical governor system. 
The design shown is similar to that used on many of the Victory ships built 
for the U.S. Maritime Commission. The sketch shown employs a Westing- 
house Electric and Manufacturing Company design of throttle valve mani- 
fold complete with its attached oil-operated governing mechanism. ^ 

The overspeed protection is obtained by the use of the governor mechanism 
in the manifold, which is actuated by a small oil pump attached to the turbine 
shaft. This pump may be of the centrifugal or gear type. In the manifold 
is fitted a small spring-loaded piston upon which the discharge pressure from 
the pump acts. This piston moves an oil pilot valve which in turn regulates 
the oil flow to the large spring-loaded oil piston used to move the steam 
throttle valve. The oil used for operating the main piston is obtained from 
the discharge line from the main lubricating-oil service pumps. Thus, if the 
turbine should overspeed beyond a predetermined figure, the increased oil 
discnarge pressure from the turbine pump will actuate the oil pilot valve, 
ihis in turn will dump the oil that holds the main , piston in the normal' 
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should be located 60 that they have the mmimum static suction lift and so 
that the suction piping -will be as short as possible. All piping should be of 
ample size, and all valves should be of the gate type. This is a particularly 
important item if Tvidc-range burners are employed which return hot oil to 
the pump suction. 

The system design shown in the shctch is satisfactory for the use of straight 
mechanical-pressure atomizer-tTOe burners or wide-range burners not requir- 
ing the use of return oil. If it is desired to install a system employing the 
wide-range burners requiring return oil, the arrangement shown should be 
modified to install the necessary piping to return the excess oil from the 
burners back to the pump suction. The fuel-oil meter should be relocated 
to the suction side of the service pump so that it measures only the oil burned. 
To arrange the system shown for automatic combustion control, it is merely 
necessary to add an additional control valve in the oil supply line to each 
boiler. Several designs of combustion control are in use today on com- 
mercial vessels, the most coronion of which are manufactured by the Bailey 
Meter Company, Mason-Ncilau Regulator Company, General Regulator 
Company, and Hagan Corporation. 

Service System for Diesel-propelled Vessels. The fuel-oil service 
system for a dieaol-propelled vessel is quite different from that used on an 
oil-burning steam vessel since all oil delivered to the engine must be nm 
through centrifugal purifiers and filters. On a diesel vessel, two daily service 
tanks are installed, in addition to the two settling tanks. Oil is settled in the 
settling tanks the same as on a steam-propelled vessel, except that instead of 
pumping the oil from the settling tanks direct to the engine, the oil is deliv- 
ered from the settling tank to a centrifugal oU purifier where it is purified 
and returned to the oil service tanks. The design o! centrifuge employed 
is the same as that employed for lubricating oils. For a detailed descriprion 
see p. 1311. Oil is then pumped from the service tank by the fuel-oil aervieo 
pump similar to the system installed on a steam-propelled vessel, except the 
discharge pressure of the service pump is relatively low, being only from 30 to 
fiO lb gage. All oil delivered by the service pump must be pumped through a 
metal edge strainer and a filler, for all oil delivered to the engine must be of 
the utmost purity. The oil that is delivered by the service system is then 
handled by the engine injector whercit is metered and injected into the cylin- 
ders at a high pressure. The oil pressure to theengine is maintained by tho use 
of a back-pressure valve located in the fucl-oil header at the engine. All oil 
passing through the back-pressure valve is returned to the pump suction. 

Piping Materials. The oil piping materials, installed in the suction 
piping lines to the fuel-oil service pumps on most vessels that have been built 
for the "0.8. Maritime Commission and to meet Senate Report 184 require- 
ments, have employed standard-w^ht black steel pipe with all valves 
and fittings either forged or cast steel. All take-down joints should be 
flanged along with all valves 2 in. and above in size. All small sizes of valves 
and fittings are either of screwed or socket-welded design with the screwed 
design of valve seal-welded to the pipe. All fittings 2 in. in size and larger 
are generally of butt-welded design with a few steel-flanged fittings being used 
where necessary. With the deagn of system described above, a tight system 
is assured since all joints arc dthcr of welded or flanged design. If the vessels 
being constructed do not have to meet the requirements of Senate Report 184, 
then cast-iron, bronze, and mdleable-iroa valves and fittings may be installed 
in the suction piping. It is best, however, to make all cast-iron valves and 



FORMAL ALGEBRA 


113 


hyany quantity different from zero, TOthout altering the value ol the 
fraction. .... ■ ' 

To add two fractions, reduce each to a common denominator, and odd the 
fl 2 .fly bx ay 

numerators: rT“=r“+7~* — ; • 

b y by by by 


To multiply two fractions: 


tX- 

b y 


~by' b b I h' 

To divide one fraction by another, invert the divisor and multiply: 




bx 


& y b X bx’ b 
Ratio and Proportion, The notation o:l»::c:d, wliioh is now passing 
out of use, is read: “o is to h as c is to <f,” and means simply (o/6) = [c/d), 
or od = be. 0 and 5 aro called tho "oxtroraes," h and c tho ‘‘means," 
and d the "fourth proportional” to a, It, and c. Tho "mean proportional" 
between two numbers is the square root of their product; also called tho 
"geometric mean" of the numbers (p. 115 ). If o/b® c/d, then (fl + b)/6 = 
(c 4- d)M and (o - h)/b ® (c - d)/d; whenco also, (o + *“ b). *» 

(e+ d)/(c- d). If o/s= b/y= c/a e . . . ® r, then 

(fl + b + C+ . . .)/(!+ tf+ 2 + . . .) = r 
Variation. ' The notation i « y ia read: "x varies directly ns y," or "g 
is directly proportional to y," and means x = ky, whore k is some constant. 
To determine the constant k, it ie sufficient to know any pair of values, ns 
ai and yi, which belong together; then ii * hyi, and hence x/s\ ■ y/yi, ot 
0 ® (’h/yOy. The expreasion "s varies invorscly as y," or "z is iavoraely 
ptopcrtionol to y," means that i is proportional to l/y, ot ® » h/y. 
Exponents, = a"a''. a’""" a®=>l (if a 0). 

(fl*")" s a"*, dVn 9 Thus: - Vc, and = '^a. o"/" » 

V^. Thu8:a^^ * V^ando^^ » Vc*. (Vo)" = o. (ob)" = o^b". 

(a/b)" = a^jb^, (- a)" = a'‘ if n is oven. (— c)" = - o" if n ia odd, 
If B is positive and increases indefinitely, o" becomes infinite if o> 1, and 
approaches 0 if fl < 1 (o being always poaitivo). Graphs, p. 174 ; series, p. 160. 

, Radicals. Except in the simple cases of squaro root and cube root, radical 
rigna should always be replaced by fractional exponents: Vo “ 
(Vo)" ** (o’'^'')' ® a. If n is odd, V“0 “ -■ Vo? but if n is even, 
V - 0 is imaginary. Every positive number c has two square roots, one 
positive and the other negative ; but the notation V® always means the positive 
root; thus, Vo *= 3; -Vo = — 3. If the denominator ot a fraction is of 
the form Vai V^, it is possible to “rationaUzo tho denominator" by 
multiplying both numerator and denominator by Vo T Vb. Thus: 

V° Vb __ (Vd + Vb)(Vfl + Vbl _ n + b + 2Vab 
Va - Vb (VS - Vb)(Vo + Vf) ® ^ 

Logarithms. (For tho use of bgwithms in numerical computation, 
see p. 91.) The logarithm of a (poative) number W is the exponent of that 
power to which the base (10 or e) must be rmsed to produce N, Thus, x 
® /ugio M means that 10* ■ =, K, and x = log* JV moans that c* = , Loga- 
mhniB to base 10 are called common, denary, or Brig^ian logarithms, 
wr table of 4-place common logarithms see iq). ^-43. 
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Logarithms to baae e are called hyperbolic, natural, or Napierian loga- 
rithma. Here e = 1 + 1 + 1/2! + 1/3! + 1/4! + . . . = 2.718281828459 . , . 
For table of 4.place hyperbolic logarithms see pp. 6S, 69. 

If the subscript 10 or e is omitted, the base must be inferred from the 
context, the base 10 being used in numeiieal computation, and the base c 
ia theoretical work. In rither system, 
log (ab) =\Dga+l(^b log =»rvloga log0 = -«5 

log (a/b) = log a - log b log (Va) (l/n) log a log 1=0 

log (1/n) = - log » log (base) »= 1 log ® = a 

The two systems are related as follows: 


logics '=-«’= 0.4342M4810. . log,10 = 1/Jtf = 2.3025850930. . . 
logics: = 0.4343 lcg,i; log* x = 2.3026 logic*. 

For tables of inultiidcs of M and 1/Jl/, see p. C2. For graphs of the loga- 
rithmic and exponenUal functions, sec p. 174; series, p. 160. 

The Binouial Theorem. (For table of binomial coefficients, see p. 
39 and p.U6.) 


Let (n)i » n, (n)j = 


it(n - 1) 

1 X2 ’ 


(n)i 


n(n -> l)(tt - 2) 

1X2X8 ’ 


{n)4 


n (a — l)(n- 2 )(ti- 8) 

1X2X3X4 ' 


Then, for any value of ii, provided 1 * | < 1, 

(1 + z)" B 1 + (n)it + (n)i**+ (n)ja* + (n)4i‘ + . . . 

(tf 71 fs a positive integer, the scries breaks oil with the term in x", and is 
valid without resirictiona on x, see p. 112.) 

The moat useful special cases are the following; 


vr+^ = (! + .)« . . . (w<i) 

Vi +i -«+»)>* = 1 -51’ +g»' . . (iii<i) 

. ■ (W<« 

(1 -1 +f -i- . .(w<« 

with corresponding formul® for "s/l — x, etc., obtained by reversing the 
signs of the odd powers of x. Also, provided |6| < ia|: 

(a + b)' s o" - 1 - =b"- 1- (ii)ia'‘~H( + (iv)ia"~^b^ -h . 


where (r;)i, (7i)j, etc., have the values ^ven above. 

Arithmetical Pr'ogressioa. In an arithmetical progression, q; 0 4-d; 
0 +2d; 0 +3£f; . . each term is obtained from the preceding term 
by adding a constant, called the constant difference, d. If n is the number of 
terms, the last term is I = a + (n -- l)d; the ‘'average" term is H(a + J); 
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fittings 01 the flanged design and also to limit the maximum size of the bronze 
and malleable valves and fittings to about 1)4 in. in size. _ . 

The fuel-oil service piping installed in the discharge of the fuel-oil service 
pump should be extra-heavyweight black steel pipe with all valves, flanges, 
and fittings of a heavjnvcight forged or cast-steel design. All take-down 
joints should be flanged along with all valves and fittings in. in size and 
larger. All small sizes of valves and fittings are cither of screwed or socket- 
welded design with the screwed design of valve scni-welded. 

The fuel-oU suction piping material installed on all new U.S. Navy con- 
struction employs thin-wall steel tubing with all vah'cs, flanges, and fittings 
either forged or cast steel. All joints are either welded or flanged, and no 



screwed joints are permitted. The oil service discharge piping material is the 
same except heavier weight tubing, flanges, valvra, and fittings are required. 

Strainers. The strainers installed in a fuel-oil service system should be 
of the duplex design so tiiat the flow of oil wdll not be interrupted when clean- 
ing of a strainer basket is required. This is most important since the inter- 
rupting of the flow of oil to the burners of a boiler in a steam-propelled vessel 
niay result in a furnace explosion. 

The basic design of a fuel-oil duplex strainer is the same as for a lubricating- 
oil duplex strainer, of which a detailed description is given on p. 1308. The 
outline and cross-sectional drawings (Figs. 11 and 12) show a typical plug-cock 
design of strainer, which is the most common in use for fuel-oil service 


The material of the bodies of the duplex strainers are cast steel, but in the 
case of the suction strainer cast iron may be used if the merchant vessel is not 
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part of the piston except in the case of crankcase scavenging engines, which 
will be explained in a later section. 

Double-acting Engine. Jnst as in the case of the steam engine, in which 
the cylinder is closed at both ends and steam is admitted to first one side 
of the piston and then the other, it has been found possible to close both ends 
of the diesel cylinder and utilize both sides of the piston to produce power 
strokes. The conditions of operation are, however, more difficult because 
the piston rod must operate in a cylinder filled with gas tliat attains a tempera- 
ture" of moro than 3000 deg mid must pass through a stuffing box that will 
prevent leakage of gas at 500 to 700 Ib prossuro. 

The necessity for this stuffing box and the fact that the presence of the 
piston rod interferes with the distribution of fuel in the lower combustion 
chamber and requires the use of two or more injection valves in the lower 
head, add complication to the head. Despite these difficulties the double- 
acting engine has proved highly successful and a widely used for large power 
installations. 

The first successful double-acting cn^ncs operated on the four-cycle 
principle, but the necessity for lur inlet and exhaust valves in both ends 
of the cylinder, with the accompanying complicated valve gear, made this 
type of engine very cumbersome and it was eventually abandoned in favor 
of the much simpler two-cycle design. 

The cylinder of the two-cycle double-acting engine, as shown in Fig. 7, is 
essentially two single-acting cylinders placed end to end. There are two sots 
of scavenging and exhaust ports in the middle of the cylinder, one set of 
which is uncovered by the piston on its downward stroke, the other being 
uncovered on the up stroke. The piston is likewise, in its essentials, two 
single-acting pistons joined to form one long piston >vhich is attached to a 
piston rod. The cyclic processes in the cylinder are the same as those 
described for the single-acting engine, but they occur alternately in the oppo- 
site ends of the cylinder so that the piston receives a power impulse on every 
stroke. 

The absence of valves other than the injection valves makes the two- 
cycle double-acting engine comparatively simple. The starting air valve 
which is essential for starting the engine is generally used only in the upper 
cylinder head for the sake of simplicity. The double-acting engine is essen- 
tially a high engine, and in general its use in marine service is confined to 
power plants In whidi a high concentration of power per unit is desired. At 
one time it appeared that the double-acting two-cycle engine would entirely 
displace the single-acting type for powering large ships, but the development 
of better methods of scavenging, multiple-effect gear drives, and super- 
charging has enabled the single-acting en^ne to give it strong competition. 
At present its use is confined to large ships with the exception of a special 
design of double-acting two-cycle en^ne that finds considerable application 
in submarine service. 

Opposed-piston Engine. A development that arose from the desire 
to obtain more power from a single cylinder than is possible by the use of the 
single-acting principle is that of the opposed-piston engine. As may be 
seen from the schematic diagram in Fig. 8. the cylinder of tliis type of engine 
is simply a cylindrical trunk, open at both ends, in which there are two pistons. 
The lower piston is connected to the crankpin in the conventional way through 
the medium of a piston rod, crosshead, and connecting rod. The upper 
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GENERAL : 

Diesel engine is a term commonly used to designate any engine in -which 
atmospheric air is compressed to a pressure that -will produce a temperature 
high enough to ignite the fuel that is discharged into the cylinder at tlie end 
of the compression stroke. ' The resulting combustion of the fuel produces a 
liighly heated gas, the expansive force of -which is utilized to perform work. 

This definition is not strictly accurate, since the designation diesel was 
originally 'intended to apply-to a type of engine invented'by Rudolf Diesel 
to utilize'a 'special tliermal cycle conceived by him. Subsequent develop- 
ment of this engine resulted in modifications of the processes executed -ivitliin 
it that involved variations of the cycle. In time the name became associated 
more with the kind of fuel used than with the cycle involved, As a result, in 
present-day practice the terms oil engine and diesel engine' arc practically 
synonymous although, as -will be explained later, an oil engine is not noces- 
Bwily a diesel engine. 

METHOD OP OPERATION 

la the usual diesel engine the cylinder is charged with atmosphorio air 
wliile the piston is at the bottom of its stroke, and this air is compressed to a 
pressure of approximateb' 500 ,lb by the piston on its return stroke, this 
compression raising the temperature of the air to about 1000 F. At the end 
of the compression stroke, fuel oil in a highly atomized state is injected 
into this air and is ignited by its high temperature. The resultant burning 
of the oil raises the temperature of the gases produced to about 3000 F and 
increases the pressure accordingly. The piston in the meantime. is moving 
downward on its power stroke under the influenco of this, pressure, and 
theoretically the resulting increase in volume occurs -without'riso in pressure of 
the gases during 'the combustion period. After combustion is completed, 
espaaaioii of tlie gas behind the moving piston continues with a constantly 
decreasing pressure until the piston nears the end of its stroke, when-an outlet 
from the cylinder ia opened and the gases escape to the atmosphere. The 
cylinder is again charged -noth air and the cycle of operation^ropoated. An 
engine operating on tho diesel cycle may, however,. use fuel other than oil but 
no other fuel is used in marine service. 

, HEAT CYCLES DSED IN OIL ENGINES 

There are three .thermal cycles that have a direct relation to dil' engine 
operation:, the Otto cycle,. the diesel cycle, and the, dual cycle.' Iri each of 
these there are five phases: (1) the cylinder is charged 'nith 'nir, (2) the air is 
compressed, (3) the fuel is.mjected wd burned, (4) the .residting gas is 
expanded, (5) the burned gas is .exhausted from tho cylihder. i; 

_ Otto Cycle; . The Otto cycle, so named, after the-engineer who; devised 
this system’ of operation, consists of five phases as.foUows: first, the.cylinder 
13 charged with air, then the air is comprised, and at the end. of- compression 
1319 
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piston has its piston rod connected to a croasbeoro which has a side rod 
attached to each of its outer ends. These side rods are connected to two 
cranks, one on eacii side of the crank to irtuch the lower piston is attached, 
through the medium of crosaheads and connecting rods. Near the bottom 
end of the cylinder is a row of scavenging ports, and in a corresponding loca- 
tion at the top of the cylinder is a row of exhaust ports. 

The action of the engine is as follows: Starting with the cylinder charged 
with air and both pistons at the outer ends of tlwit strokes, i.e., at opposite 
ends of the cylinder, the two pistons move inward and the air in the cylinder 
is compressed between them. At thdr point of nearest approach in the 
middle of the cylinder, compression is complete and fuel is injected into the 
combustion space between the two pistons. Pressure of the gas, produced 
by the resulting combustion, forces the pistons apart and they move out 
toward the ends of the cylinder, the lower piston pushing downward on its 
crank and the upper piston pulling upward on the two side cranks. As they 
approach the end of their travel, the upper piston uncovers the exhaust 
ports and shortly afterward the lower 
piston uncovers the scavenging ports. 

The scavenging air entering through 
the lower ports blows straight through 
the cylinder and out through the upper 
ports, This constitutes what is known 
as uniflow scavenging. 

An apparent disadvantage oi this 
type of construction is the fact that 
there are three cranks between two 
main bearings, which would seem to 
involve the possibility of crankshaft 
trouble. As a matter of fact , very littU 
trouble has ever been experienced with 
such crankshafts and the opposed- 
piston engino is higlily successful in 
service. Although a few small enpnes 
of this type have been built, this 
method of construction is usually 
associated in marine service with large, 
slow-specd engines. Since each cylin- 
der of the engine is, in effect, two 
single-acting cylinders, it is readily 
seen that this construction enables a 
large amount of power to be concen- 
trated in a short engine. The over-all height, however, is greater than that 
of the corresponding engine of the single-piaton typo. 

A variation from the structural arrangement described in the foregoing is 
found in the opposed-piston en^ne uang two orankahafts, one below the 
cylinders and one above. The lower piston is connected to the lower crank- 
shaft, and the upper piston is connected in the same way to the upper crank- 
shaft, the two shafts being' connected by gears so that their rotation is 
Synchronized. Tliis arrangement eliminates the necessity for side rods and 
permits making the engine even shorter. The use of engines of this type is at 
present confined to submarine propulaon and auxiliary services, but they will 
undoubtedly be available for commcrdal service after the war. 



Fig. 8.— Schematic diagram of 
opposed-piston engine. 
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the fuel is injected and bums during a period of time vhen the cylinder 
volume is unchanged, with the result that the pressure created by the heat 
of the gases is added to the pressure of compression. On thePF diagram, as 


shown in Fig. 1, the combustioiv 
line is vertical. At the end of the 
combustion period, expanrion be* 
gins and the gases are expanded 
down to the point of release, after 
which the phase of exhaust occurs. 
As will be seen from the diagriun, 
the use of this cycle involves com* 
bustion at constant volume. Ae- 
cordingly, the pressure to which the 
air may be compressed in an oil 
engine is limited by the maximum 
allowable pressure in the engine 
cylinder and some external agency 
is required for igniting the fuel. 



This is the cycle on which the ordinary gasoline engine operates. 


Diesel Cycle. The principal difference between the diesel cycle and the 
Otto cycle U, that, although the air-compression phase occurs in the former 
as in the latter, it is carried to a higher pressure and the fuel is injootod at a 
graduated rate so that combustion occurs while the cylinder volume is inoreaa* 
ing. Accordingly, the combustion pressure does not rise above the compres- 
sion pressure and is represent- 
ed on the diagram in Fig. 2 by 
a hoiiaontal line. At the end 
of the combustion period, ex- 
pansion occurs as in the Otto 
cycle and is followed by the 
exhaust phase at the end of 
the expansion phase. The ^ 
combustion occurring is the 
manner described is known oe 
combustion at constant 
pressure. 

An important difference be- 
tween these two cycles lies in 

the way in which the combus- 2.— Diesel cycle, 

tion occurs. In the diesel 



cycle, the compression can be carried to any desired pressure, thereby increas- 
ing the temperature of the mr enough to cause autoignition when the fuel is 
injected. 

It should be noted that the theoretical diesel cycle, as described, differs 
somewhat from the practical cycle usu^ly carried out in the actual diesel 
engine. This is shown in the diagrams in Fig. 3, which are indicator diagrams, 
taken from operating engines. Here it will bo noted that the combustion 
line instead of being horisontal is curved upward. Although it is possible 
to adjust a diesel engine so that it will produce a combustion lino that con- 
forms closely to the shape of the theoretical diagram, it is found in practice 
that better efficiency is obtained if the combustion line has this upward- 
curving characteristic. 
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Fig. 9. — Special cylinder arrangemeats: 2, two-cycle cylinder with uniflow 
scavenging through valves in bead; 3, V arrangement built in 6, 8, 12, and 16 
cylinders; 4, porcupine type wth two V'b, producing a 32-cylinder unit; 
6, double V with pinion between eaeh pair of four-throw crankshafts; '6, 
quad unit of 24 cylinders; 7, pancake Mxangement of four cylinders in same 
plane; 8, opposed cylinders produce a narrow unit; 9, W arrangement with 
two link rods on master connecting rod; 10, aircraft radial engine; 11, double- 
acting engine of well-known type; 12, two-crankshaft arrangement, with 
opposed pistons; 13, diamond arrangement of four opposed piston engines. 
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Dual Cycle. Further departure from the theoretical cycles is found in 
operating engines, especially those operating at high speed. The high-speed 
en^ne with smaller cylinders requires such a small fuel charge at each injec- 
tion that graduated injection becomes very ditBcalt. A-lso, certain inherent 
characteristics of combustion, which will be discussed later, make it prac- 
tically impossible to burn the fuel at a rate corresponding to the increase of 
cylinder volume. As a result, we get a condition in the cylinder that is in 
effect a combination of Otto-cycle and diesel-cycle operation. The combus- 
tion line in this case will show a partial rise corresponding to combustion at 
constant volume, followed by a period of combustion at constant pressure. 
When this condition exists, the enpnc is said to be operating on a dual cycle. 
Practically all small high-speed diesels operate on this dual cycle. 

Mechanical Cycles. The cycle discussed in fclm foregoing section are 
designated as thermal cycles and arc not to be confused with mechanical 
cycles, of which there are two involved in dieael-cngine operation. The 
thermal cycles represent heat processes, and such a cycle may be considered 
aa a preliminary plan of engine operation. Mechanical cycles on the other 



hand are descriptive of the mechanical mrangements that are used for 
carrying out the heat cycles. 

Two-stroke Cycle. In an en^ne operating on the two-stroke cycle, the 
cylinder is charged with air and the piston makes an upward stroke to com- 
press the air. At the end of tliis corapresdon period, fuel injection and com- 
bustion occur and the piston moves downward on its power stroke. When 
about 80 to 85 percent of the stroke has been completed, exhaust ports in the 
lower wall of the cylinder are uncovered or oxhai^t valves in the cylinder 
head are opened, depending on the construction of the engine, and the gases 
escape to the atmosphere, the pressure in the cylinder falling to atmospheric. 
Further movement of the piston uncovers scavenging ports in the side of the 
cylinder opposite the exhaust ports and air under a pressure of 1 to 5 lb 
blows into the cylinder, pushes out the remaining gases, and fills the cylinder 
mth a fresh charge of air, after winch the cycle is repeated. 

It is thus seen that all the phases in the cycle of operations, namely, charg- 
ing with air, injection and combustion of fuel, expansion, and exhaust 
occur during two strokes of the piston. From this we get the designation 
two-stroke cycle. In general practice this term is shortened to two-cycle 
and engines operating in this manner are known as two-cycle engines. 
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CYLINDER ARRANGEMENTS ' ’ 

Cylinders in Line. The conventional <gflinder arrangement and the one 
iBost widely used is .that in which all the cylinders are placed in line above the 
crankshaft' and in;a vertical position. Numerous combinations are found,, 
including the 1-, S-,- 3^, 4-, 5-, 6-, 7-, 8-, 9-;T0-, 12-, and 16-cylinder combina-. 
tions, but for marine propulsion it is not customary to use fewer than six 
cylinders for four-cyclc and .five for two-cycle engines, except in the case of • 
opposed-piston engines or en^nea connected to the propeller shaftithrough 
reverse gears. Single-cylinder and tworcylindcr engines are used only lor 
auxihary service, such as generator or pump drive. 

V-type Engine. The trend toward greater concentration of power and 
more compactness of engines has found diesel designers taking a leaf from the 
book of designers of automotive and other types of gasoline engines as far as 
cylinder arrangement is concerned. A number of cylinder arrangements 
departing from the in-line practice have been developed, but the one most' 
widely used is the V-type engine. Two lines of cylinders are placed in an 
Inclined position diverging at the top and connected to a single crankshaft 
located 'at the -point' of intersection of the center .lines. Tliis arrangement 
permits the use of a very ri^d type of frame and ahigb concentration of power 
within a given over-all space. , ... • ,i, 

Originally designed for .railway service, where limitations on spneo arc, 
Bovoro, the V-type. engine found ready acceptance in submarine service whore 
the space. limitations are still more severe. This type has .also found wide 
application in certain classes of commercial marine service, particularly for 
elsctrio drive.' , 

Miscellaneous Arrangements. In the search for ways of concentrating' 
poww in a small space, several different cylinder arianBemcnta have been 
designed. These are illustrated in the skctcli in Fig. 0 which is self-explana- 
tory. ' Aside from the V arrangement, the special arrangements shown have 
found very little use outtidc of naval service where they have been applied' 
to the drive of special types of vessels, or in cases where some very special 
conditions call for a departure from conventional arrangements. 

FUEL SYSTEMS 

What may .be considered the heart of the dicseil engine is the fuel system, 
by means of which the fuel oil is delivered in metered iiunntities in an atomized 
state into the cylinders of the engine at the proper time. Starting at tlie 
bunkers or tanks in wWch tlie fuel oil is stored, the oil is pumped from tbero 
by a, transfer pump 'and dehyered to daily service tanks which aro elevated 
above the engine. In most installations it is customary to interpose cleaning 
equipment between the supply, pump and the service tanks, this cleaning 
equipment consisting of centrifuges or some type of filter. From the service 
tank, the fuel flows by gravity to the fuel-injection pumps, which perform 
the double function of metering the charge for injection into the cylinders 
and.forcing that charge into the cylinders. 

At this point we find a difference in the early diesel engines and those of 
modern, design. Originally all diesel, raises utilized compressed air' for 
miectmg the fuel into the cylinders.; I^ter development of mechanical or 
airless injection methods resulted in the abandonment of air injection in now 
marine installations. All. marine diesel eaph® built, today are equipped 
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Mention was made in a preceding paragraph of two mothods'of exhausting; 
one through pbrL«'in the cylinder i^-and the other through valves in the 
cyhn'der bead. In the former case, as may be seen in Fig; 4, the ports are 
near the bottom of the cylinder wall with the exhaust ports on one side 
and the scaven^ng ports on the'other, the exhaust ports being higher than 
the scavenging ports. This latter arrangement is necessary in order that the 
exhaust ports will be uncovered wid release the gases before the scavenging 
ports are op'enod. The scavenpttg ports are in communication with an air 
receiver, which is kept charged with air' means of a scavenging air pump 
cither driven directly from the crankshaft of the engine or operated independ- 
ently by means of an electric motor. The scavenging porta 'are shaped in 
such a way as to direct the entering nir upward toward the top of the cylinder 
in order to clear the gases out of the upper end of the cylinder; in addition 
they are sometime-s yven mi angular position so that the entering .air will 
follow a helical path. 

It will be seen that with this arrangement the c.xhau8t ports must neces- 
sarily be uneovcied before the scavenging ports, while the piston is making 
its downward stroke, and on the upward stroke the scavenging ports are 
covered by the piston before the exhaust ports have been covered, thus 
leaving the cylinder open to the exhaust receiver for a short period during the 
compression stroke, thereby permitting the entry of some burned gas. This 
condition is prevented in some two-stroke engines by the use of two rows of 
scavenging ports, one above the other, with automatic valves in the air 
receiver to close the upper row of ports or, in one design, both rows. On the 
doim stroke of the pi^on the upper row of scavengbg ports is un'covered 
before the exhaust ports, but the pressure of the gases in the cylinder holds 
the valves on their scats, and none of the gas con escape through the scaveng- 
ing porta. As the piston proceeds downward and uncovers the exhaust ports 
and later the lower row of scavenging ports, exhaust and scavenging occur as 
previously described but, as soon as the prwsure in the cylinder falls below 
the pressure in the air receiver, the automatic valves open and additional 
scavenging air enters through the upper row of ports. On the up stroke the 
piston closes the lower row of scavenging ports, but air continues to blow 
into the cylinder through the upper row and scavenp ng continues. When the 
moving piston covers the exhaust ports, the upper row of scavenging ports 
is still open and a slight supercharge ia given to the cylinder, owing to the 
pressure of air in the air receiver. After further movement of the piston 
covers the upper row of scavenging ports, the cycle continues as before. A 
two-cycle engine with two rows of scavengu^ ports controlled by automatic 
valves U shown in Fig. 4. 

In the crankcase scavenged engine the compressor is eliminated by using 
tho undersides of the jnstons to compress the air in the closed crankcase and 
providing passages from the exankease to the acaven^ng ports. 

. Four-stroke Cycle. An engine operating on the four-stroke cycle requires 
air inlet and exhaust valves in the (ylinder head. Starting with the piston 
at the bottom of tho cylinder, idle cylinder charged with air, and all valves 
closed, the operation is as follows: The jnston inoves upward on the compres- 
sion stroke, at the end of which fuel is injected, combustion occurs, and the 
piston moves downward on the expanaon stroke. Near the bottom of the 
stroke the exhaust valve in the' cyltodra' hesid opens and, as the piston moves 
upward on its next stroke, the burned gases are pushed out of the cylinder. 
After the piston passes top d^d center, the exhaust valve doses, the inlet 
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for mechaarcal fuel injection, but there are still many of the old, air-injection 
engines in service. 

Air Injection. In this type of engine the fuel pump meters each charge 
of fuel and delivers it into the body of the injection valve located in the 
cylinder liead. The body of this vahre is also connected to a high-pressure 
air system so that it is at all times' filled with air at about 900 lb pressure. 

After the fuel charge is delivered into the valve, the valve gear operates 
to open the valve at the proper -Ume in the cycle, and the high-pressure air 
in the valve blows the fud violently into the cylinder. In the bottom of the 
valve body is an. atomizer, usually consisting of some form of labyrinthine 
passage through which the oil is blown, thus causing it to be broken into fine 
particles and ejected from the valve body into the cylinder in the form of fog. 

It would be perfectly feasible to operate the fuel-injection pump by an 
independent motor but, dnee its action must be accurately synchronized 
with the movements of the engine piston so that the fuel charge will be 
ddivered at the proper time, it » obvious that the best method of operating 
it is through some sort of mechanism driven by the crankshaft of the engine. 
For this reason the fuel pump is always mounted on the engine where it 
can be operated by cams and gears driven from the shaft. The fuel pump 
may accordingly be considered a part of the engine itself, 

Mechanical Injection. The mechanical injection of fuel as now used 
on all new marine engines differs from the earlier air injection principally by 
reason of the fact that no air is used in connection with the injeotion or 
atomization of the fuel. Instead, the fuel is forced into the cylinder by the 
fuel pump under high pressure and. by forcing it through minute orifioos' 
in the injection nozzle, this high pressure is converted into velocity, wliich 
causes the fuel to be blown into the cylinder in a fine mist similar to that 
produced by the air-injection valve. 

There are two types of mechanical-injection systems in use. One is known 
as the common rail system and the other the jerk pump system, the latter 
being the more widely used. In the common rail system a supply pump 
delivers the fuel to a pressure pump, the dischai^e from which need have no 
definite time relation to en^e rotation. This pressure pump maintains a 
pressure of 3,000 to 9,000 lb in a header or common rail, to which each of tho 
injection valves is connected. The bodies of the injection valves— except 
some modified types-— arc filled at all times with this high-pressure oil and, 
when the valve-operating gear causes a valve to open, the oil is projected 
into the cylinder. The amount of fuel thus introduced into the cylinder 
depends upon the length of time the valve is held open. Provision is mads 
in the valve-operating gear for regulating this duration of opening. 

In the jerk pump system each fuel pump is connected directly to its cor- 
responding injection valve or built into it. Although the line between tho 
pump and the valve is at all times filled with oO, it is not under pressure 
except during the period when injectioa occura. The fuel pump is of the 
constant-stroke type, and the same amount of oil is drawn into the pump 
barrel on each successive stroke. As soon as the plunger starts its discharge 
stroke, oil is forced out of the other end of the pipe connecting to the injection 
valve. 

The injectioa valve is amjiy an accurately made spring-loaded check 
valve held on its seat by the tension of its spring. When the pressure, owing 
to the oil's being forced into the valve by the pump, is high enough to over- 
come tho tension of the spring, the vtdve lifts and oil is forced through fine 




COOLING SYSTEMS 


1335 


orifices in the injection valve noazle and is projected into the combustion 
space in the form of a mist. 

The amout of fuel that is thus forced into the cylinder must, of course, bo 
varied to suit operating conditiotis. This variation is obtained by estnblish- 
iag, at a variable and controllable point in the stroke, a connection between 
the pump barrel and the suction line. This is done cither by a spill valve 
operated by a linkage attached to the plntigcr or by a helical groove in the 
plunger in connection with a port in the plunger barrel. In this latter case, 
when the edge of this groove in the plunger uncovers the port, tire pressure 
in tire pump barrel is released. The helical shape of the groove makes it 
possible to vary this time of uncovering the port by rotating the plunger by 
means of a control mechanism leading to the control station. 

A separate pump is provided for each cylinder on the enpnc, and all the 
pumps may be assembled in a single pump unit having a common suction 
tank, or each pump may be an independent unit mounted on the engine 
adjacent to the cylinder that it serves. The pump plungers are in all cases 
operated by cams upon a camsiiaft which is driven by gearing from the crank- 
shaft of the engine. 

COOLISG SYSTEMS 

During the process of combustion of fuel in tlie cylinder of the diesel 
engine the momentary temperature of the resultant gas reaches a point higher 
than the melting point of the metal of the cylinder. Some of the metal 
surfaces enclosing this high-temperature gas have rolative motion and rubbing 
contact and must, therefore, bo lubricated. Cooling of the engine cylinders is 
accordingly necessary, not only to keep the temperature of the motal below 
the melting point but also to keep the temperature low enougli to permit 
maintaining a film of lubricating oil on the rubbing surfaces. 

Water is the unWeraally used cooling medium. Provision of an adequate 
and properly arranged path for the cooling water through tho engine is a 
function of the engine designer, but it is of equal importance that pumps 
of tho right type and capacity ^ selected and tho associated piping be cor- 
rectly arranged when the engine is installed in a ship. 

In the early days of marine ^esel engineering it was the universal practice 
to use the flotation water for cooling, because of its ready availability and the 
simplicity of its application. All that was required was a pump to draw in 
water through a sea suction, force it throu^ the cooling system, and dis- 
charge it overboard. Later, improved engineering practice eliminated tho 
use of flotation water, but on some of tho older vessels it is still used. Also 
for operation in localities such as the Great I/akcs, where the water is fresh 
and soft, this is common practice. 

There are throe tlungs that make it inadvisable to use water drawn from 
overboard for cooling; First, sea water, even when it is perfectly clean, 
contains dissolved magnesium, sodium, and lime which settle out in the form 
of hard scale if the temperature o( the water rises beyond a certain point. 
This scale forms on the surfaces of the cylinder jackets and seriously interferes 
with the necessary transmission of heat. 

Second, in harbors where the water is ehnllow and usually corrtaminated 
with sewage the bad effect of salt waler.is added to by the heavy silt content 
of the water, causing the jackets to fill up with mud unless cleaned frequently. 
In fresh-water rivers the scale-forming salts may be absent, but the silt 
content is usuaDy very high and mud formation in the jackets is rapid. 
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valve opens and, as the pistoa continues on its dowjiwai'd stroke, a fresh 
charge of air is drawn into the cylinder. Near th' bottom dead center the 
inlet valve closes and the cyde beidos again. 

It is thus seen that for the execution of-thie cycle, four strokes of the piston 
are required, hence the dedgnation four-stroke cycle. As in the case of 
the two-cycle engine, this term is usually shortened to four-cycle, and engines 
operating in this manner arc designated as four-cycle engines. A typical 
four-cycle engine is shown in Fig. 5. 

CLASSIFICATION OP DIESEL ENGINES 

All diesel engines fall into one of two type classifications, either two-cycle 
or four-cycle, but a further subdiviaon according to structural arrangement 
may bo made as follows: 


/Thinfc-piston type t 


I Crosshcod type I , 
Single-acting type j * 

Double-acting typei 
Opposed-piston type— 2-oycle only 


0 I Cro! 


Trujik-piston Engine. This type, examples of which are shown in 
Figs. 4 and 5, gets its name from the fact that the piston is made in the form 
of a cylindrical trunk, closed at tho upper end and open at the lower, and 
having a length equal to about twice the diameter. The upper part of the 
piston contains the rings, and the walls are of thickened section to enable it 
to carry the pressure load and transmit heat rapidly. Below the head is an 
extension or skirt, which may or may not be made as a separate piece bolted 
to the head, 

About midway of the piston are cast bosses, bored to rocclve a piston pin 
for attaching tho piston to the connecting rod, which serves as the connecting 
link between the piston and the crankshaft and eonvei-ta the reciprocating 
motion of the piston into rotary motion at the shaft. An alternate method 
of attaching the connecting rod to the piston utilizes a separate piston-pin 
carrier which is bolted inside the piston at its upper end. Another method is 
to attach the piston pin directly to flanges inside tho piston by long studs 
which pass through the flat ends of the pin. These alternate methods elim- 
inate the heavy bosses and the holes through the ados of the piston and permit 
making it a symmetrical, unbroken cylindrical castmg. 

In this trunk-piston form of construction the piston, ia addition to forming 
a closure for the cylinder, smes in lieu of a crosshead for transmitting the 
side thrust of the connection rod. In the two-cycle engine the piston skirt 
also serves to cover the exhaust and scavenging ports when the piston is in the 
upper part of its stroke. 

Another feature of the tnrak-piston engine is that the lower end of the 
cylinder is open to the crankcase, and means must be provided for preventing 
oil vapor from the crankcase bang drawn up into the cylinder. This gen- 
erally takes the form of scraper rinp in the lower end of the skirt. 

CroBshead Engine. A type of construction that is generally confined 
to large engines is shown in Tig. 6. Here it may be seen that the connection 
between the piston and the crankshaft is through the medium of a piston rod. 
a crosshead, and a connecting rod. The piston rod, to which the upper end 
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The third troublesome factor is the highly corrosive action of harbor waters 
containing sewage and by-products from manufacturing plants. , Fresh 
river water may also be corrosivct owing to the character of the land through 
which it flows. • ■ ■ i • 

Closed-system Cooling. The foregoing considerations led to the uni- 
versal adoption of tho closed-system method of cooling, except in such 
localities as the Great Lakes, previously mentioned. In this type' of system 
fresh, soft water is circulated through the engine jackets, then passed through 
a'cooler, and returned to the pump for recirculation. • The fresh water is used 
over and over, and tlie only use made of flotation water is to pass it through 
the heat exchanger for cooling the jacket water. ' . , , 

Engine System.' The booling system may best be considered in’ two 
divisions: that part of it forming a part of the engine structure, arid the part 
forming the circulatory sj'sterb exterior to the engine. The focal point of the 
system lies in the metal surrounding the combustion space, Where the most 
rapid transfer pf heat must occur! Tho amount of heat transferred at this 
point and the rate of heat flow required are tlie factors that determine the 
pump capacity and arrangement of the circulatory system. 

Tlie usual arrangement found on the engine calls for a fore-and-aft header 
located near the lower ends of the cylinders, with a branch connecting to 
each 'cylinder jacket near ils bottom end. Water flowing into each jacket 
rises to the top and passes into the cooling space in the cylinder head, either 
through bole's in the top of the jacket that register with corresponding holes 
in the head, or through external jumper pipes connecting the jacket and the 
head. Since tho area around the fuel-injection valve requires intensive 
cooling and in many engine designs b the most obstructed part of tho head, 
it is customary to arrange nozzles or baffles in the head to direct and acceler- 
ate the flow of water around the fuel-valve housing or provide a separate water 
lino to the fuel-valve jackets. 

In tho ease of larger engines in which the exhaust valves must be cooled, a 
connection from the cylinder head allows the water to flow from the cylinder- 
head jacket into a jacket built into the exhauet-valvo cage, from where it 
leaves through an outlet pipe that usually connects with a jacket surrounding 
the exhaust manifold. From the exhaust manifold it loads back to the 
systems or is discharged overboard, depending on whether the closed or open 
system is used. It should be noted that in some cases the exhaust manifold 
is not provided ■with a ■water jacket, in which case the connection to the 
exhaust manifold is omitted. In smaller engines that do not require cooling 
of tho exhaust valves tire discharge from tho cylinder usually goes direct 
to the exhaust manifold or to the system, as the case may be. If the air 
compressor is attached to the engine, a branch from the main water manifold 
supplies 'Water to the jackets on the compressor. Likewise, in' the case of 
exhaust turbo-charged enpnes, the jacket of the exhaust turbine is connected 
to the cooling system. ' 

Piston Cooling. 'Although the_pbton-coolmg arrangements of modern 
engines do not form a part of the water circulation system, it is in order to 
mention it here because it is a part of the eriginc-cooling system. In smaller 
engines except those of high' output the heat absorbed by the piston from the 
gases in the cylinder is. conducted to the|<^linder walls' and is carried away by 
the jaokct-co'olirig water, ’but in 'most engines having pistons of approxi- 
mately 15 in. o'r 'more in ^ameter, 'the heat transfer by 'this method is' not 
rapid enough to prevent overb^tii^ ofjHstoiis.'and a direct flieans of 'cooling 
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the pistons must bo provided. It should bo-noted, however, that therc are' 
some engines' operating Tvith uncoolcd pistons as niuch as 38 in. in diametei',- 
In the earlydieseVeftgines’wftterVi'as used for piston cooling, but this practice 
has been abandoned in lavor oif the use of oil as the cooling medium, The 
most convenient soiiree’of 'oil for this purpose is the lubricating system, and 
in all except, 'very large engines the oil for cooh'ng the pistons is taken from 
this sy stem. The manner in which it-is done •vrill be explained in connection 
with the discussiort of lubrication. In -viery largo engines it is customary to 
make the piston-cooling system entirely separate from the lubricating system, 
with its own pufnps and circulatory systom. 

Circulatory System. In closed-system cooling the eirculatorj' system' 
consists of a fresh'-water storage tank, a circulating pump which dra^YS the 
water from this tank and discharges it to the engine, a heat csciianger tlirougli 
which the water is passed before reaching the engine, and a r’aw-watcr pump 
which pumps flotation -water through the heat exchanger for cooling the fresh 
water. 'The course of the coofing water is from the storage tank into the 
circulating pump, thenco through the heat exchanger to the engine jackets, 
then back to' the storage tank. In installations Where the total amount of 
water in the system is largo, the storage tank may ho eliminated and the 
water returning from the engine jackets may go directly to the pump. An 
elevated expansion tank located at any convenient point above the engine 
serves to ensure the system’s being filled with water at all times. ^ 

It is common practice to insert a lubricating-oil cooler in the raw-water 
circuit so that the same water that cools tiic fresh jacket water may be used 
to cool the lubricating oil. Tlierc arc heat exchangers available that com-, 
bine the Iubricating-oi( cooler and water cooler in a single shell with suitable 
connections. 

Of late years there has been a growing tendency to connect to engines of 
smaller sizes all the auidliaries that arc needed to keep it in operation, so tlmt 
when the vessel is under way it will not be necessary to operate independont 
auxiliaries. In this case the rirculating pumps for Jrcslj water and raw w’ater 
are driven from the crankshaft of the engine, and in tlie cases of small engines 
the heat exchanger may be mounted on tho ongino frame. In most cases it is 
customary to use centrifugal pumps for circulating the water; when they are 
attached to the engine, a typo is used that will operate in citlier direction so 
that reversal of tho engine does not interfere with the flow of water. Wlien 
attached pumps are used, an independently driven unit can be used to circu- 
late jacket water before starting and after stopping the engine. This is 
known as a “before-and-after pump," and its principal value is in preventing 
o-verheating of the engine after it is stopped. Thisj pump is often combined 
with a lubricating-oil circulating pump, in a angle unit. 

The heat exchangers used for cooling the water arc usually of the tubular 
type, but there are several different designs of tube arrangements. A com- 
monly used one is made up of a nest of small tubes expanded in headers and 
inserted into a'cylindrical shell. The raw water' passes through the tubes, 
and 'the water to be cooled fills the shell and surrounds the exterior of the 
tubes, with baffles arranged in the shell to cause the water to flow back and 
forth acroK tho tubes. ' , Another type of heat exchanger used on small engines 

utilizes a flat type of tube, but the cooling siction is the same. ■ 

Cooling-water Eequirements. The amount of cooling water required 
and hence the capacity' of the pumping equipment' are governed by the 
amount of heat to be transferred from ’the burning fuel in the cylinder to tho 
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of the piston is attached, is fastened at its lower end to the crosshead, which 
is supported in guides bolted to the engine frame. In an alternate design the 
piston rod is omitted, and the crosshead is attached directly to the bottom 


of the piston. A crosshead pin serves 
to connect the top end of the connect- 
ing rod to the crossliead, the bottom 
cad being attached to the crankpin. 

Since with this arrangement all of 
the side thrust of the eooscctingrod is 
transmitted by the crosshead, the 
piston is subjected only to the vertical 
thrust due to gas pressure, and there 
is no need for the long piston skirt in 
80 far as side thrust is concerned. It 
is needed, however, in the two-cycle 
engine to cover the eTrh8^i i4 and 
scavenging ports. The absence of 
ports in the four-cycle cylinder makes 
the skirt unnecessary with crosshcad 
construction and such engines are 
characterised by a short piston in the 
form of a closed cylindrical box, bolted 
to the top end of the piston rod. 

Use oi the crosshcad construction 
with a piston rod permits the cylinder 
to bo isolated from the crankcase by 
moans of a horisontal diaphragm, the 
piston rod operating through n packed 
stuffing box in the diaphragm. 

It may bo seen that the introduction 
of a crosshcad and piston rod increases 
the height of the engine and, where 
headroom is a factor, tnink-piston 
construction is to be preferred. In the 
small and medium sizes, the trunk- 
piston engine lias a lighter specific 
weight and is cheaper to build. For 
large engines the crosshead construc- 
tion is preferable because the piston is 
simpler, the cylinder may be isolated 
from the crankcase, and the rate of 
cylinder liner wear is generally less. 
Consequently the two types of con- 
struction are generally identified, 



Fig. 6 .— H.O.R. crossbead-typo 
engine. 


respectively, with the small and medium-sized engines in one case and large 
engines in the other. 


Single-acting Engine. In the engines thus far shown, all the processes 
involved in the thermal cycles used are carried out on one side of the piston. 
Consequently, the piston receives a power impulse only once in every two 
strokes in the two-cycle and once in every four strokes in the four-cycle. 
All such en^ncs are designated an^e-acting .engines, and the.vast majority 
of diesel engines thus far built are of this type. No use is made of the lower 
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water in the jackets. It has been foond that, in the average engine, 25 to 
30 percent of the total heat in the fuel will be transferred to the cooling water, 
and for purposes of estimating capadt}' requirements the higher figure is 
customarily used. When using a fuel with a heat value of 18,500 Btu at the 
rate of 0.4 lb per hp per hr, the amount of heat to be carried away by the 
cooling water will be 18,500 X 0.4 X 0,30 * 2,220 Btu/(hp)(hr). 

The controlling factor in determining the amount of water that must he 
circulated in order to carry away this heat is the temperature rise desired. 
It is inadvisable to have too great a diferencc between the temperature of the 
water entering the jackets and that of the water leaving the jackets, as this 
sets up severe temperature stresses in the metal of the cylinder liner. This 
temperature difference should not be more than 15 to 25 deg with an outlet 
temperature of between 120 and 160 deg. As a general rule it is conducive 
to enpne efficiency to op^te mth an outlet temperature as high as is con- 
sistent with maintaining cylinder lubrication. Where the high outlet tem- 
perature is used, it may be necessary to regulate the temperature of the inlet 
water if the temperature difference is to be kept right. In general it is better 
to maintain a large volume of flow with the iidet at a high temperature than 
to use a small flow of very cold water. 

The amount of water in gallons per minute required for cooling tho engine 
may be determined by tho following formula: 


ppm* 


Afro X W X ft X F 
(<: - ti) X 600 


where hh * heat content of fuel per lb 
F = lb fuel used per hp per hr 
A = percent of beat absorbed by cooling water 
P * bhp 

2i * temperature of inlet water 
ti * temperature of outlet water 

Example. Take an en^ne of 800 bhp, which uses 0.4 lb fuel per hp per hr, the heat 
content of the fuel heini; 18,500 Btu. If a tetnper&ture rise of 25 deg is desired, which 
will he !ii - f j), theo the galloos per nunute will be 


18,500 X 0-4 X 0.30 X 800 
25 X 600 


242 Rpm 


Ttft (ovw.-alt mv ot my aot, inamiiac- 

turer’s recommendation. In such cases, tho latter should be followed. 

Pump Capacity. It is general practice to provide circulating pump 
capacity considerably in excess of the amount required for cooling as desig- 
nated by calculations such as this, but there is no universally accepted rule 
followed in this connection. Investigation by the author of a number of 
ships in service equipped with different makes of engines showed that the 
circulating-water-pump capadtics varied from 5 to 9 gal per hp per hr. 
There is a tendency in modern practice to use larger amounts of the order of 
15 to 20 gal per hp per hr in order to muntain a small temperature drop. 

Cooler Capaoity. There will be {onnii a andlar variation in practice in 
regard to the capacity ratings of different makes of heat exchangers. In 
delertiuiiiBE capacity, the amount of heat to ha taken away by the water is 
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aod tlie sum of the n terroa is n times the averneo term, or 5 = Hn(o + 1 ). 
The arithmetical mean between a and 6 is (o + i)/2. 

Geometrical Progression. In a geometrical progreasion, a; or; ori; 
ori; . . ..eachtermisobtainedfromtheprecodmgfermbymultiplyingbya 
constant, called the constant ratio, r. The tilh term is The sum 

of the first n terms is S = o(r" - l)/(r — 1 ) = o{l - r'')/(J - r). If 
r is a positive or negative fraction, that is, if - 1 < r < + 1 , then r'^ will 
approach zero as n increases, and the sum of n terms will approach o/<l -r) 
as a limit. The geometric mean between o and h isV ab; also called the 
mean proportional between o and b 0 >. 113; construction, p. 102 ). 

The harmonic mean between a and I is iabf{a -j- &)■ 

Summation of Certain Series by Second and Third Difiorencea. 
Let oi, m, as, . . . onbeanyseriesofnnumbers.aeintho 
first column of the adjoining acbeme. By eubtrncting " 
each number from the next following, form the column ^ a ri . 

of "first differences,” and byiepcatingthisprocesa, form | ^ g 

the columns of second, third, etc., differences. If the g; -g "g 
Wh differences are all equal, bo tliat eubsequent differ- « 

ences are all zero, the original aeries is called an aritlime- ^27 - Ig 

tical series of the fcth order. In this epccinl case tbo - 8 ^7 -ll 2 

Boriea can bo summed as follows: Denote the numbers - I 1 “ 9 g 

which stand at the head of the succcssivo columns of ? 1 9 6 

differences by D',D", D'",. . .. Then the nth term of g ^ . • 

the series is <Zn, and tho sum of the first n terms is jSn, • ’ 

where 

1)S' I'" + 


(«-l)(n-2)(n-8)„ 




n(n-l)(n-2)(n-3) ,, 

1X2X3X4 


If the series is, for example, of tho third order, each of thoso formulta 
will stop mth the term involving D'"’, and only a few terms of tho series are 
required for tho computation of the D’s. (Differentials, p. 159.) 

Sum of the Squajos or Cubes of tbo First n Natural Numbers. 


1+2+3 + . . .+{7» — l)+n = Hn(n -f 1) 

N + 2^ + 35 + , . , .j. _ l)t ji* = itn(n -f l)(2n 1) 

1 ? + 23+3H. . . +(n-l)»+n’ =lHn(n+l)P 
Formula for Interpolation by Second Differences. In any ordinary 
table giving a quantity y as a function of a varinbio i, lot it bo required to 
find the value of y corresponding to a value of x W'hich is not given directly 
in the table, but which lies between two tabulated values, as xi and xi. If 
= H + md, where d = xi —Xi = the constant interval between two suc- 
cessive x's,^ and m is some proper fraction, then the corresponding value of 
y will be given by the formula 


where D', D", D'", . . . are the first, second, third, . . differehoesinthe 
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eeries of l/’s which begins with ifi. (see above), provided the function is of 
Buch a nature that the diSeroncea of higher orders become negligibly small. 

The coefficients of D "', . . . in the formula are the binomial coeffi- 

cents for fractional values of m (sec following table). The several terms of 
the formula (with careful attention to eigii) are the successive corrections 
which must be added to yii tho sum of these corrections should be rounded 
out to the nearest unit of the last significaat place before adding. If-D' 
< 4, the term involving D", and later terms, can bo neglected; the formula 
then reduces to i/ = vi + Jnfy, which is the familiar formula for ordinary, 
or “linear, ” interpolation. If D"' < 8 (or D" " < 12. or J?" < 16), the 

term involving D'" (or P" ", or P" '") can be neglected. 

Binomial Coefficients for Fractional Values of m 


rs 

(«>! 

(m)i 

(»n)« 

Ni 

0.0 

- 0.0000 

O.OOOD 

- 0.0000 

0.0000 

0.1 

-0.(M5D 

0.02B5 

- 0.0207 

0.0161 

0.2 

- 0.0800 

0.0480 

- 0 0336 

0.0255 

0.3 

-0.1050 

0.0595 

- 0 0402 

0.0297. 

0,4 

-0.12M 

0.0640 

-0.0416 

D.03D0 

C.J 

-0.1250 

0.0625 

- 0.0391 

0,0273 

0.6 

-0.1200 

0.0560 

- 0.0336 

0.0228 

0,7 

-0,1050 

004S5 

- 0 0262 

0.0173 

0.6 

- 0.0300 

0.0520 

- 0.0176 

0,0113 

0,9 

- 0.0450 

0.0165 

-0.0C67 

0.0DS4 


H.t. (m). - (.). ,x-2-3 ' 1X8X1X4 ' 

Compire p. 39, 


Permutations. The number of possible permutations or arrangements 
of n different elements is 1 X 2 X 3 X • . • X n = nl (read: “n factorial"). 

If among tho n dements there are p equal ones of one sort, q equal ones 
of another sort, r equal ones of a third sort, etc., then tho number of possible 
permutations is (nl)/(pl X ql X r! X . . .), where p+ 2 +r + .., -n. 

Combinations. The number of possible combinations or groups of 
n elements taken r at a time (without repetition of any element within any 
one group), is (a(fl - 1)(» -2)(n -3) . . . (n - r + l)!/{r!) a (n),. 
(See table of binomial coefficients, p. 39.) If repotitions are allowed, so 
that a group, for example, may contain as many as r equal elements, then 
the number of combinations of n dements taken r at a time is (min where 
ffl = n + r - 1. Note: (n)i + (»)»+. . . + (n)„ =2^-1. 

SOLUTION OF EQUATIONS IN ONE UNKNOWN QUANTITY 
Boots of an Equation. An equation containing a single variable a 
will in general be true for some values of » and false for other values. Any 
value of X for which the equation is true is cdled a root of the equation. 
To “solve" an equation means to find allitsroo^. Any root of an equation, 
when substituted therein for x, wili “satirfy" the equation. An equation 
whicb is true for all values of x, like (* + 1)* = s* + 2* + 1, is called an 
identity [often written (» + 1)* s + 2* + 1], 

Types of Equations. 

(a) Algebraic Equations: 

of the first degree (linear), e.g., 2» + 6 = 0 (root: z = - 3); 

of the second degree (quadratic), s-g., a? - 2i - 3 = 0 (roots: - 1, 3) i 

of the third degree (cubic), e.a., a* — 6j?+6z + 12 = 0 (roots: - 1, 3, 4), 
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usually assumed to be 3000 Btu/(hp)(hr), although this is higher than the 
amount actually dissipated. The rate at which the heat is transferred will 
vary with the velocity of water through the cooler. With a velocity of 7 to 
5 fps, an average rate of heat transfer of 275 Btu/(sq ft)(hr)(deg of mean 
temperature difference) is obtained. The amount of raw water used will 
be an amount equal to or exceeding by three times the amount of water to be 
cooled when using higher temperature differentials such as 25 to 30 deg. A 
formula that has been developed for calculatixig the amount of surface 
required for the heat exchanger is as follows; 

where Q = heat injection, Btu per hr 

tm - log mean temperature difference between raw water and jacked 
water 

U ~ B. factor representing over-all rate of heat transfer 
F = a foulage factor, 100 percent for clean tubes to 85 percent for 
foul tubes 

The amount of raw water required in gallons per minute will be 


Gpm 


Q 

Hi - /i) X 500 


where h = inlet temperature of raw water 
ti = outlet temperature of raw water 

LUBRICATING STSTEM 

There is probably no other factor in dicscl-engine operation that has been 
given more study by designers than lubrication. Tltis has resulted in the 
development of a standard arrangement of the lubricating system. The 
action of the lubricating oil and the chemistry involved in the production of 
oils suitable for lubrication, under the special conditions that exist in diesel 
engines in different types of sendee, are still the subject of widespread study 
and experiment. The application of lubricant to the rubbing surfaces in the 
engine is accomplished through tho medium of two separate systems: one 
for the cylinders and one for the bearings. 

Cylinder-lubricating System. Tho lubrication of the cylinder liner 
surface upoti which the piston rings must travel and which is rcpcntedl 3 ' 
exposed to the flaming gas in the cylinder presents a special problem requir- 
ing a method of application that makes it necessary to use equipment for this 
purpose separate from the equipment used in the lubrication of the rest of 
the en^ne. The oil must be applied in very small quantities, at frequent 
intervals, and must be distributed around the circumference of the liner so 
that it can be spread over the entire surface by the piston rings during their 
travel. 

The mechanism used consists of a number of small pumps assembled in 
groups of 2 to 24 in units known as mechanical lubricators. Each of these 
small pumps is connected by means of small-diameter tubing to a fitting on 
the outside of the cylinder that passes through the jacket and connects with 
a hole in the wall of the liner, the number of such fittings and the correspond- 
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reverse direction •witii air, the camshalt remains' stationary' until the lost 
motion' in the coupling is taken up, thus- changing the angular position of 
the cams relative to the crankshaft. • 

Gear Reversing. When small en^es of about 200 hp or less are used 
for propulsion, the need for reversing mechanisms is eliminatcd by the use of 
reverse gears, by means of -which the direction of propeller rotation is reversed 
Tvithout stopping the engine or chanpng its idirection of rotation. This 
Mraheement petmite the use of electric starting and eliminates the air com- 
pressor and ila associated tanks and piping, 

The'revera^'gear unit is placed between the crankshaft and propeller slmft 
and comprises t-wo trains of gears and dutches operated by n single lever. 
One train has a crankshaft gear and apropcUct-shaft gear, with one intermedi- 
ate gear, thus causing, the propeller shaft to turn in the same direction as 
the crankshaft. The .other has two intermediate gears, thus giving the 
propeller shaft rotation opposite to that of the crankshaft. Movement 
of the control lover in one direction engages the clutch connected to one 
train, -whUe movement in the -opposite direction engages' the other train. 
Placing the lever in inid-position disengages both clutches, and the engine 
continues’ to run 'rvhilo the propeller shaft remains stationary. 

In another typo of gear the gear train k used only in the roverso direction. 
When running ahead, the entire unit is locked together and acts as a solid 
connection between"crankshnft and propeller shaft. For use in driving a 
propeller with a high-speed engine, the reverse gear is combined with a 
leduotion gear, the combined unit forming an integral part of the engine 
stnictUTo. 

STTPERCHARGIMG 

The first marine application of superchar^ng, in the form of an electrically 
driven blower that discharged air into tho intake manifolds of two engines, 
gave results that led to the development of present-day methods and greatly 
widened the field of the four-cj'cle en^c. • The baric purpose of super- 
charging is to get more air into the cnpne cylinder during each charging 
period than is possible by natural aspiration, in order that more fiicl may bo 
burned, a higher mop obtained, and more power produced witli a cylinder of 
&veu dimensions. The procedure has now b(^ developed to the point 
where superchargmg equipment is an infcgral port of the design of some makes 
of engines and is optional with many others. 

Three methods of superchar^g have been developed commercially: (1) 
the use of the bottom ends of the cylinders as air compressors that discharge 
the air into a receiver cast around the cylinders; (2) the use of a rotary or 
displacement type of blower driven by gears or chains from the engine crank- 
shaft; (3) the use of ' the -exhaust gases from the en^ne to, drive a turbine 
connected to a blower that discharges air into tlie inlet manifold of the engine. 

This last is the most widely used and appears to be in a fair way toward 
ecceptance as the universally standard metiiod. It is possible, however, that 
experimental -work now being carried on -will develop some radically new 
concepts of supercharging. An advantage of the exhaust-turbo method is 
that, it operates on free po-wer ,that, would otherwise be -wasted, yet does not 
rob the exhaust gas of itsheat and prevent its use in heat-recovery apparatus. 

Meet of Supercharging. - Since 'the 'pressure at the end of compression; 
Tuth any given compression ratio, depends upon the pressure at the beginning 
Of compression, it follows that if tur at '4 to 6 lb pressurcus forced into a 
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ing number of pumps required 
for each cylinder varying from 
four to eiglit.' The Hieclianical 
lubricator assembly is arranged 
so that the pumps aro all con- 
nected to a common suction 
chamber which is kept filled 
with oil. ' ' 

All the pumpa art operated- 
by cams driven by a shaft con- 
nected through gearing to some 
moving part of the engine. The 
amount of oil discharged by each 
pump can bo regulated, but the 
discharge is at the rate of only a 
few drops per minute. The 
lubricators are always dtuated 
below the cylinder they serve, 
and the tubing connecting them 
with the inlet fittings on the 
cylinder is always filled with a 
solid column of oil, so that each 
time a pump discharges a drop 
of oil into its tubing a corre- 
sponding drop IS forced out of 
the other end into the cylinder. 
The rate of feed is a matter 
that must be determined by 
experienoe, but in general it tvill 
vary between 7 to 15 drops per 
minute from each pump. The 
number of points at which oil 
is discharged into the cylinder ie 
also a matter to be determined 
by cu't-and-try methods. In 
general, the objective sought is 
to have them spaced so that the 
oil spreading ^deways on the 
cylinder wall from each feed wjj] 
be able to meet the oil from the 
adjacent feeds. 

Bearing Lubrication Sys- 
tem. The bearings on all pres- 
ent-day diesel engines — except 
crankcase-acavenged types — are 
lubricated by means of a pres- 
sure system in which oil is con- 
tinuously' circulated and used 
over 'and over. The prindpal 
elements in the system as shown 
in Fig. lO are a storage tank 
from which make-up oil is fed 
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cylinder that is designed for operation with atmospheric aspiration, tho 
resulting compression pressure ^ bo above normal. Consequently the 
supercharged engine may have a lower compression ratio than tho unsuper- 
charged engine and, if the supercharged engine 
is operated without the supercharger, the com- 
pression pressure will he below noimaL 
Reference to the diagram in Fig. 12, which . yv 

shows an indicator card from a supercharged \ ^'^^uperchc/rged 

cylinder imposed on one from an uneuper- ^ 


C^^^t^nsupercharged 




Pig. 12. — Indicator dia- 
gram showing effects of 
supercharging. 


charged cylinder, will show the effects obtained 
by supercharging. Since the greater weight of 
air in the cylinder permits the burning of more 
fuel, the combustion lino vnll be higher; thus 
tho mep will bo greater ^though the maxiinum 
pressure will be the same, provided the com- 
pression ratio is properly adjusted. This means 
that the power obtruned from the cyliuder will be increased without 
any change in the dimenaons of the engine. The practical application of 
this is to make possible the use of n smaller engine for a given propulsion 
power or provide more power for a given ship. 

-Fuel cuf-off vanes 
Failivdion^ .loccomin^fohcd 

stark rj 

\TP.C.\ Fxhausf valve closes 

Firing order' 
h3-S'6‘4‘2 



\^Exhausf 
/ valve opens 




Fig. 13. — Valve diagram of Alco supercharged engine showing valve overlap. 


The fact that more oil is burned in the cylinder does not, as might be 
expected, create a higher temperature in the cylinder or a higher temperature 
in the exhaust. Althou^ more oil is burned, the ratio of oil to air is the 
same, owing to tho presence of the additional air. Also the overlap of open- 
ing of inlet and exhaust valves allows air to blow through the combustion 
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into tbcsystom'as'requirod; a sump tank, which forms the reservoir from, and 
to whicb'the oil is ciroulatedi'a circulating pump, -which forces the oil .under 
pressure thrbugh;the circulatory system"on the engine; cheat exchanger for 
cooling the.oil after it has'pass^ through-the en^ne; and some form of filter 
for cleaning the oil. 

Circulation through the engine occurs as foUows: The.oil from’ the circulat- 
ing pump is discharged into' a fore-and-aft header which has a connection 
with each main bearing on the-enpne.- These connections are, sometimes 
made through the hearing cap and sometimes through the bottom half of the 
bearing, while' the header may be apipe;or it'may.bc a passage cored in the 
bedplate. ■ The oil spreads out in the main bearing and, by.way.of a circum- 
ferential groove.in each bearing,that roasters witli a hole in the shaft, flows 
into the cranbpin hearings. From the crankpin bearing it flows into a groove 
in.the bearinB sbeli, then flows upwsird-tiiipugh an axici passagoin.the con- 
necting 'rod- to the piston pin bearing. .At each bearing some of- the oil 
spreads out through the bearing, -flows.out of tlio end, and finally falls into the 
crankcase and thence to the sump. . , , ; , ■ 

' Engines that require piston cooling have a connection between the -cross- 
head or piston-pm hearing- and the piston, arranged so.that-the oil flows 
from the piston-pin bearing up into the piston head, out through a connection 
in the pistorii^andthcnoc into the crankcase. ■ • . . 

There are a number of different forms of connections between the cross- 
head or wrist-pin bearings and the piston, but the function of all of them 
is the same. In some small engines the oil is jetted against the underside, of 
the piston through a nozzle on top of the piston-pin bearing. The heat 
exchanger for cooling the oil is usually placed between the circulating pump 
and the distribution header on the engine, and is connected to the same raw- 
water pump that cools the jacket water. Current Navy practice, followed 
in some commercial installations, is to pass the jacket water tlirough the oil- 
heat exchanger. 

' A necessary feature of an engine -lubricated in this manner is a closed 
crankcase, With the oil being forced into the system under pressure and 
flowing out of each bearing, it is obvious that the rapidly moving cranks and 
connecting rods will dash the oil around violently and keep the crankcase 
fi.lled with a heavy fog of oil. All openings in the crankcase must have oil- 
tight closures, otherwise there will be a serious loss of oil out of the system. 
As a matter of fact, the lack of tightness of the crankcase is a very, common 
cause of loss of oil and resulting excessive oil consumption by the engine. It 
will also be evident that, since the cylinder of the trunk-piston type of , engine 
IB open to the crankcase at its lower-end, there will be a large amount-of oil 
thrown Up onto the walla of the cyUnder liner. This is the reason for the 
use of the scraper rings mentioned in connection with pistons. 

Tile use of pressure lubrication has in modern engines been extended to 
include not only the principal bearings mentioned in the foregoing but also 
all the secondary bearings such as those for, the camsliaft. - In many engin'es 
every moving part that requires lubrication is served by branches from the 
pressure system, and .all hand oiling is eliminated. 

Cleaning Lubricating Oil, The lubricating oil in its rapid passage 
through the engine is subjected to a number of deteriorating influences that 
cause the formation of carbon, gums, etc., in it. It also picks up any dirt 
or particles of metal that may he present in the engine. For this reason 
it is essential that a means be provided Tor .deaning the oil. There are two 
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space during tlie latter part of the exhaust period, thus scavenging the 
cylinder, cooling the piston and cylinder urall, cooling the gases, and taking 
away in the exhaust gases some of the heat that would otherwise be taken up 
by the cooling water. The manner in which the valve-timing overlap is 
produced is shown in the timing diagram of a supercharged four-cycle engine 
shown in Fig. 13. 

The changes in operating conditions resulting from supercharging may be 
summed up as follows: The pressure at start of compression is higher, the 
compression pressure is the same, tho mean pressure is higher, the exliaust 
pressure is higher, the temperatUTe of combustion is the same, the mean 
temperature is higher, the exhaust gas temperature is lower, and less Iieat is 
carried away in tlie cooling water although the total heat is greater owing to 
higher hp output. 

Exhaust Turbocharging. The elements in the exhaust turbocharging 
system are a gas-driven turbine, usually mounted on the engine, and a multiple- 
exhaust manifold for over three cylinders. Tho manifold must be arranged 
so that the exhaust valve of one cylinder is not opening when the inlet and 
exhaust valves of anotlier cylinder arc open. 

A four-cyhndor engine will require two pipes to the turbine arranged so 
that ths cylinders on the same cranlc*phaso angle are in one pipe. This would 
mean that, wth the standard crank arrangement, cylinders 1 and 4 w’ould 
have one pipe and numbers 2 and 3 the other pipe. 

On six-cylinder engines with tho standard arrangement of cranks, cylinders 
1, 2, and E would have a common pipe and cylinders 4, 5, and S a common pipe. 

An eight-cylinder engine \rith standard crank arrangements requires four 
pipes to the turbine. This is necessary because otherwise tho scavenging 
effect of supercharging would be entirely lost. A centrifugal blower is 
mounted on the same shaft with the turbine and an air-inlet manifold con- 
nected to the discharge of the blower and to the air-inlet passage of the 
cylinder, 

Multiple exhaust manifolds are used in order to take advantage of tho fluctu- 
ating pressure of the gas, which varies from 2 to 7 lb. If all cylinders exhaust 
into a single manifold, tho marimum and minimum pressures tend to neutral- 
ize each other, and a uniform pressure will exist in tho manifold equal to or 
higher than that in the air-inlet manifold. With multiple manifolds the con- 
dition of fluctuating pressure can bo maintained and tho period of scavenging 
previously referred to, when tho inlet and exhaust valvos are both open, can be 
made to coincide with tlie time of lowest pressure in the exhaust passage. By 
this means positive scavenpng and charing of the cylinder are obtained 
even though the average pressure of the gas in the exhaust manifold is about 
6 Ib and the pressure of tho mr in the inlet manifold may be as little as 4 lb. 
This will be understood by reference to Fig. 14. 

It has been stated that the heat carried off by the cooling water is less 
m the supercharged engine. It should be noted that this apphes only wlien 
sufficient overlap has been given to the exhaust and inlet valves to produce a 
pronounced .scavenging effect. If an en^ne with normal valve setting is 
Supercharged, it will be found that the heat carried off by the cooling water 
will increase directly with the horsepower, and Uie cooling water capacity 
-must be increased accordingly. 

At the present time about 500 hp seems to he the low limit on size of engine 
to which exhaust turbocharging can be oconomicdly applied. Engines below 
this Size utilise built-in blowers driven Iqr gears or chains, the blowers usually 
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general types of equipment used for this purpose: the centriiugc and the filter. 
At present there are only two types of centrifuge in use, and the principle on 
which they operate is the same. The tfrty oil is run into a rapidly rotating 
bowl and, under the influence of centrifugal force, the foreign matter contained 
in the oil is separated and thrown outward against the walls of the bowl, and 
the clean oil flows out of the top of the bowl. This method of cleaning is 
very successful in remoring all forrign matter held in suspension, but it will 
not remove collodial carbon or correct aridity (see p. 1310). 

The other method of cleaning involves the use of filters, of wliich there 
are many different types, alriiough the basic principle of all is the same. 
This involves forcing the oil through passages so minute that the suspended 
impurities cannot get through with the oiL These minute passages are 
provided by various types of material that are used for filtering. These 
include cotton waste, doth bags, cellulose, and fuller's earth. Other types 
use metal or paper disks and other arrangements that are assembled in such 
a way as to provide minute passages between the disks for the flow of oil and 
the interception of foreign matter. 

Various arrangements of the filtering equipment are used, and the methods 
of operation include batch cleaning and continuous by-pass cleaning. Theo- 
retically, the best procedure would be to pass all of the oil through filters 
on its way to the engine, but this would involve filtering equipment of very 
great capacity. In the batch method of cleaning, all or a large part of the 
oil in the system is removed periodically for cleaning and replaced with new 
oil. After cleaning, the used oil is stored in the clean oil tank to be used as 
replacement oil. By this method the engine operates for a time with very 
clean oil, but as time goes on the oU gets progressively dirtier and may 
become extremely so before the next cleaning period. 

The method most commonly used is continuously to by-pass a part of the 
oil through the filters and back to the system. Thus, the enpno is always 
operating on a mixture of clean and dirty oil. 

The amount of oil that must be circulated in tbe system is an indeterminate 
quantity, and there seems to be no generally accepted ratio of oil-pump 
capacity to engine power. Consequently wide variations in the quantity 
of oil circulated are found between different installations. As an example, 
it is found that in one 2,000-hp Installation the oil-circulating pump has a 
capacity of 50 gpm, while in another installation of 950 hp a pump capacity 
of 91 gpm is provided. This is a situation that need not cause concern 
because it has little effect on design, layout, or operation of the plant. The 
oil in a forced-feed system rirculates continuously in the system, regardless 
of what storage-tank capacity may be installed. Once fi-lled, a system that 
holds 1,000 gal requires no more reserve storage capacity than one that holds 
500 gal. 

Lubricating-oil Consumption. The amount of oil circulated has 
little relation to oil consumed by the en^ne. Theoretically the only lubri- 
cating oil required by the engine should be that fed into the cylinders, and the 
oil circulated in the bearing lubrication system should last indefinitely. 
Actually there is some oil lost out of the system by being drawn up into the 
cylinders and burned, and considerably more is lost by leakage. In some 
designs this leakage is prevented by maintaining slightly less than atmospheric 
pressure in the crankcase. 

Oil consumption of the engine is the amount used for cylinder lubrication, 
plus the amount of bearing oil burned or lost by leakage. It may be expressed 
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Fig. 14.— Fluctuations of pressure in exhaust manifold of three-cylinder 
diesel engine. 

speed, the engine controls are interlocked with the motor starter in such a way 
that the blower motor does not run when the engine operates at throttle 
openings that produce less than 78 lb mep. When that pressure is reached, 
any further opening of the throttle causes the blower motor to start 'and the 
engine operates supercharged. 

The increase in engine output that can ho obtained by superchar^g is as 
much as -50 percents ' ' •• 
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. METHODS OF APPLICATION 

Two general methods of application of the diesel engine to marine pro- 
pulsion are in use: (1) direct drive, with one or more propellers driven by 
engines coupled directly to the propeller shafts, and (2) indirect drive, with 
one or more engines driving the propeller shaft through reduction gears or 
through the medium' of electric motors supplied with current from generators 
driven by the engines. 

A {-QTther variatien in the methods of application is found in. the number 
of screws used. In the early days of diesel propulsion, the use of twin screws 
was considered necessary in order to permit the use of propellers that could 
operate at the high speeds at which diesel cn^es were run and to provide a 
factor of safety by having power still available even if one enpne should 
break down. Development of slower speed engines and improved propeller 
design in time eliminated the first condition and the demonstration of reli- 
ability in operation equal or superior to other types of propulsion machinery 
made multiple engines unnecessary from a safety standpoint. 

In general it may bo said that where weight and space are not controlling 
factors, direct drive is simpler and in most cases cheaper but, if space is 
limited and saving of weight is important, indirect drive is preferable. 

Direct Drive. In considering direct-driven propellers there are several 
generalizations that apply. For the average vessel the rpm should bo in 
inverse ratio to the horsepower, olso the higher the speed for which a vessel 
is designed the higher the revolutions that can bo used with a given power. 
Whore for any reason a comparatively small propeller must bo used, as on 
boats operating in shallow rivers or canals, iho propeller speed will usually 
be near enough to the designed engine speed to call for direct drive. 

With direct drive the usual arrangement is to locate the engine approsi- 
matoly amidship unless the typo of service or the kind of cargo carried, such 
as in oil tankers, makes it more advantageous to place it in the extreme stern. 
Aft of the engine is a thrust bearing which prevents the linear thrust from the 
propeller from reaching the engine. In most large installations the thrust 
bearing is independent of the en^ne and mounted on a separate foundation, 
but in many of the smaller sizes it is attached to the bedplate and forms a part 
oC tb* vb.'&.'iA . Tbt> tengVVi ol shall Wlwasn \ho Ihrasl 

bearing and the propeller sliaft will of course vary with the location of the 
engne; in the case of tankers it disappears altogether, the propeller shaft 
being connected directly to the thrust bearing. 

GEAR DRIVES 

Although propulsion by direct drive has proved thoroughly satisfactory 
from the operating standpoint, there l\aa been, a distinct reversal of trend in 
regard to engine rotative speed and a growing acceptance of higher speed; 
but, in order to realize the advantages of reduced cost, weight, and space 
associated with the high-speed enpne, indirect drive of the propeller must be 
resorted- to. Two methods of indirect drive are in uso: one utilizes reduction 
gears between the engine and the propeller shaft and the other uses the engine 
to drive a generator which suppbos cunent to a propulsion motor on the 
propeller shaft. 

Gear Arrangements. The main elements in a ■ reduction gear are a 
Jarge gear, known as a bull wheel, monntod on the propeller shaft; one or two 
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through an afteroooler and’tbeace to the storage bottles and tho injection 
•valves. ' , • ■ , . 

' The elements in tbs system aro the compressor, the storage bottles, and the 
high-presauro piping leading to the injection valves. The capacity of the 
compressor is determined by the volume of'tJie first-stage cylinder and is 
expressed in terms of cubic 
feet of free air per minute. 

In practice there is a wide 
variation among different 
builders in regard to capac- 
ity. It has been found that 
this variation in exiatbig in- 
stallations is from 0,2 to 0.35 
ca ft free sir per min per bhp. 

■ The air bottles in whi^ 
the air is stored are usually 
two in number and only one 
is used at a time, the other 
being shut off and kept in 
reserve. The one bottle that 
is h use servos as a surge 
tank to prevent fluctuations 
of pressure at the injection 
valves. The capacity of the 
air bottles should be based 
on the stroke volume of the 
engine cylinders. In prac- 
tice, it is found that this 
capacity varies from fourteen 
times the stroke volume for 
small engines to one to two 
times the stroke volume for 
engines with cylinders 22 in. 
or more in diameter. 

Scavenging Air System. 

As previously explained, the 
operation of the two-cycle 
engine requires the use of 
low-pressure air to blow the 
burned gases out of the cylin- 
ders. The compressor used 
to supply this air may be 
cither a reciprocating pump 
or a rotary blower and is of Hght constraction, owing to the fact that the 
pressure required is between 1 Mid 3 lb only. It should have a capacity 
sufficient to give a ratio of scaven^ng mr volume to power cylinder volume 
of about 1.5 :1, and never more than 2: 1. 

When the reciprocating type of scaven^g pump is used, it is built into 
the engiiie, ns sho-wn in Fig. 11, is didvcB fey an extra crank on the crankshaft, 
and is usually double-acting. The air is discharged into a receiver 'which in 
most cases oonsists of a fore-and-aft manifold bolted to the cylinders, In 
some cases a part of the enpne frame oi; housing is closed in to form a receiver. 



Fra. 11. — Engine-driven double-acting scav- 
eu^ng pump as used on Nordberg engine. 
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pinion gears, to which the engine or endues are connected ; and the necessary 
bearings and lubrication equipment. These elements are assembled as a 
complete unit within its own casing. The ratio of reduction is usually about 
1:2 and never exceeds 1:6. Wthaunit of this sort one, two, or four engines 
may be used. Three-engine operation is never resorted to except when one 
engine of a four-engine installation may be shut down temporarily. 

For a one-engine installation the pinion may be in either the vertical or the 
horizontal plane passing tlirough tho center of the bull-wheel shaft. With 
the pinion in the vertical plane, the en^ne shaft must bo at a height above the 
center line of the propebor shaft e<iaal to tlie radius of the bull wheel, plus 
the radius of the pinion. It is obvious that this arrangement is suitable only 
for an engine of low over-all height. With the pinion in the horizontal plane, 
the engine may be placed low in the ship, but it will be displaced to one side of 
the centerline and its weight must be compensated for by placing auxiliary 
machinery on the other side. 

Two-engmo and four-engjue installations permit symmetrica! arrangement 
of cn^aes and gears. Two pinions arc used m each case, with one engine 
connected to each or two engines connected to each, according to whether 
two of four engines are used. In the two-engine installation the gear set 
may be located either aft or forward of the engines. In the latter case the 
propeller shaft leads aft between the two cnoncs. This is an arrangement 
well suited to tankers or other bulk-cargo ships in which the engine room is 
located in tho extreme stern. With the four-engine arrangement, the engines 
are located at the four corners of a rectangle with the gear set in the center. 
The eehematw aitangemett of a two-engine gear drive ia shown in Fig, 15. 

Gear Forma. A factor tlmt contributed more tiian any other to tho suc- 
cess of reduction gears was the development of methods for accurately cutting 
herringbone teeth. The helical form of tooth with the gradual engagement 
of each succeeding pair of tcclh produces noiseless operation and also creates 
on axial thrust tending to jam the teeth together. In the double-helical or 
herringbone form the thrust acts in equal and opposite directions. CoDse- 
quently most reduction gears arc made udth either continuous or interrupted 
herringbone teeth. In the former each tooth ia in the form of a dosed V, 
while in the latter the V is open at the point. 

Although the thrust due to tootir action is thus automaticaBy eliminated, 
provision must be made to prevent the thrust of the propeller from reaching 
the gears. To accomplish this a thrust bearing is mounted on the propeller 
shaft, and it is customary to build this thrust bearing into the gear set as a 
part of the complete unit. 

In order to prevent any possibility of binding or unequal wear of the gear 
teeth, the pinion shaft is pven a small amount of float so that the teeth can 
center themselves. In some cases a certain amount of flexibility is given 
to the pinion shaft by making it in the form of a quill shaft. Complete 
dosure of the casing that houses the gears permits the use of pressure lubrica- 
tion of the gears and bearings. It is customary to provide the gear set with 
its own circulating pump, cooler, filter, and necessary piping. 

Couplings. Although some early reduction-^tu- installations were made 
with rigid connections between the engines and the pinion gears, all present- 
day installations are made with some form of coupling that will prevent the 
transmission of harmful vibration to the gears. The first form of vibration 
absorber was a quill-shaft drive. Thm was followed by several different types 
of mechanical flexible couplings, until the advent of the hydraulic coupling 
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Of late years there, has been a.dedded trend toward the use of rotary 
blowers as scavenging air pumps. Thwc blowers are of the Hoots type and 
may be mounted on.thc engine and driven by gears, V-bclts, or chains from 
the crankshaft, or,, they. may. be atrang^^ for independent drive by electric 
motors. When; attached blowers are lised, some type of .flexible or fluid 
coupling shpuld:be-uaed in the drive in ord^ to.prevent damage by , aynchro- 
noua vibration or by inertia forces due to stopping and starling. , 

- Crankcase Scavenging. In some types of engines the bottom ends of , the 
pistons are used aslscavenging pumps.- The crankcase is made airtight and 
provided with suction valves. Each piston-on the up stroke creates a partial 
vacuum in' the crankcase and air is drawn in. -On the downstroke this .air is 
slightly compressed arid,' when the piston uncovers the scavenging ports, the 
air blows into the cylinder tlirough .a passage connecting the crankcase with 
the ports. With tlris arrangement 'the ratio of scavenging volume to power- 
oylinder volume can, never be more than 1:1, and the incp in the cylinders 
is necessarily much less than when a higliec scavenging ratio is used. . , 


Starting Air System. Although all small engines and some fairly, largo 
ones used in connection Avith electric drive arc started bj'-eloctric motors, iho 
method almost universally used for starting engines of more than 200 Iip is by 
admilliug aif at 250 to 400 lb pressure to the cylinders through timed valves. 
Air'for this purpose is provided by a compressor which discharges the air 
to tanks located ut any convenient point in the ongine room and connected 
to the starting valves in the cylinder heads. ;-i 

• This compressor is similar in construction to tlie injcction'air compressor 
previously discussed, except that it is of two-stngo construction because of the 
lower pressure to bo handled. In some cases the compressor is built into tho 
engine .buti, driven by gears, chains, or V-belts; but in most installations, 
especially of large engines, ft is independently operated, usually by an electric 
motor but in some. cases by a sepanate auxiliary engine. Since the mainte- 
nance of an adequate supply of starting air is wlally. essential, the air com- 
pressors should.be installed in duplicate. If an attached compressor is used, 
a small independent unit should be provided; if no attached compressor is 
used, two and-sometiiries three units are installed. • . 


In order, to' eliminate the possibility of the compressor’s not being started 
in time during extended periods, of mancu\'ering, automatic controls should 
be instiled that will start and stop the compressors in accordance with 
•pressure changes in the air tanks. 

' An excellent arrangement .used on some p.S. .Maritime Commission molor- 
sMps.is to. provide three motor-driven compressors, two of wliich are of 48 cfm 
capacity each at 390 lb pressure, while the third is a mako-up unit of lO.cfiri 
capacity. Automatic controls are arranged so that when the pressure in the 
air tanks falls to 375 lb the small compressor starta; if the pressure falls to 
350 lb one large compressor will start and the make-up compressor trill stop; 
u the pressure falls to 300 lb, the second large compressor will start. All 
compressors will stop when the pressure in tho tank reached 390 lb. , , 

^ Starting Methods. Althou^ every mr .starting system uses timed 
Valves in the cylinder heads for adraitting-air'into the cylinders at the right 
point m the cycle, there are several different methods. in-use for operating 
nese valves. In every case the air Iwitog from the tanks is con- 


nected to each startingivalve, ‘but air..is tu™d’ 
- ® tunes Iwhen.the valves are in operation.-.". ..i 


Into. these’ lines'only during 
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In one aiTangcment tkc valves ate operated by cams and levem, the levers 
being mounted on eccentric fulcrum bearings, NormaOy the rollers are 
held up clear of the cams but, when the eccentric bearings are rotated by the 
control gear, which at the same time operates to open the valve that admits 
air to the lines leading to ike cylinders, the rollers drop onto the cams and the 
valves open and close in accordance iritii their timing under the influence 
of the cams and valve levers. 

In another arrangement the starting valves in the heads are simply spring- 
loaded valves that open when air pressure in the valve body exceeds the spring 
pressure. Air is admitted to the valves at the right times by cam-operated 
control valves in a control unit at the operating station. In other designs 
the starting valve is operated by a inston in a cylinder incorporated in the 
valve body. Air is admitted to tins i^lindcr through a small pipe line lead- 
ing to a timod pilot valve in the control unit at tha operating station. In 
every ease the maneuvering gear is arranged so that air from the tanks is 
automatically turned on when the starting controls are moved to the start 
position, and cut off when they are moved to the run or stop positions. 

Starting Air Capacity. The classification societies have established a 
requirement that diesel-powcrcd vesseb must have starting aii^storage 
capacity sufficient for 12 consecutive starts ot each engine. This is not an 
accurately measurable quantity because there are highly variable factors, 
such as temperature of ^ (flinders, tightness of rings, and skill of the oper- 
ator, which havo an Influence on the amount of air required for each start. 

As a starting point for a more definite evaluation, the amount of aii-storage 
capacity should he related to the swept volume of the power cylinders. A 
ratio that is practical and will meet the requirement mentioned above is a 
storage oapadty equal to 35 times tiie ewept volume of one cylinder. With 
this as a basis the operating factors that have an Influence must he conridered. 
A large ship that normaUy executes but a few maneuvers, as when entering 
or leaving port, will require a much lower capacity ratio than a tug, which 
may often require a large number of starts when maneuvering in close 
quarters. Also a nonreversing engine used in connection with electric drive 
or reverse gears will require much less air capacity then a direct-connected 
reversing engine. In general the requirements for each different class of 
service are best determined on the basis of experience, 

/dr-compressor Capacity. The air-compressor capacity is also an 
indefinite quantity that has a relation to type of service. The oontroUing 
factor shoidd be the length of time derided upon for the compressor to be 
able to fill the air tanks. The compressor capacity may then be determined 
by the following formula: 


VXpt 

PaT 


where V = volume of tanks, cu ft 

pt - pressure (absolute) to which tanks are to be charged 
T = time allowed for charging, min 
Po = atmospheric pressure 


Power Required for Compressors. The engine power absorbed by 
attached compressors, or the motor power required for independent drive, 
will vary with the pressure, number of stages, and free air capacity. The 
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and later the electromagnctio coupling. It ia now common practice to use 
one or the other of tliese two latter types in reduction-gear-drivcs. 

The advantage of both of these types of coupling lies in the fact that there 
is no mechanical conneclion bet%‘een the engine and the gears it drives, and 
not only are the gears protected ngmst en^ne vibration but also the enpno is 
protected against'suddenshocksduetothe propeller's striking an obstruction. 

Hydraulic Coupling. The prindpal elements b the hydraulic coupling, 
as shown in Fig. 16, are the impeller and the runner, which are two radially 



Fig. 16. — Section through hydraulic coupling. 


vaned meiubers with a concentric semicircular trough in each. When the 
two members arc placed face to face, the outer shelb and inner troughs form 
two concentric rings with an annular space between them. Both the runner 
and the impeller have an unequal number of radial vanes. 

The impeller is mounted on the en^e shaft and the runner on the pinion 
shaft, facing but not quite touchmg. A housing bolted to the runner encloses 
the back of the impeller and, by fitting closely around the driving siiaft, 
forms a container for the wPrkii^ fluid, a mineral oil of 180 to 200 Saybolt 
\'iscosity. The entire umt is enclosed withb an outer casing that forms a 
part of the fixed structure and is made oiltight by labyrmth packbg where 
the shafts go through it. 
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horsepower theoretically required to compress 1 cu ft air under various 
conditions is shown in Table 1. Since the values given are for an assumed 
compression efBciency of 100 percent, whereas the actual efficiency is about 
65 percent, these values should be multiplied by 1.54. 

REVEESING SYSTEMS 

Every engine connected to a propeller shaft should be provided with a 
means of reversing the direction oi cnpnc rotation or have a reverse gear 
interposed between the engine and the propeller shaft, in order to give the 
necessary backing motion to the propeller. It has been explained liow tlie 
engine may be started by either air or electric motor but, if the engine must 
be started in either direction, only air starting is used. The basic requirement 
for reversing is that before starting tlie engine the valve-timing mechanism 
must be positioned to give the valves the correct timing for the desired direc- 
tion of rotation. Since the valves arc always operated by cams that liave 
a definite angular relation to the crankshaft, the change of timing for changing 
the direction of rotation is accomplished by changing this angular relation. 

Four-cycle Reversing. The method generally used for reversing the 
four-cycle engine is to provide two identical sets of cams on the camshaft, 
one sot positioned to time the valves for ahead running and the other for 
astern, With the engine running in the ahead direction and the cam rollers 
resting on the ahead cams, reversal is accomplished by stopping the engine, 
shilting the camshaft in the direction of its length to bring the astern cams 
under the roEers, then starting the engine with air, after which rotation 
continues in the opposite direction in accordance with the changed timing 
of the valves. 

Shifting of the camshaft is accomplished by one of several different methods, 
the most commonly used being by means of an air- or hydraulically-operated 
piston linked to the camshaft. This operation must be preceded by lifting 
the cam roEers off the cams, followed by lowering them onto the cams again 
after the shaft is moved, unless the cams ore made with beveled edges that 
will permit the rollers to ride up on them. 

The mechanisms involved are so linked together that the operations of 
raising the rollers, shifting the shaft, and lowering the roUers nre c.xecuted 
by the movement of a single lever or handwheel at the control station. In 
some^ designs the starting air control and fuel control are also connected 
to tills lever or handwheel, and the entire sequence of operations required for 
stopping, reversing, starting, and fuel admission is thus carried out by move- 
ment of the one lever or handwheel. 

Two-cycle Reversing. In the case of the port-scavenged two-cycle 
engine the only timing that has to ho changed for reversal is that of the fuel- 
mjection pumps and air starting valves. If, however, exhaust valves are 
used, the timing of these also may have to bo changed. In most two-cycle 
designs of the first type the mr starting controls are separate from those for the 
fuel pumps, although they may be operated by tiie same control lever. 

In this case it is necessary only to rotate the camshaft relative to the crank- 
shaft about 50 deg, and the same cams used lor ahead running are then in a 
position for astern timing. This relative rotation may be obtained by using 
an air-operated piston to sEde a helical gear or turn one of the gears in the 
camshaft gear train, while the enpueia sVationnTy, enough to ^ve the desired 
camshaft movement, or a lost-motion coupling may be used in the camshaft 
unve. In this latter case, when the enpne is stopped and then started in the- 
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An inlet, pipe mounted on the casing, with a sliding fit on the.inner housing, 
serves for, admitting oil to the,hou»ng. Ports in tlie periphery of the housing, 
covered'by a , ring-valve, servo for emptying the coupling rapidly when 
desired. -This ring valve is interlocked with the inlet valve so that when 

one is open ithe other is closed. ■■ , 

With the impeller and runner assembled face to face, the vanes in the two 
form a continuous spiral passage around the central concentric ring. If the 
impeller is, rotated rvith the coupling full of oil, centrifugal force causes the oil 
to flow radially outward, as shown by thc.arrows in Fig. 10, across the gap 
into the ninncr, then inward toward the lower part of the runner, and across 
the bottom gap into the impeller. Since^the passage formed by the relative 
positions of .the vanes is spiral, .this movement causes the oil to travel con- 
tinuously in a spiral path around the drcumfcrcncc of the coupling. , 

The Idnetio energy, generated as the oil flows outward and gains rotational 
velocity about the aris of the coupling, is released when the oil turns inward 
in the runner, and flows toward the axis of the coupling and its velocity is 
decreased, This energy is the force that causes the runner to turn. The 
torque input is equal to the torque output, and the power lost is represented 
by the slip^between the impeller and Ibo runner. Thus the efficiency of the 
coupling is the ratio between the speeds of the drhdng and the driven shafts. 

In order to maintain a condition of dflfbrencc in centrifugal force in the two 
msmbers -that will cause the oil to circulate as dcscrilrcd, tho coupling for any 
given power and speed must bo selected so that there will be a difference of 
8 peroont between the speeds of the impeller and runner. 

■ .In addition to transmitting the engine power to the gears without \dbration 
or torque fluctuation, the hydraulic coupling permits quick and easy dis* 
connection of one engino without stopping the others,' simply by dumping 
the oil. . This is done by moans of the peripheral ports and ring valve pre- 
viously idehtioned. II the ring valve is moved by the ecmtiols to uncpvw 
the ports; ,the inlet valve is closed and the centrifugal force throws the oil 
out through tho ports, thus bringing the driven member to rest c\'en though 
the driver continues to turn. On installations where it is not’ necessary to 
dump the oil in order to disconnect the engine while running, another tjqje 
of hydraulic coupling, known as the "traction" coupling, is popular since it is 
cheap to purchase and install. This coupling has exactly tho same driring 
members as the dump coupling but- does not have the filling or dumping 
features with tire coolers, pumps, and piping. The coupling must be filled 
through a plug with the engine al rest and dumped in tlie sarho manner if it is 
desired to disconnect the enghc. It is calculated to have enough cooling 
surface itself to keep the oil within operating limits. 

Electromagnetic Coupling, Tho electromagnetic coupling, or electric 
coupling, as it, is commonly called, offers anotlier method of driving tho reduc- 
tion gears without any mechanical connection between tlie engine shaft and 
the pinion shaft. In construction it resembles an induction motor, having an 
inner member or armature mounted on the engine shaft and an outer member, 
carrying salient field poles, mounted on the pviaon shaft. The inner member 
inside the circle of field poles so that there is an air gap of 0.2 to 
flri in. between its periphery and the faces 'of the field polos, as shown schc- 
MatioaUy in Fig. 17. , The inner member has a squirrel-cage winding similar 
to an inducrion-motor armature. ' 'When the field of the outer member is 
esojted by direct current through collector rings and brushes, a strong mag- 
netic flux is set up which causes the inner member to rotate with the field at 
e speed of the field, less the riip, •which amount to 1.3 to 1.5 per cent.' 
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' Table 1. Power Required to Drive Compressors 
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.2045 

3.08 

262 

.1710 





OM 

7488 

47 80 

550 

.208$ 

3 14 

266 






10 18 

774'i 

48 85 

560 

7135 

3 19 

269 






10 VI. 

.8005 


569 

.2176 

3 74 

272 





145 

10.86 

,826- 

51 00 

578 

.'i!270 

5.29 

776 

1837 




150- 

11.20 

.8522 

51.70 

587 

.2255 

3.35 

21» 

.1865 




200 

M.6 

l.UW 




5,82 

m 



715 

,1965 

250 

18.0 

1 36V; 




4 74 

332. 

.2315 



,2140 

300 

7.1 4 

1 6285 




4 63 

■351 

74911 

2 78 

241 

,2295 



1.8872 




4 93 

37(1 

•7640 


251 

.2418 

400 

28.2 

2.1459 




5.31 

3tU> 

.2770 

3.04 

2j9 

,2535 


31 6 

2,4048 




5.61 

399 

7895 

3 16 

767 

,2630 


35 0 

2,663- 





412 

,2915 

3 77 

775 

,2730 



1. m 







3 '37 

781 

.2830, 

' 600' 

41.8 

3 1811 







'3 47 

287 

,7910' 

650 

•45.2 

3,4395 





... 


3.56 

292. 

.2960 


48.6 

3 6987 







3,64 

7,97 

.3025 


52.0 

3.9571 







3 73 

302 

.3090 


55 4 

4 '7155 







3 80 

307 

.3150 


58.8 

4.4745 







3.83 

312 

.3210 

900' 

62.2 

4.7330 




.... 



3.96 

316 

.3260 



4 WO 







4fl3 

3?n 

.3315 

1000 

69.0 

5,251U 


... 





4.10 

■324 

.'336(1 
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IHfERNAIrCOUBUSTION ENGINES 


The power required for etdtatioii amounts to about 1 percent of the power 
transmitted through the coupling and tiic maximum torque that can be 
transmitted by the coupling is about 300 percent of normal. If the load 
on the gears and the propeller ah^t for any reason exceeds this amount, the 
coupling will fall out of step and the load on the engine will he reduced, Also, 
the torque transmitted has no relation, to the speed of rotation of the unit as a 
whole but depends upon the rdative speeds of the two parts of the coupling; 
hence the coupling can transmit the fufl. torque exerted by the en^e even 
when the engine is operating at alow speed. 

As in the case of the hydrauhe coupling, there is no mechanical connection 
between the engine shaft and tho pinion shaft; therefore pulsations of torque 
and critical vibrations do not reach the gears, and sudden shocks caused by 
the propeller striking an obstruction do not reach the engine crankshaft. 
Also, any one engine can he disconnected instantaneously from the gear set 
simply by opening a switch in the excitation circuit. 





This last feature can be made use of when maneuvering with a two-engine or 
a four-engine installation. One-half of the engines are kept running in the 
ahead direction and the other half astern, and the propeller is caused to turn 
ahead or astern as desired roerdy by energizing the ahead or astern couplings, 
This procedure gives one-haU power in either direction, which is usually 
sufficient for ordinary maneuvering. If full power is desired, the engines 
may be maneuvered as though direct connected. 

Advantages of Gear Drive. The chief advantage of gear drive is, of 
course, the use of any deared propdler speed with medium- or high-speed 
engines. There are intidental adv^tages such as loss headroom required, 
and the facility with wlridi repmrs or examination of one engine at a time can 
be carried out at sea without stopping the ship. Also, the use of smaller and 
lighter engines reduces the size of pmts to be handled and provides greater 
flexibility. The chief disadvantage of gear drive is the greater cost of the 
installation as compared with a direct-drive plant of the same power, except 
when very low propeller speeds are used. 
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■ [h) Transcendental Equations: 

esponential equations, e.fj., 2* = 32 (root: a; = 6); 2*^ « - 32 (no root); 
trigonometric equations, e.g., 10 sin » - sm Si = 4 (roots: 30®, 150®). 

IiBpitimate Operations on Equations. An equation trliich is true for 
a particular Value of x will remain true for that value of s after any one of 
the following operations is performed: 

Adding any quantity to both sides; Bubtracting any quantity from both 
sides; transposing any term from ono side to tlie other, provided its sign 
be changed; multiplying or dividing both sides by any quantity which is 
not zero; changing the signs of all tho-terms; raising both sides to any positive 
integral power; extracting any odd root of bo& sides; extracting any even 
root of both sides, provided tho ± sign is used; talcing the logarithms 
of both sides (both sides being positive) ; taking the sin, cos, tan, etc,, of both 
'Sides. 


Notice, hoirevcr, that tho new equation obtuned by some of these operations may 
possess “additional roots" which did not belong to the original equation. This occuia 
especially when both sides arc squared; thus, i “ — 2 has only ono root, namely, — 2; 
but o 4 , obtained by equaring, hea not only tho root - 2 but also another root, + 2. 

Equations of tbo First Degree (Linear Equations). Solution: Collect 
all the terms involving ® on ono side of tho equation, thus: 02 = 5, where 
0 and 6 are known numbers. Then divide through by tbo coefBcient of z, 
obtaining i b bfa as tho root. 


Equations of the Second Degree (Quadratic Equations). Solution: 
Throw tho equation into the standard form 01 * + 6® + c « 0. Then the 
two roote are: 



xt 


• 2a 


The toots are reahand'disUnct, coincident, or imaginary, according as 
5 s - 4oc is positive, zero, or negative. Tho sum of the roots is sj -f a* 
B - 6/a; til® product of tho roots is xii* = c/o. 


Gbaphicau SoLimos'. Write Iho equation in tho form js « pi + ?, tad plot the 
parabola yi =. *1, and the etrai^t lino « px + 9. The absoissm of the points of 
intencctioo will be the roots of iho equation. It tbo line docs not out the parabola, 
the toots are imaginary. 

Equations of tho Third Degree with Term in s* Absent, Solution: 
After dividing through by the coefficient of i®, any equation of this type 
can be written a® = As + 5. Letp = A/3 and q ~ B/2. . The general eolu* 
tioais as follows: 


Case 1. g* ~ p® posi tive. One root i a real, namely 

, I] ■= Vg y'g! + Vq - Vs® “ p® 
the other two roots arc imaginary. ' • 

Case 2. gs - = zero. Three loote real, but two of them equal. 

Si = 2Vq, *1 « - Vq 

Case 3. g’ ~ p’ negative. AH three roots real and distinct. Determine 
an angle u between 0 and 180®, such that cos u = 5 /( 3 >V^) . ^Tben 
»i B2-\/pco0 (ii/3),S2 « 2 Vp coa (u/3 + 120®), ii “2\/pcos(u/3 + 240®). 

GsAPBtnAL Solution. Plot the eunro m ■■ and tha Btrmghtlihe Ai+B. 
Tbsabaoiss® of the points of interBeotiomrillbetberoi^ of the equation. ' , ' 

Equ&tbns of the Third Degree. (GeneraLCaseL Solution: The gen- 
eral cubic equation, after dividing'" thiiough hy the' coefficient of the highest 
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power, may be written ** -J- aa* + fer + c = 0. To get rid of the term in 
let X ^Xi — o/3. The equation then becomes Xi^ = Axi + -B. where 
A = 3{a/3)® - b, and B = — 2(o/3)’ + b(a/3) - c. Solve this equation 
for Si, by the method above, and thrai find x itself from s = si - (a/3) . 

Graphicai, Solotion. Without Belting rid of the term in i’. write the equation in 
the form a’ « — ala + {ii/2a)J* + [a(b/3a)* — cL >nd solve by the graphical method. 

General Properties of Algobrwc Equations. An algebraic equation of 
the nth degree in s is an equation of the l^e 

Cos’* 4- + oji""* + ■ . .+ao_is+an = 0 

where the o’e are any given numbers (o» not zero), the expression on the 
left being called a polynomial of the nth degree in x. Such an equation 
will, in general, have n roots; but some of these n roots may bo equal, and 
some may be imaginary. Imaginary roots always occur in pairs. 

If the equation ia written in the form: (a polynomial in x) =0, then (1) 
if a }s a root of tho equation, x ~aia a factOTof the polynomial; (2) if the 
polynomial can he factored in the form (x - p)(x - 9)(x - r) . . . = 0, 
eati of the quantities p, 3t r, . . . ia a root of the equation; (S) if x is very 
large (cither positive or negative), the higher powers of x are the most impor- 
tant; (4) if X ia very small, the Wghcr powers may be neglected. • 

Short Method of Substitution in a Polynomial, To find the value of 
4x* - I4x* + 23x - 26 when x « 3, for example, first arrange the terms 
in Older of descending powers of x, and write the detached coefficients, with 
their signs, la a row, taking cate to supply 

a zero coefficient for any missing term, in- 4 - 14 0 23 - 26(3 

oludingtheoonstantterm. Then, beginning 12-6-18 16 

at the left, bring down the first coefficient; - — — — ■— 
multiply this by 3, and add to the second 4 -2-6 6-U 

coefficient; multiply this result by 3 again, 

and add to the third coefficient; and so on. The final result, - 11, Is the 
value of the polynomial when x » 3. 

Short Method of Dividing a Polynomial by x - a. The device Just 
explained gives not oalythe value of the polynomial wheax = 3,butalsothe 
result of dividing the polynomial by x - 3. Thus, in the case illustrated, 
the quotient ia 4x5 - 2x’ - fix -f- 5 tho remainder is - 11. That is, 
4x* - 14x> + Ox’ 4- 23x - 26 e {» - 3){4a^ - 2x’ - 6x 4* 5) - 11. 

ExpotwattaL Equablnugs To aolvu an. oqunlm of the (om a* = h, 
take the logarithms of both sides: xloga = log b, whence x = {logb)/(logo). 
For example, if 3* = 0.4, x e log 0.4/log 3 = (0,6021 - 1)/0.4771 = 
- 0.3979/0.4771 = - 0.8340. Notice that the complete logarithm must bo 
taken, not merely the mantissa. 

Trigonometric Equations. (1) To solve a cos x 4- b sin x = c, where 
R and 6 arc positive; Find the acute ai^e it for which ta n u = b/o, and the 
Bnglei)(between0andl80®)forwhiohoo8s = c/\/^ 4- b*. Thenxi = u 4-1 
and ij a « - s arc roots of the equation. 

(2) To solve 0 cos X - 6 ria X = c, iriiere a and b are positive: Find u 
and t as above. Then xi = - (it 4* ») and xi = - (u - t) are roots of the 
equation. 

General Method of Solution by Trial and Error. This method is 
applicable to a numerical equation of any form, and can be carried out to 
any desired degree of approximation. It is especially useful when a first 
approximation to a root is already known. Write the equation in the form 
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ELECTRIC DRIVE 

From the standpoint of machinery arrangement, the diesel-electric is the 
most flexible of all drives. It pcnrata ^viding the power plant into as many 
units as desired, and tlie propulsion motor is the only principal element in the 
plant that is limited to a fixed location by its function. The generating 
sets that furnish power for the motor may be located at any point in the ship 
that is most convenient or desirable and may be placed remote from the 
propulsion motor. Also, the controls may bo located at any desired point. 
Its principal disadvantage is its loss in efficiency due to losses in generators 
and motors, amounting to approximately 15 per cent, 

The essential elements in such a plant include one or more diesel-driven 
generators, a propulsion motor, a source of current for excitation, and control 
equipment. The engine driving the generator is required to run in only one 
direction and, tiierefore, needs no reversing gear. 

It can bo designed to run at any desired speed, thus permitting the use 
of lightweight engines. Earlier practice called for constant-speed engines 
but, in presentrday installations, it is common practice to arrange tlie engine 
for variable-speed operation. In tiiis case the engine is operated at about 
half speed and all propellcr speed variations are obtained by varying the 
voltage of the propulsion motor field, up to half speed, at which point all 
resistance is out of the field circuit. Beyond that point, further increases of 
speed are obtained by increasing the engine speed. 

Generators. The generators are shunt-wound, separately excited d-o 
machines, with the exciter armatures mounted on tlie extended slinft of the 
generators or mounted above the main generators and driven by bolts. 
Since the exciter must deliver constant voltage while the engine speed varies, 
a voltage regulator is required. Usually tho exciter has a capacity in excess 
of the power required for excitation, in order that it may supply current for 
Operating auxiliaries. 

Propulsion Motor. Tho propulsion motor is a separately excited, shunt- 
wound machine and, when attached directly to the propeller shaft, must 
necessarily operate at slow speed. Tins calls for a comparatively largo 
motor and, in order to reduce the diameter, it is customary to use a double- 
atmatuie motor which is in eBcct two motors placed side by side. In later 
installations the use of large, heavy motors is avoided by tlie placing of reduc- 
tion gears between the motors and the propeller shaft. Tliis permits the use 
of high-speed motors of small size. 

Controls. For control of the propulsion-motor speed by the variable 
voltage method, with the engine running at constant speed, tlio armatures 
of the motor and main generators are connected in series and their fields are 
independently connected to the excitation dreuit. The motor field is excited 
at a constant value, and its speed is varied by varying tho intensity of the 
generator field. Increasing the generator field increases the generator voltage 
impressed on, the motor. Since the motor field is constant, the speed of the 
motor will vary directly as the impressed .voltage. In types of serxncc in 
which it is desirable to enable the propeller to absorb full engine power while 
turning at slow speedy as in, tug operation, tiie amount of torque developed 
oy the motor can be adjusted by the use of a rheostat in the motor field 
circuit. Reversal, of tho motor is accomplished by reversing the direction 
of tlio generator excitation current. Tho resulting reversal of generator 
voltage causes the motor to reverse its direction of rotation. 
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Available Fuels. The purchaser vrho buys diesel fuel in largo quantities 
can usually obtain oil to any desired specifination, but tho transient vessel 
or the small consumer that bunkers from oil company stock in any given port 
must take whatever is available. 


Table 3. Conversion Eauivalents for Fuel Oil 


Deg 

BaumC 

Deg 

A.P.I. 

Sp gr 

Viscofflty 
SSU atCOF 

Lb per gal 

Lb per bbl 

Bbl per ton 


10,00 

1,00 


8.328 



tl 

H.OI 

C.9930 


8.270 




12.02 

0.9861 


6.212 




13.03 

0,9792 


8.155 



U 

14.04 

0.9723 


8.009 

340.3 

5.877 


15.05 

0,9659 


8.044 

338.2 

5.957 

\is 

16.06 

, 0.9593 1 

i4.(no 

7.9S9 

335,7 

5.957 

' 17 

17,08 

0.9529 

6 500 

7,935 

333.3 




1 0,9465 

3.200 

7.882 

331,2 

6.039 

19 

, 19,10 

0,9402 

U700 

7.830 

329.1 

1 6.078 

2Q 

20.11 

0,9340 

950 

7,778 

326.6 

6.123 ; 

21 

21.12 1 

0,9279 

575 

7.727 

324.5 

6.163 

22 1 

22.13 

0.92(8 

370 

7-676 

522.4 

6.203 

23 1 

23.14 

0,9159 

240 

7-627 

320.3 

6.243 

24 : 

24.15 

0,9100 

165 

7.578 

1 518,2 

6.285 

23 

25.16 

0 9042 

125 

7.529 

316.1 

6,326 ' 

26 

26,17 

0.8984 

94 

7.461 

314.0 

6.369 

27 

27.18 

0,8927 

75 

7.434 

312,3 

6.405 

28 

28 19 

0.8871 

63 

7.387 

310.2 

6.448 , 

29 

29,20 

0.8816 

55 

7,341 

308.5 

6.484 

30 

30.21 

0,8762 

49 

7.296 

306.4 

6.528 

31 

31.22 

0.8008 

45 

7.251 



32 

32.24 

0.8654 

42 

7.206 



33 

33,25 

0 8602 

40 

7.163 



34 

34,26 

0.8550 

38 

7.119 



35 

35.27 

0.6498 

36.5 

7.076 



36 

36.28 

0.8448 

35 

7.034 



37 

37.29 

0.8398 

34 

6.993 



38 

38,30 

0.8348 

33 

6.951 




Posted prices for diesel fuel in New York Harbor apply to a fuel of 30 A.P.L 
gravity or over, carbon content less than 1 percent, and a viscosity of about 
40 SSU at 100 F. This is a fuel suitable for high-speed engines but not 
needed for slow-specd units. A grade of oil known as heavy marine diesel 
fuel can be obtained (or 20 to 25 cente pec barrel less that has a gravity of 
about 20 A.P.I., viscosity 100 SSU at 100 F carbon about 1 percent, and a 
cetane number as high as 40. 

ESect of Fuel Price. Roughly, the cost of fuel amounts to about 60 per- 
cent of the operating cost of the average cargo ehip and is thus tlie item that 
offera the most attractive target for efiorta at eaving. Aside from all other 
considerations, such as increased cargo capacity due to the smaller weight of 
fuel that must be carried, the.dicsel en^e would offer a large saving in the 
cost of fuel, as compared with the equivalent steam plant if both used the 
same kind of fuel, Although there ia a definite trend toward the use of boiler 
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Alternating-current Drive.- :Althougbr /mofit diesel-electric drives 
utilize direct current, tliero is a growing trend toward the use of altornating 
current, because of the greater effidency of the a-c plant and the lower cost, 
lower weight, and simplicity of the equipment. The disadvantages of 
alternating ■ drive are that it is dmilar to a fixed-ratio gear drive. For 
instance, if two generator units are driving a single propulsion motor at 
rated 'full speed and for any reason it becomes necessary to stop one generator, 
the other generating unit will automatically have to slow down to approxi- 
mately 63 per cent of its top rating in order not to be overloaded. ' This 
comphes with tho law that the horsepower varies as the cube of the speed. 
With the d-c drive this would, not l» necessary, for by changing the field 
current the remaining generating unit could be operated at its full capacity 
without any injury to itself and thus bring the propeller up to 79 per cent of 
full speed. The principal elements in the a-c system are one or more salient 
pole generators and a synchronous motor on each propeller shaft. 

The general principle of operation is to start tiie engines, bring them up 
to idling speed, then synchronise the generators, and close the reversing 
switch for the direction derired. The motor will then operate as an induction 
motor with its fields ehort-drcuiled: when it comes up to the same synchro- 
nous speed as the engines, the motor field current is applied and the motor 
brought into step with the generators. 

With the generators and motor in step, any increases of speed may be 
obtained by increasing the speed of the engines. Below the idling speed 
further speed reductions are obluned by operating the motor as an induction 
motor with voltage low enough to produce slip. When maneuvering ahead 
and astern, the required torque is obtained by overexciting the generator 
fields. A greater range of speed changes can be obtained if the motor is 
provided with two sets of poles. 

ECONOMICS OF THE DIESEL ENOINE 

Considered on the basis of its ability to convert energy released from the 
fuel in the form of heat into power available at the crankshaft for performing 
work, the diesel engine is the most efficient prime mover yet produced. 
Between this initial converrion of energy and the final book baiaacc between 
the cost of producing power and the income derived from the application 
of this power, there arc several variable factors that should be taken into 
account. This is particularly true in marine Ksrvice, and it is impossible to 
establish any one set of figures that can be given blanket application for 
comparing the economy of diesel-propulsion machinery with other types used 
in marine service. There arc, however, certain basic factors that can be 
evaluated for use in establishing a figure for over-dl economy under any given 
conditions of operation. 

Fuel Consumption. Fuel consumption of marine diesel engines is some- 
times stated in terms of pounds of fud consumed per indicated horsepower 
per hour, because the only power that can bo measured after the engine is 
installed in the ship is that determined from indicator cards. The only power 
the shipowner is interested in, however, is that available at the' shaft that 
can be used for income-produdng work. The fuel consumption, then, should 
be expressed in terms of pounds of fad per brake horsepower per hour. The ■ 
terms brake horsepower and draft horsepower are used synonymously, but the 
former is usually preferred because'the economy of the engine is determined 
when it is run in the shop and the load appHed by some form of brake, usually 
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Table i.' Approsimate Cetane Number from Viscosity and Gravity 
■' nf Fuel ' 

. . , (Moore aiid£aj'e)“'' •• i” 


- 100 F- 

18 

20" 

’22 

24 

26 

27 

28' 

29 

30‘ 

31 

’ 32 ' 

33 

34 

35 

36 

37 

36 

- 34 - 




33 

37 

39 

40 

42 

44 

46 

47 

49 

51 

37 

34 

35 

57 

35 

22 

26 

3tl 

34 

« 

40 

42 

44 

46 

48 

49 

31 

3'3 

34 

56 

57 

59 

36 

23 



33 

39 

41 

43 

45 

47 

49 


37 

34 

36 

38 

59 

61 

37 

24 

28 


36 

40 

42 

44 

46 

40 

30 

37 

33 

33 

3'/ 

39 

60 

62 

38 

24 

29 

33 

37 

41 

43 

43 

47 

49 

51 

53 

34 

3b 

38 

6U 

61 

63 

■'3^ 

7.5 

> 

33 

37 

41 

43 

45 

47 

49 

31 

53' 

35 

57 

59 

61 

67. 

64 

40 

23 

30 

34 

38 




48 

30 

3‘l 

34 

36 

30 

60 

62 

63 

63 

.42 

26 



3M 

43 

43 

47 

49 

51 

53 

33 

37 

39 

61 

63 

64 


‘44 

26 

3i 

33 

40 

44 

46 

48 

30 

32 

34 

36 

30 

611 

62 

64 

63 

67, 

'48 

27 

32 

3b 

41 

45 

47 

49 

31 

53 

53 

37 

39 

61 

63 

63 

66 

68 

'48 

77 

32 

36 

41 

45 

47 

49 

31 

33 

33 

37 

3Q 

61 

63 

63 

67 

68 

.50 

7K 

33 

3/ 

4'2 

46 

4K 

30 

32 

34 

36 

SO 

60 

67 


66 

68 


'60 

29 

34 

3V 

43 

47 

V» 

37 

34 

36 

30 

60 

67 

64 

66 

60 

60 

70 

• SO 

31 

33 

40 

46 

311 

32 

34 

36 

30 

60 

63 

63 

67 

69 

71 

72 


,100 

32 

37 

42 

4/ 

52 

34 

36 

58 

60 

62 

65 

6? 

69 

71 




ISO' 

34 

39 

44 

49 

34 

36 

30 

60 

61 

63 

67 

69 

72 





200 

33 

411 

43 

VI 

33 

58 

60 

6? 

63 

6'/ 

69 

71 






'300 

36 

41 


sz 

37 

60 

62 

« 

67 

69 

72 







MOO' 

37 



33 

39 

61 

64 

66 

60 

7! 








500 

38 

43 

49 

55 

60 

63 

63 

67 

70 










• Courtesy of tlie Tesas Compsey. 


Table S, Conversion of Diesel Indea to Cetane Number 

Diesel Index Cetane No. 

0 Ifi 

6 20 

10 24 

15 28 


20 30 

25. 34 

30 37 

35- 40 

40 43 

'45 46 

SO SO 

E5 S3 

60. 56 

€5 59 


70 C2 

75 65 

■ 80 ■■ ■■ ' '68 
•85 '•> • '• 71 ' • . 

■ 90 ■ :• .■'■U ■ 

95, ;'ra- , I 

100 81 




ECONOMICS OF THE DIESEL ENGINE 


1359 


a wat-er brake. If a more precise definition of shaft liorsepower is taken to 
mean only the power delivered to the propeller, the friction in thrust bearings 
and line-shaft bearings must be deducted. Also a deduction must be made for 
Josses in dicsel-electric drives and for slip of coupling in gear drives. The 
amount of brake liorsepower that can be obtjuned from a given quantity of 
fuel is a true measure of the engine’s economy. 

The amount of fuel consumed per brake horsepower will vary between 
narrow limits with different engines, but it should never be more than'0.4 lb 
per bhp-hr at normal full load for the engine wthout attached auxiliaries. 
Many engines use less tlian tbie. The records of some engines in service sliow 
a normal consumption of 0.334 lb per bhp-hr. An interesting characteristic 
of the diesel engine is the small <hffetence in fuel consumption of different 
sized engines. The graph of fullJoad consumption for units of various sizes, 
from 5 to 15,000 hp, is practically a strmght line. 

Lubricating-oil Consumption. Far more variable than fuel consump- 
tion is the amount of lubricating oil used by the engine. As explained on 
p, 1337, the oil applied to the cylinder walls is not recoverable but is burned in 
operation. There is no way of detennining definitely, while the engine is 
running, whether the amount of lubricating oil being fed into the cylinders is 
enough, too little, or too much. Therefore, the lubricator feed must be 
adjusted on the basis of past experience or judgment and is most often likely 
to be too much. In general it may bo assumed that the two-cycle engine 
will require more oil tlian the four-cycle for cylinder lubrication. 

Tharo will also be wide variations in the amounts of oil used in the bearing 
lubricating system. In a large crosshcad type engine in whiclj the cylinders 
are separated from the crankcase by a diaphragm, there will be loss oil lost 
by being drawn up into the cylinders and burned than will be the case with a 
trunk-piston enpne, especially if the latter is of the high-speed typo. In both 
engines the amount of oil lost by leakage will depend upon the degree of 
tightness of crankcase doors and joints throughout the system and will 
accordingly vary with the quality of attendance the engine receives and to 
some extent upon the provisions made by the designer for oil tightness. 

, These variable conditions account for the variation of oil consumption 
mentioned. Expressed in terms of the number of Irorsepower-hours produced 
per gallon of lubricating oil used, the consumption may vary from about' 1 gal 
pr 1,000 hp-hr in small, high-speed engines to 1 gal per 10,000 hp-hr in 
large, slow-speed units. Since most engines in service are of small size, it will 
be found that a fair average consumption by existing engines is somewhere 
between 1 gai per 1,500 hp-hr and 1 gal per 2,000 hp-hr. If small high-speed 
en^nes are excluded, the average consumption will be 1 gal per 3,000 to 
5,000 hp-hr. 

_ Effect of Wear. , The variations noted and their causes' apply to engines 
m normally good operating condition. Furflier variations will be introduced 
by the condition of the engine, particularly in regard to piston ring and liner 
)''ear. Such wear in a trunk-piston on^o will usually result in an increase 
m the amount of crankcase oil drawn up into the cylinders and burned. Also 
tae resulting blow-by of gases into the crankcase causes a large amount of 
on vapor to be blown out throng the crankcase breather pipe. 

Economy. The fact that the diesel engine is inherently, the 
ost eacient, pnme mover yet devised is not in itself a guarantee that the 
sei-propulsion plant will he the most economical under all conditions, 
umerous other factors, some within the plant and others outside faut'related 
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to its operation,, have an influence on, its economic .balance. The over-all 
economy of the entirepropcUingplantiathemattcrinwhich the ship operator 
is most interested. • Amraig the factors that enter into it, the principal ones 
are fuel oil and luhricating-oil consumption of main and au-^aiy engines 
and cost of maintenance. , . ■ , 

These determine the variable costs that must be added to such fixed 
charges as interest on inve.stmeat, depreciation charges, insurance, and crew 
cost, in determining the final cost per unit of power delivered to the propeller. 
The rate of fuel consumption may.jjrove to be less important than the kind 
of fuel consumed. The ability of an engine to burn a heavy fuel, that is 
cheaper than high-grade diesel fuel may spell the difference between profit 
and loss. , . ' , 

Numerous factors enter. into the cost of maintenance, the first being the 
quabty of design. Assuming that the engine is correctly operated, the rate of 
wear la strongly influenced by this design factor, as isnlso tho frequency of 
parts breakage. AccesabUily is an important factor in maintenance cost 
and should be ©ven consideration in the original de^gn and the installation 
plan. The most accesaUe engine may be made extremely difficult to keep 
in good operating condition if no cousideratbu is given to accessibility in 
designing tho installation anangement in the ship. 

The items mentioned in the foregoing are merely indications of the wide 
scope that would have to be covered if any detailed analysis of over-all 
economy is to be made. A more specific means of favorably affecting over-all 
economy is by utilization of that part of the beat content of the fuel that is 
discharged to the atmosphere in the exhaust vntbout doing useful work. 

WASTE-HEAT EECOVERT 

The heat balance of the average diesel engine shows that about '80 per- 
cent of the total heat supplied is carried away in the exhaust and accordingly 
wasted. The amount of this waste heat can be indicated by assuming a 
1,000-hp engine to use 0.4 lb fuel per hp per hr, and the fuel to have a heating 
valve of 18,600 Btu. Then if 30 percent of the heat is carried away in the 
exhaust, the total amount lost mil be ff * 1,000 X 0.4 x 18,500 X 0.30 
a 2,220,000 Btu per hr. Although not all of Uiis heat is recoverable, enough 
of it can be recovered by means of an exhaust-^as boiler to increase appreci- 
ably the over-all economy of the plant. 

The amount of heat that theoretically can be recovered in such a boiler 
is the difference between the total heat in the gases at the temperature at 
which they leave the engine and thde total heat at the temperature of the 
steam at the pressure carried in the boiler. It ia not practicable, however, to 
effect a transfer of heat that will reduce the gases to the same temperature 
as tho steam. About the best that can be done is to reduce the gas temper- 
ature to about 75 deg higher than.tiiat of the steam in tho boiler. It follows, 
then, that the higher the steam pressure carried in the boiler tbe less the 
amount of heat that can he i^v^ed from the gases. 

•. Amount of Heat Becoverable, To estimate the amount of heat t^t 
can be recovered, the pressure deared, the boiler efficiency, and the tempera^ 
ture of the gas leaving the en^nc must be known. Usually the efficiency 
of tho boiler is not accurately known, but a figure can be assumed for the 
difference in temperature betwem the steam and the gas leaving the boiler, 
such as the 75 deg previously mentioned.' 
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rings, a condition aggravated by the fact that, if the oil is not properly con- 
ditioned before injection into the cylinder, the resulting reactions interfere 
■with lubrication. 

It has been definitely established that engines with large- or medium-hore 
cylinders, with correspondingly large combustion-chamber volume, experi- 
ence no trouble in burning hea'vy oil satisfactorily, but as the cylinder bore 
becomes smaller and the revolutions higher more difficulty is experienced. 
This has led to the eoncluaon in some quarters that on oceangoing ships 
two different grades of fuel should be carried, one for the main engines and 
one for the auxiliary en^nes. Other informed opinion holds that this is not 
necessary because en^es of the sizes used for auxiliary service in motor- 
shipa of average size can operate on heavy fuel if the two prime requisites— 
cleaning of the fuel and heating to the proper degree — are provided. 

Liner Wear. The principal deterrent to the use of heavy fuels has been 
the resulting increase in rate of liner wear. Hcnowal of liners is the most 
expensive item in maintenance costa and, if it is required too often, may 
nullify the gains resulting from the use of cheap fuel. On the other hand the 
renewal frequency, even though it is greater than when standard diesel fuel 
is used, may be considerably overbalanced by tlic saving in fuel cost resulting 
from the use of the cheaper oil. The fuel bill with standard fuel may in two 
years amount to as much as the first cost of the engines and, if this bill can be 
reduced by even a small percentage, it mil more than pay for the increased 
cost due to more frequent liner renewal. 

Liner wear resulting from abrasive impurities can be dismissed as unnecos- 
sary because the necesaty for cleaning is well known and the equipment 
available for that purpose is readily available. Experiments reported by 
Broeze and Gravesteyn indicate that although carbon and neli oontont 
have some influence on rate of wear, the sulfur content is the principal 
factor, with incomplete combustion second to it. These experimenters 
reported that when t)ie sulfur content is more than 1 percent the formation of 
sulfur trioxide causes corrosion in the combustion space that creates the effect 
of liner wear. 

Incomplete combustion is preventable by strict obseivanco of the roquiro- 
ments for correct heating, adequate compression pressure, correot cylinder 
temperature, and correct timing of injection. The most promising method 
of preventing the corrosion due to sulfur is by the use of chromium-plated 
liners. The investigators referred to found that Trith a very low grade of 
fuel, containing high percentages of sulfur, carbon, and ash, chromium-plated 
liners showed a rate of wear only one-tenth of that of unplated liners, using 
the same fuel. 

Fuel Conditioning. The hearing of oil to reduce its viscosity is the first 
step in the conditioning of heavy fuel. An initial heating in the bunkers 
may or may not be necessary to make it fluid enough to be handled by the 
transfer pump, but it is desirable to beat the oil before it is passed through 
the centrifuge for cleaning. After demiiag, further heating is required to 
reduce the viscosity enough for the fuel-injection pumps to be able to handle 
it. Maintenance at an even temperature is facilitated if the fuel-supply 
system is arranged for continuous drculation of oil through the heaters. A 
■viscosity that permits ready passage of the oil through the fuel-injection 
pumps is also low enough for atomization by the injection valves. 

To prevent a fall in temperature and rise in ■viscosity during the passage 
of the oil from the pumps to the injection valves, each connecting tube should 
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Example. ConBider the case whcrQ'the goa leaves the engine at a temperature of 
700 deg and steam at a pressure of 100 lb is desired. Since the temperature of the steam 
18 337 F, the temperature of the gas leaving the boiler wii be 337 + 76 >= 412Fnnd the 
temperature drop will be 700 - 412 =* 268 F. If the air temperature is assumed to 
he 70 deg, the percent of heat recovered will be 288AOO - 70 = 45.7 percent. In the 
case of the l,000-hp engine cited previously the heat recovered will be 2,220,000 X 0.457 
= 1,014,540 Btu per hr. 

The amount of heat required to produce 1 lb steam at 100 lb pressure, assuming a 
feed-water temperature of 140 deg, will be 880 H* 337 — 140 = 1077 Btu, and the 
amount of steam per hour that coidd be produced by the 1,000-hp engine would be 
1,014,640/1077.4 = 942 lb. This amount represents a rate of production of 0.942 lb 
per bhp per hr. 

A more detailed, method of calculation is presented by Gregson, on example of which 
is that for a four-icycle engine consuming 0.4 lb fuel per bhp per hr and having an exhaust 
gas temperature of 740 F. Steam is generated at a pressure of ICO lb, and the gas leav- 
ing the boiler has a temperature of 370 -b 70 *» 440 F. The excess air is taken as 
125 percent, corresponding to a COi content of 000 percent in the gas, and the boiler 
efBcienci’ ia 96 percent. 

Btu recovered per bhp per hr = weight of gas per hr X teroperaturo drop X specific 
heat X 0.95, With a specific beat of 0.24 this becomes 

Btu (hr) (bhp) « 0.4 X 32.84 X 300 X 0,24 X 0.95 = 900 
Steam per hr per bhp - *®5()6o “ 0.93 lb 

Exhaust-gas Boiler. Since there is no radiant-heat effect in the oxhaust- 
gas boiler and the beat flow ia by conduction only, the heating surface should 
be largo and 'tbe gas velocity high, with the flow path arranged to break up 
tbe gas stream. The types of boUora in uao include those with horizontal 
tubes of hairpin shape; those using thimble tubes projeoting from a cylindrical 
shell and closed at their outer ends; the tubular type, similar to a flre-tube 
boiler; the bent-tube type, in which tbe lubes are arranged as flat coils laid 
one on top of the other; and tlie type in which a water jaokot surrounding the 
exhaust muffler is used to produce steam. 

Steam from the exhaust-gas boiler ia, of course, available only when the 
engine is in operation, and the rnlo of evaporation will decrease when the 
engine is operated at reduced speeds. For these reasons the greatest benefit 
from heat reclamation is obtained on voyage long enough to call for con- 
timiouB operation of the engine for extended periods. 

The greatest' economy is dbtiuned when the- steam produced is used to 
operate the auxiliaries ordinarily required at sea, such as the steering engine, 
oil and water piiirips, and Ughting geneni-tor. A most desirable arrangement 
18 to have the auxiliaries driven by electric motors and supply •them with 
current from a steam-turbine-driven generator, operated by' steam from the 
exhaustrgas boiler, with a diesel-driven generator ns -a stand-by. They .can 
then be operated with current from the turbogenerator or the diesel generator 
as desired. • ' ■ ■ , , ' - r.-, 

By airahging the exhaust-gas boiler for oil firing.it can be used in port 
or its rate of evaporation can be m^tamed at a maximum during .periods 
of slew-speed operation at sea. This latter possibility exists only if the boiler 
13 designed with a separate combustion chamber isolated .from the gas-inlet 
chamber. Such a boiler is in. most''oa8es'amply two separate boilers with a 

common steam drum or steam space. . 

arrangement that has been used -with success .in some recent tankers 
utilizes an exhaust-gas boiler of, this .type, in connection with automatic 
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be paralleled by a small steam pipe and the two wrapped together and 
insulated. As stated before, the temperature of the oil should be high enough 
to lower its viscosity to about 200 SSTT. 

To ensure complete combustion, the compression pressure should bo 
raised to about 25 lb higher than when operatiig with light fuel. Also the 
jacketrwater temperature should be maintained as higli as is consistent with 
good lubrication and fieedoin from piston seime. No specific tcinperatuve 
for the Jacket water can be stated, since it will vary with different engines 
and can be determined only by trial in each case. The ignition lag is usually 
greater and the rate of combustion slower with heavy grades of oil, For this 
reason the time of injection should be advanced, the amount of advance to be 
determined by trial. 

NOISE SCfTRBSSlON 

The vibration occurring in any reciprocating engine has its origin in the 
movement of the reciprocating parts and the force applied psTiodically to the 
piston to accelerate these parts. This force can be calculated by the funda- 
mental formula; 


„ 12TlTHcos <I + r cos 2d/l) 

where F « total weight of rcdprocaling parts 
V B. velocity of crank, fps 

d “ angle between crank and center line through cylinder 
I - length of connecting rods 
A = area of piston, sq in. 
a « acceleration duo to gravity 
r = radius of crank 

It the values of F obtained by this formula arc plotted against crank angle, 
the result will be a sine curve with an amplitude of 180 deg between maximum 
plus valves and maximum minus valves, as shown by cvjtvc a in Fig. 18. 
1/ the expression outside the parenthesis and the one insido it aro calculated 
separately and plotted, the two cmwes h and c will be obtained, tlie first 
representing the infiuence of the reciprocating masses consklcred concen- 
trated at the crankpin and the second the influence of tlio angularity of the 
connecting rod. These forces are the first and second harmonics, and it 
mil be rioted that the second has twice the frequency of the first and much 
less amplitude. By accurate calculation of the centrifugal force, succeeding 
harmonica of increasing frequency and decreasing amplitude can be plotted, 
as shown by curve d which is the fourth harmonic. Harmonics above the 
fourth order have bttic iuliucnce on vibtoUon and may be neglected. 

_ Cylinder Combinations. Since the forces oauaug vibration, as described 
in the foregoing, occur in each cylinder and the phase relation of these differ- 
ent sets of forces depends on relative crank portions, it is evident that the 
number of cylinders in an en^e and the crank settings have an important 
iniiuenee on vibration. In a three-cylinder ei^ne witli cranks 120 deg 
apar , the first, second, and fourth harmonics arc completely balanced, but 
ore are coupJes in the vertical and horizontal planes that cause vibration, 
n _ e si^cyhnder four-cycle engine, which is in effect two three-cylinder 
engines, these couples will act in oppodte directions and cancel each other 
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steam being generated is insufficient to meet the demands of the auxiliaries, 
tbe pressure falls and at a prj^etermined pressure the controls cut in the oil 
burner. When the pressure rises to a pven point, the burner cuts out. 

AUXILIARIES 

In order to keep the diesel engine in operation and supply such services as 
lubrication and cooling of the en^e, certain auxiliary equipment is required. 
Also, diesel generators must be provided for supplying power to operate deck 
machinery, such as steering en^e, anrfior wuidlass, capstans, and deck 
winches; also to supply lighting current, domestic water, sanitary water, 
and water for fire protection, as well as power for operating bilge pumps and 
refrigerating and ventilating equipment. Some of this auxiliary equipment 
must be in operatiun at all times while the propulsion cn^ne is running, and 
some is required to be operated only intermitt^tly. 

Independent Auxiliaries. It is univerBal practice to use clectric-motor- 
driven auxiliaries in all cases, except when they are attached directly to the 
engine, and in all large ships the current for their operation is provided by 
diesel-driven generator sets. The amount of generating capacity required 
will vary widely according to the type of ship. In the case of a cargo ship 
the controlling factor will be llic amount of power required for operating 
cargo winches; in the passenger ship it will be tbe power required for the hotel 
load, i.e.i service to passengers, that will control. 

This total power should be divided between two or more diesel-generator 
sets for the sake of economy in operation, owing to tlie fact that only a frac* 
tion of the total power is required most of tbe time. A cargo ship or tanker 
while in port will require a targe amount of power to operate winches or cargo 
pumps, and all the generators must be in operation; at sea, one will usually 
carry all the load. The auxiliary diesels are thus enabled always to operate 
at somewhere near their rated load if the total maxiraum power is divided 
between several units. 

The auxiliaries required to keep the engine in operation are the lubricating* 
oil-circulating pump, the fresb-water-drculntiiLg pump, the raw-water-circu- 
lating pump, and sometimes a fuel-booster pump with coolers in the oil and 
water circuits. If the open type of cooling system is used, the raw-water 
pump and water cooler are dispensed with. The water pumps are usually of 
the centrifugal typo, and the lubiicating-oil pump of the rotary or gear type. 
As a matter of precaution, both are nemdiy installed in duplicate. 

A form of diesel unit widely used on small diesel vessels is the so-callcd 
auxiliary set, which combines in one unit all the principal auxiliaries other 
than the pumps mentioned in the foregoing. It consists of a small diesel 
engine, a generator, air compressor, general service pump, and the oil and 
water pumps ioi the engine, all mounted on a common base. Connection 
to the engine is made by clutches so that any one or more of the units in the 
set may be operated at the same time. 

Engine-driven Ausliaries. Some accessory eqmpment such as fuel 
injection pumps, cylinder lubricators, and, in air-injection en^nes, the air 
compressor, have always been builtinto the engine structure and driven by the 
engine. Present-day design of engines below approximately 1,600 hp 
extends this practice to other auxiliaries so that in some types of vessels no 
diesel generator meed be in operation when the main engine is running. 
There is no engineering reason why this should not be done in all cases, but 
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if cranks 1 and 6 are in pliaae and i£ 2 and 5 and 3 and 4 are likewise paired. 
The six-cylinder enpne is thus inherently balanced. 

Torsional Vibration, '^bratirai becomes synchronous when the vibrat- 
ing impulses applied to any part have a frequency that coincides with the 
natural frequency of that part. The speed at which this condition is set 
up in an engine is known as the critical speed, and it becomes most serious 
when synchronous torsion^ vibration is set up in the crankshaft. Torsional 
vibration is the vibration set up in a shaft when the torque applied to the 
shaft causes it to twist and the stress thus set up causes it to untwist. A single 
impulse applied in this way will bo followed Igr alternate twisting and untwist- 
ing with decreasing amplitude until the internal friction of the shaft gradually 
brings it to rest. If a Boies of such impulses is applied at a frequency cor- 
responding to the natural frequency of the shaft, a condition of synchronous 



torsional vibration is established and, unless the energy input is absorbed 
by damping in some way, the shaft will eventually fail, 

This condition trill exist whenever the natural frequency of the shaft 
divided by the enpne speed is a whole mimber or a half number for the four- 
cycle engine and a whole number for the two-cycle engine. Accordingly, 
an eii^ne may have more than on© critical speed, yet may operate very 
smoothly at all other speeds. By methods of analysis (see p. 1437) the 
natural frequency of the mass elastic system of a given engine, and the 
relative locations of the applied forces and the forces resisting oscillation, can 
be calculated. In this way It can be determined whether the critical speeds 
of the engine lie within tho range of speeds at which it will normally operate. 
If they do, the natural frequency of the shaft may be changed by increasing 
the diameter of the shaft, decroasong the weight of the flywheel, or shortening 
the shaft. 

It a critical speed remains after all possible changes have been mado, the 
tachometer for indicating en^e speed should be marked with a red line 
at the critical speed and operation at this speed avoided. 

A method of controlling toraonal vibration which is coming into general 
use utilizes a vibration damper on the shaft to absorb the energy of vibration 
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in !arge ships where ihe power reijvd^ by attriliattes is large, it would require 
extra power to be built into the jnain engine. 

There is a growing tendency in smaU vessels to include the water and oil 
pumps in the enpne structure and drive them by means of gearing from the 
cratiksliaft. When tire generator is also engine-driven, chains or V-belto are 
utilized for the drive. thb is done, staad-by ausiliaries driven from an 

iedependent source of power are provided. 

Ad airangemerit that, haa Ijecn ptactiesUy stawdardlicd iir tug practice 
is to have a diesel-driven generator and n complete set of motor-driven 
auxiliaries in addition to the baiHrin cqalpmcnt of the main engine. When 
getting under way or durine maneovors that require starting and stopping 
of the main engine over a ooaaderaUj time, the diesel generator is kept 
miming to operate the starting tdr compressor, steering engine, electric 
lights, etc. After the engine is started and during subsequent maneuvering, 
water and oil circuiafion are taicn cure of by the attached pumps aud, after 
the boat is in the fairway, the dectricul load is shifted to the attached gen- 
erator find the diesel gooorator is shut down. 

In some oases occasionally used au-vilmrics, such as tlie bilge pump and 
fire pump which require conadcrable power, are connected by chain drives, 
to the intermediate or propeller shaft, vriUi dutches interpose^ so that they 
nay bo opoiatcd whenever derired merely by engaging the clutches. Whero 
tbcsre are sevwai of these units, they may be driven from a jackshaft, each 
with a .separate chain drive and a single chain used to drive the fadrshaft. 
Battery Systems. Auxiliary arrangcnicnts such as have been described 
for sroaJIer vessels, in wliich a generator driven from the main engine is used, , 
generally include a storage battery, with “floating system" connections. 
The battery comprises eaouglr cells to give the same voltage as tlie generator 
and is connected across the main power bus. If the engine is stdppcd.or is 
dewed down enough to reduce the generator volta^ below normal, 'current 
from toe batteiy flows into the line and U»c battery taltos the load. When tho 
engine is speeded up to the point whero the generator voltage is again normal, , 
the generator again takes the load and current flow back into tJio, battery to 
bring it up to 3 normal state of cb.ugo- Also, tho battery helps to carry the 
load if a sudden, short demand is made for powhr beyond the capacity of tho 
gaierstor. 

Although attached generators arc designed to have a flat voltage ohaiaotcr- 
istic over a fairly wide range of speed, it is customary to provide a voltage 
regulator, usually of the carbon-pile tjipe, in connection with auch generators. • 
This regulator acts to niaintoiB a constant voltage wheaovor tho engine is 
operated at varying speeds. ' 


FUJILS ' , 

Although under special ciroumsisnocs .dieseJ ojigdnos have been operated ' 
with a variety of fuels, normal operation requires tiie iiee of a fuel refined 
from crude petroleum and ofafeabed’aftcr the gasoline, kerosene, and othcr 
BghS prodneto are removed from the erode. Wide variations in the quality 
of fuel are found, but in general the smtdl,' high-speed engines are’ coufined 
to toe use of lighter oil of comparaiivdy high gravity, while the large engines ' 
teat have greater combustion-chamber volame, more time for combustion; •' 
^ n ratio - of exposed-^eurfaco4<wiir volume in- the combustion 

onamber can bum oils of low gravities, correspooding to the oil burned under ■ 
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fay friction. ‘In on’e form iV comprises a flywheel held hetween fridion disks. 
When the angular velocity of the shaft decreases or reverses, the flywheel 
continues to move at- the original' velodty and the friction dampens tho 
vibration,' Another form uses hydraulic friction 'as' 'the dam'ping force’,' and 
a third utilizes spring-controlled rotating weights. Any change in -velocity 
causes the radius of rotation of the -weiglifa to 'change, thus 'varying the 
moment of inertia arid causing the natural frequency Of the shaft to change. 

Resilient; Mounting. ' After all vibration ttot might be harmful to the 
engine has been removed or'nbutralUed, '"there will always be a certain amount 
of residual 'vibration ■which, although harmi^ to the engine structure, may, 
sometimes cause unpleasant vibration in the vessel’s hull 'or superstructure, 
or rattling of pipes and small parts, A. metliod in common use for elimin.'iting 
these effects is applicable to auxiliary en'^nes or generator sets used' for 
electric drive but has not as yet had any extensive application to propulsion 
eiigines. ,It uses resilient mounting under the engine bo that vibration will 
be confined to'the' engine and will not be transmitted through the foundation 
to the hull. . ’ 

Rubber 'mountings, ananged so that there is no metal-to-metal contact 
between the foundation and the engine bed, or holding'dowu bolts, 'have 
been used successfully with small engines. Similar mountings of cork have 
been used. Tho most effective isolation of vibration is obtained with steel- 
spring mountings. These arc made up in tho form of complete units that 
are ’insorted under the bedplate in place of the usual chocks and arranged 
BO that the tension of the springs can be adjusted to suit the particular engine 
conditions. In its latest form this typo of mounting is designed to prevent 
disloofltion' of the engine by sliock resulting from gunfire, bombs, etc. 

The application of resllieut mounting to propulsion engines must take 
account of the fact that tho enginc'ie connected to a rigidly restrained, pro- 
peller shaft, Also the engine is heavy and its center of gravity relatively 
high, resulting in an overturning moment when the vessel rolls in a seaway, 
In the few installations that imve been made in connection with propulsion 
engines^a fle.riblo coupling is inserted between the crankshaft arid propeller, 
shaft to allow freedom of movement in excess of any moveinont of the ongino 
and the engine bed is chocked fore and aft to prevent end niovcmont. ' 
.Complete isolation of engine vibration requires that no rigid pipe connec-' 
tion be.mado'to the enpn'e. All piping for oil or water should be connected 
by means of flexible metal or rubbet' tubing. 'In addition to tho flexible 
metal connection bet-ween the exhaiMt manifold and, muffler, ,'tlib niuffler 
should also bo resiliently mounted. . 

Noise Suppression.. Since sound is the result of air ■waves produced by 
vibration, the matter of noise suppression should be considered in connection 
^th vibration. From the first-inception of-thc'diesel engine tho need for 
silencing or muffling the sound of the exhaust has been recognized. Early 
hiUr-miss methods 'liavo-been succeeded in later years by development, of 
exhaust silencers baaed on scientific study of the'action of sound wavbs. ' 

It has been' found that the m(»t-effe'ctivc"dampin'g' of, 'exhaust noise is 
ebtmed by varsdng the cross sections of the channels' through 'which' tho 
pses flo-w. This' has led to various •design8''6f'bilericcrSj-which 'are divided' 
mto'separhte ch'ambera'in which the demred chan^ of'crossWctidn is obtained 
°y Pmorated pipes',' 'pipes wiA bbvc^ blanches, or pArtitidns-with holes' 
lor the gas' passage;' -Effective' ■sUohdiig "can b'b'JprodUced 'by throttling. 
Whereby the pressure is converted- to lodetic -energy; after which tlie 1^'etic ' 
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steam boilers. ' Certain cb^cterisfids'of fuel oil that have a relation to its 
value for use in diesel en^nes may be briefly explained as follows: 

' Gravity. The gravity of an oil’ is expressed aa'spccific gravity, Baum4 
gravity, 'or A'.P.I.- gravity.;' The last' has been established as a standard 
of tho' American Petroleum Institute and is now' the most widely used in 
American diesel-enpne 'practice. • It is expressed in degrees, as determined 
by the following formula: , 


, Deg A.P.r.,60F = 


spedfic gravity at 60 F 


By this formula' the gravity of water is 10, that of liquids heavier than 
water is less than 10, and that of liqmds lighter than water is more than 10. 
Although gravity of itself is Dot an index to the quality of the oil, jt serves 
as an indicator of the suitability of an oil for use as ^esel fuel. In general, the 
higher tho A.P.L' gravity, the less trouble will be experienced in burning 
the oil. 

• Heait Content. The heat content of an oil, which determines the amount 
of wbrk that may be obtained from it, is expressed as the number of Btu per 
pound, as determined by burning a sample in a calorimeter and measuring 
the'hcat liberated. Since this measurement includes the latent heat tliat is 
released by condensation of the vapor formed by the oombustion of the 
hydrogen in tho oU, it represents some heat that can never be utilized in a 
working engine, because the gas resulting from combustion leaves the cylinder 
at a temperature far above tho condensation temperature (see p. 866). 

Flash Point. The temperature of the oil at which an open flame applied 
near the surface of the oil will cause the vapor from the oil to ignite is the 
flash point. Although it has no relation to the performance of the fuel in 
the engine, it is important in relation to safety in handling, storing, and trans^ 
porting. In general a flash point of 150 F or more indicates that the oil is a 
safe one. 


Pour Point. Another characteristic that is of importance In connection 
with the handling and storing the oil is its pour point, the lowest temperature 
at which it will flow. For marine use, a pour point of 15 F is satisfactory. 

Viscosity. The fluidity of an oil, in terms of -viscosity, has an important 
relation to its suitability for pumping and atomization. There are several 
diSeront kinds of viscosimeters in use, with correspondingly different scales, 
but the one most -widely used’ in the United States is the Standard Sayboifc 
Universal, known as the SSU. The viscosity of an oil can be reduced by 
heating, but the temperature required to produce a given -viscosity will vary 
■with oils of different origins. In general, it may be said that any oil fluid 
enough to be handled by the injection p’ump will atomize sufliciently at the 
injection nozzle, and any oil with a viscosity of 200 SSU will meet this 
requirement. If the viscosity is higher than this, the oil must be heated to a, 
temperature which will reduce the viscosity to 200 SSU. ^ , 

Carbon Content. At one time the carbon content of an oil was con- 
sidered a highly important factor in relation to the combustion character- 
istics. As determined . by the Conradson method, it is tho percentage by ■ 
■weight .of carbon remaining after a sample of the oil has been evaporated 
over a burner. > It Will vary from 0.5 to 10 percent in different oils. . At 
present there is Considerable difference of opinion asto the influence of carbon 
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energy is converted into heat turbnlence and internal friction, but this 
results in loss of engine output if appretnatde back pressure is produced. One 
way in which this principle may be appUcd effectively is by the use of an 
exliaust turbine. The turbine acts as a throttle that produces power and 
also dampens the noise without producing Iiarmful back pressure. 

The annoyance caused by sparks issuing with the exhaust gases, as well 
as the danger in the case of vessels carrying inflammable cargo or working 
around oil docks, etc., led to the development of spark-arresting exhaust 
silencers. The use of water in the silencer for quenching is undesirable, and 
the method commonly used in modem silencers is to utilize centrifugal force 
to extract the spark-creaiing solids from the exhaust gas. The gas passage 
is arranged to give the gas stream a whirling motion, thus causing the solids 
to be thrown out and caught in a collector, from where they may be removed 
at intervals. 

The piinciplea of exhaust-gas silencing have been extended to apply 
to the air inlet on the four-cycle en^ne and the scavenging pump inlet on the 
two-cycle. This is particularly desirable in the case of high-speed two-cycle 
engines using rotary blowers with high-intake velocities. The general 
principles of noise suppression in the exhaust gases apply here with certain 
structural differences due to the tonal differences in the exhaust gas and 
inflowing air. 

In considering the noises oii^ating in the moving parts of an engine, it 
may be stated as a generalization that as engpno speeds become higher such 
noise increases and its tonal quality becomes more annoying. With the 
modern trend toward high speeds the matter of general noise suppression must 
be given increasing attention. In such special installations as submarine boat 
maobitiery it has become a matter of major importance because of its mental 
and physical effects on personnel. Much progress has been made in tho 
direction of sound absorption and elimination of sound reflections from bulk- 
heads and other resonant surfaces. 

Indicative of the methods used in suppressing noise by insulation is 
tlie procedure that proved effective in tiie case of a large, seagoing tug. The 
main engine is mounted on Micarta blocks instead of steel chocks; the 
auxiliary generator sets are mounted on spring-type dampers and each is 
enclosed in an acoustic calnnet; the bulkheads, ceiling, and gratings are 
sheathed with acoustic paneling; the undersides of engine-room ladder treads 
a.'od irw pisie,? a.rp noib Jmswlshw# And lb? Se^t- tb? 

rest on rubber pads. The result in this case is the elimination of resonance 
and reflected noise. The engine noises have a flat tone, and the absence of 
magnification permits conversation in the en^nc room in normal tones with- 
out effort. 


MANUFACTURERS' STANPARDS 

The conditions under which marine diesel engines operate vary widely 
and there ate many factors that have a bearing on types and sizes of accessory 
equipment; also there are many optional varmbles that enter into the design 
of such engines. Por these reasons it is not possible to set up rigid standards 
that will apply-, to all instaffationa. A limited amount of standardization 
has teen adopted by the engine builders who are members of the Diesel 
En^e Manufacturers Association. Some of the standards are presented 
hero in brief form, to indicate thdr nature and are not necessarily presented 
in the exact language of the code of the assodation. 
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on combustion, but tlie , Conradson carbon content is always included in 
fuel-oil specifications. As' a generalization it may bo stated that for satis- 
factory operation the smaller the enpne ,the smaller should be the Conradson 
carbon content. ' ■ ; ■ • . 

Sulfur.’ The bad effects of sulfur'in'the fuelworc considered in -earlier 
days important enough to require the sulfur content to be held to a fraction 
of 1 percent, but it is now recognized ‘that- little barm can come from it. 
About the only way In' which it can be harmful is by tho' sulfur dioxide formed 
during combustion combining with the water in the exhaust gas, if the latter 
falls below the- condensation temperature, attacking tlie metal of the exhaust 
lines and muffler. - Recent experiments, to be mentioned in another section, 
indicate that there may be a relation between sulfur content -and- rate of 
cylinder liner wear. The sulfur content of present-day- fuel may vary’ from 
0.5 to 4 pETcent. 

Water and Sediment. The Trater and sediment content, sometimes 
'expressed oa BS&W, for bottom sediment and water, is likely to be highly 
variable because an oil that leaves the refinery entirely, free from water aud 
sediment is subject to contamination in shipping and handling. ' . A consider- 
able amount of water may be liarmlcss if it is dispersed throughout tho fuel, but 
if it enters the fuel system in slugs it may cause misfiring. Sediment ,ia 
htlTtaM to the inioction pumps and nozzles. Fuel specifications usually 
require tho BStkW to be less than 1 percent, but in view of tho ovor^presont 
possibility of contamination, all fuel should be filtered or centrifuged before 
being used in the engine. 

Ignition Lag. . Tho injection process that occurs after tho fuel is injected 
takes place in four stages, as follows: ignition lag, ignition and combustion, 
controlled combustion during the injection period, and aftorbuming. Tho 
most importarit phase is igniUon kg, which is the tinic'that ckpsss between 
tho start' of injection and the ignition of the first particles of fuel;, by measuring 
it, the so-called ignition quality of tho fuel is determined. 

If the ignition lag is too great, injection b completed before the initial 
Ignition occurs; when it docs occur, the whole charge of fuel is' inflamed, so that 
combustion occurs with explosive violcnco, the engme knocks, the exlmust is 
Bmoky, and carbon is deposited in the cylinders. On the 'other hand, if the 
lag is too ’short, it lengthens the time of combustion, causes increased heat 
losses to cooling water and exhaust, and prevents thorough mixing of fuel 
and air. These things arc of prime importance 'with high-speed smnll-boro 
engines but of less importance with large, slow-specd engines. 

IgniUon quality is expressed in sewerai -ways, the simplest of which is the 
diesel index; the expression for which b 

aniHno number X A.R.L gravity 
Diesel index » ^ ^ • ; 

The aniline number is the lowest temperature at which freshly distiUed aniline 
mix with the oil to be tested. The nrixturo is heated until the solution 
allowed to cool. The temperature at which it becomes turbid 
IS the aniline number. The diesel index does hot give a very accurate indica- 
tion of the Ignition quality of oils Irwii mixed crudes. . - , 

A more accurate method of expressing ignition quality is by cetane number, 
ohtamed by comparing the fuel with a standard reference fuel composed of 
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Ratings. Tie standard rating is the net hrato} horsepower that the engine 
will deliver continuously Mith atmospheric temperature not over 90 F, and 
barometric pressure not less than 29 in. Hg. The rating must be sucli that 
the engine will operate on the test stand with an overload of 10 percent for 
2 hr, consecutively. 

Brake Mean Pressure. Becaiiso of the many variables in engine design 
and construction, no standard can be established for bmep that would have 
general application. 

Net Brake Horsepower. The standard net brake liorsepower is measured 
by a dynamometer at the enpne coupling, without correction for power 
required by auxiharies which may or nmy not be driven by the engine. When 
comparing proposals the buyer should consider any variations in attached 
auxiliaries in their relation to power, fuel consumption, weight, and additional 
auxiliary power required. 

Horsepower and Fuel-consumption Guarantee, Precise determina- 
tion of power output after installation in a vessel is rarely possible. For 
this reason tests for fulfillment of horsepower and fuel consumption guarantees 
are limited to the engine builder's test stand. Fuel-consumption guarantees 
are made in terms of fractions of a pound per net brake horsei)Ower per hour 
at rated power and speed. Such guarantees are based on fuel having a high 
heat value of 19,350 Btu per lb. 

For nonsupercharged engines the power and fuel consumption guarantees 
are contingent oa the following conditions: 

1. Intake air temperature between 40 and 90?. 

2. Barometric pressure of intake air between 29 and 30 in, Hg. 

3. Fuel oil to conform to manufacturer’e specifications for the type of 
engine under test. 

All fuel-consumption guarantees are subject to a tolerance of 5 percent, 
owing to variations of intake-air density caused by atmospheric temperature 
and krometric pressure, and to variations in low-heat value of fuels iiaving 
the same high-heat value. Fuel-consumption guarantees are not made at 
other than rated speeds and load except for constant-speed engines for 
electric drive. The association 'has not yet established a basis' for fuel- 
consumption guarantees for supercharged engines. 

Cririjs] Sjpwds. Althoa^ K&souably accurate predetermmRtion o! 
cntical speeds can be made as far as the entire propulsion assembly as a 
rotating system is concerned, the uncertainties of propeller and water flow 
to propeller make it impracticable to guarantee the exact location and 
amplitude of torsional vibration. 

Equipment. To suit the variable requirements of different types of 
engines the association has established a minimum list of equipment to be 
supplied mth every marine enpne with certain additions to be applied 
according to whether the engine is (i) reverse-geared, (2) direct-connected, 
reversible, (3) reduction-geared, direct reversible, or (4) the main engine for 
electric drive or the auxiliary engine for electric power. 

Additional equipment is supplied as required by the purchaser. 

Spare Parts. Most ships are classified with one or more of the classifica- 
tion societies, and the spare parts supplied with engines for such ships con- 
form to the societies’ requirements. . For unclassified vessels it is standard 
practice of the association to fufnidi certm minimum spares, which are 
specified with the bid. ‘ ' 
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cefcaae and alpha-methyl-naphthalene. The former ignites very easily and is 
given an arbitrary scale number of 100, while the latter is very hard to ignite 
and is given a rating of zero. The procedure is to determine in a special test 
engine, known as the CFR cn^nc, the angle of crankshaft rotation between 
the time injection begins and the time ignition occurs, when the fuel being 
tested is injected. The standard reference fuel is then tested until a mixture 
of cetane and alpha-methyl-naphthalene is found, the delay angle of which will 
be the same as that of the test fuel. He percentage of cetane in this mixture 
will then be the cetane number of the fuel tested. 

Ash. The solid matter remaining after a sample of the fuel has been 
burned in a test dish is called ash and is expressed as a percentage by weight 
of the fuel burned. In general it includes the abrasive impurities that may 
cause scoring of the liners and rings and should be as low as possible, the usual 
figure being 0.1 percent. 

Fuel Classification. Some years ago it was thought that a specification 
could be developed that would produce a single fuel suitable for all diesel 
engines. Subsequent extensive research definitely established the fact that 
no one standard fuel can be suitable for all cQ^ncs. Tho only way in which 
standardization can be accomplished Is by providing several different fuels 
on the basis of high-speed, medium-speed, and slow-speed engines. Research 
work to dato ie by no moans conclusive but tho American Society for Testing 
Materials has established a tentative classification of fuel oils as shown in 
Table 2. 


Table 2. A.S.T.M. Pressed Diesel Fuel Classification 


Characterlatic 

Grade 

m 

3.D 1 

4.D 

11 

e-D 

Flash point, deg F, min'* 

115 

150 

150 

150 

150 


or legal 






0.0$ 


0.6 

1,0 ! 

2.0 

Viscosity, hSU at iUU 1'' 

Mint 32 

32 





Max 50 





Viscosity, SSU at 122 F, max 




100 

300 


1 0.2 



i 6.0 



1 0.02 

0.02 

! 0.04 

1 0.06 



35 





Sulfur, % by weight, max^ 

1.5 


2.0 

2,0 









1 45 

30 

20 



Viscositv-Kravitv No,, max 

0.06 

0.89 

0,91 



Boiling point-gravity No; max 







« As stated or as required by local fire regulations, Underwriters, or state laws. 

^ For viBooeities bdow 35 SSU at 100 F, other methods may be used and teaults 
converted. 

‘ Lower pour points may bo speuhed when required by local conditions, though less 
than 0 F should not be necessary. 

* Not ordinarily of consequence as regards combustion. 

- Fuel-oil Tables. The values pven in the tables that follow should be 
considered as approximations only, but th^ are close enough" to the true 
values to serve as a guide to the general relation between tho properties of 
any given oil that may be encountered in service. 
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. .Wrenches. and Tools.'- AH neceesarjr special tools. and' -wrenches :that 
cannot bo purchased readily in the open market are supplied as -standard 
engine equipment, but no duplication of tools is made for two or more engines 
in the samo ongine room. Other toob and wt’enches' of commercial types 
mayloe aupplied "by agtetmcnthcWecn buyer and seUer., ' ■ , ' 

■ Eugiae Classification. It is the general' practice -of members 'of.Hhe 
association to construct.all'en^cs to comply with the^rules of Lloyd’s and 
the American Bureau of Shipping, but inspection and certification by. the 
societies arc optional with the pnirt^ascr and at his own expense. 

-Fuel Specifications;' Members of- the association will recommend some 
one oi the A.S.T.M.-grades'oI diesel fuel (tabulated in a preceding section) 
for 'each of their engines and favor the buying of fuel by -A.S.T.M. dcagnation. 

' Foundations. Foundations are not a part of the engine or inclusive 
in the engine contract, but the engine manufacturers will cooperate -with 
naval architects and shipbuilders by suggesting changes of design that'inay 
be helpful in obtaining suitable foundations. 

Torsional Calculations. Members of the rasociation assume responsi- 
bility for the accuracy of torsional vibration data and calculation of critical 
speeds, but they have no control over the hydraulic conditions under which 
the propellers will operate. Hence they cannot guarantee fiaal results. 

DESIGN CONSIDERATIONS ' 

Since several factors, such as number of cylindens, boro and stroke,! mep, 
Slid piston speed, must he taken into account when designing a diesel engine 
and their rolatiDn is such that any change in one causes a changes in one or 
more of the others, it is customary to choose one of these factors as the basis 
for the design and adjust the others to suit. A commonly used starting point 
for design is the selection of the piston speed desired. ,, 

Piston Speed. la the early days of diescJ-Migiae design piston epeei, 
expressed in feet per minute by multiplying the rpm by twice the piston stroke 
in feet, usually fell -within the range 600 to 700 fpm. In succeeding years 
there has been a continued increase in piston speed so that some en^nes built 
today have a piston speed of 2,000 (pm. The divergence of opinion among 
designers in regard to piston speed is shown by Table 6 which is the result 


Table 6. Variation of Flston Speed and Piston Stioke 


Stroke range, in, 

lislon speed range, fpm 

No, of ongines checked 


4-10 

6Q&-2.000 

80 ■ ' ■''' ■ 

I0-J5 1 

66(5-1.001) 1 

1 48 

IWO 

600-1,550 1 


20-32 

OOD-IJOO 

19 

Tw(H;yoIe engines ' 

4-10 

600-f^70 • ' 

9 

10-15 

60(M.440 


15-20 


8 

20-36 1 

ldlOO'i.275 1 

, 7 
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/(a) “ 0, vhere f[x) means any function of x, and plot the curve y « /(s) for 
a sufficient number of values of ® to obtain a general idea of tho slinpe of the 
curve. Then pick out the repons in which the curve appears to cross tho 
mis of X, and plot the curve more accurately in each of theseregions. Thus, 
by successive approximations, plotting tiie important parts of the curve on a 
larger and larger scale, determine os accurately ns necessary the points where 
the curvecrosses tho axis— thatis, the valucaof I which mnko/(i) equal tozero. 

Thus, suppose that f{x) = 3.0 when » » 2.6 and — 5.0 when i => 2.7 (sec Fig. 1). 
Tkeo the curve must cross the axis eomewhere between x = 2.0 and x « 2.7; and eince 
it will not vary greatly from a straight line between those points, it ie eccn that it must 
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cross near 2.64. Suppose tho value of /(x) when computed for s 2.54, is - 0.2, and 
when oomputed for x « 2.G3 ie + 0.7; then tho root lies between x ■ 2.03 and 2,04, 
Plotting this section on the larger eoale, it is soon tbal the next guess should bo about 
2,638; ond so on. 

Instead of writing tho original equation with all (be terms on tho left-hand side, it is 
often hotter to divide the esptestion into two ports, eay fi(x) and !i{x), writing llio cqua* 
tieninthaform/i(a) «= /-(i). Ifthonthctwoourvcsm « /i{x) andy: ® /j(*) bo plotted 
separately, on tho same diagram, tho valuo of z corresponding to tbeir point of intoN 
eeotioD will be the desired root, 

SOLUTION OF SIMULTANEOUS EQUATIONS 

The Mcaain? of a System of Simultaneous Equations. To solve a 
system of n simultaneous equations in n unknowns, means to find all the sots 
of values of the unknowns (if any) which, when substituted in the given 
equations, will satisfy all the equations at tho same time. If a system of 
equations has no solution, the equations arc "inconsistent"; if it has an in- 
finite number of solutions, the equations are "not all independent.” 
Simultaneous Equations of the First De^ee in Two Unknowns. 

Factors 


(1) ttix -f biy = Cl 

6j i — oj 

(2) oja + hiV = cj 

- hi 1 oi 


(oiij - = bsci — inci x = (hjci “ 6icj)/(oi&j — os&t) 

(oii)j - 02bi)j/ = ciC: - 05Ci y = (ojci — 0{Ci)/(oil'2 " Cj6i) 

Here (1) ia multiplied by in, (2) by ~ ii, and the products added so as to 
eliminate y\ again, (1) is multiplied by (2) by ai, and the products 
added so as to eliminate *. (The process is most conveniently performed as 
follows: Write the multipliers, as-^ and — 6i, at tho right of the equations; 
multiply the first terra of each equation its proper multiplier and add; 
then multiply the second term of each equation by its proper multiplier, and 
add; and bo on. This is simpler than the common practice of multiplying 
out each equation separately before adding.) If oibi - csbi = 0, the equa- 
fions have no solution when ci ft, and an infinite number of solutions when 



120 


Al/SSBBA 


Cl = 62 . The follo^g special solution is possible when the sum and 
difference of the two unknowns ate pven: 

Lot z + 1 / = m (1) 
and z -i/ =n ( 2) 

(l)+(2); 2i«m+n !s = H(m+n) 

(1) - (2); 2j/=«-n .■.»=}«{"»-«) 

Simultaneous Equations of the' Second Degree in Two Unknowns, 
(a) When the product of the unknowns, and their gum or difference, are given; 

a+y=Si (1) z~y=S (1) 

ap = 4 (2) ay = 4 (2) 

Squorine {1)|Z’ +2®tf +p* = 26 a* - 2iv + p’ = 9 

From (2), -ixg « - 1ft 4xy =16 

Adding, y» 9 = 25 

Hence, a-V=3or~3 x+y’=SoT - 5 

But a + y » 5 or 6 a - p = 3 or 8 

Therefore «=4[^, * = l| z = 4) a=-l 

(b) When the product and the sum of tbo squares are gives: 

H - 6(1) Vm):»+i, -6 or 6 or - 6 or - 6 

»‘4-t’-26(2 ) V®; X -y • ioT im 4 or "-4 

Prom(l), 2ip«10{3) 

(2) +{3): a» + 2rp+p»=36(4) 

(2)-(3): a» - 2ip + p» » 16 (5) 

( 0 ) When the sum or difference, and the sum of the squares, are given: 

« + y “ 5 (1) X - y = 3 (1) 

a> + p’ » 17 (2) xi+ yi = 17 (2) 

{!)’: + 2ip + y* ■ 25 (1)*; a* - 2ap + p> * 9 

(2) : a» + y» « 17 (2) : + p» = 17 

(D® '• (2) : 2ap =8 (1)« - (2) : - 2rp - -8 

ap s 4 ap » 4 

Then proceed as in case (o), above. Then proceed as k case (fl), above. 

(d) When one equation is of the first degree and the other of the second, as 
ax + 5p = c, and Ax* +Bsy +Cp* -fX)* +JJp +F = 0: Solve the first 
equation for p in terms of a, and substitute in the second. This will give a 
quadratic equation 'in x. "Wive this quadratic lor fie two values of a, aud 
for each of these values of a find the corresponding value of y by substituting 
in the equation of the first degree. 

Simultaneous Equations of the First Degree in n Unknowns. For 

ss«“Ple: rmtoM 


'■.l-h r 
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of a'chook of 185 difTerenf makes of'enpn^. This table shows the range of 
speeds over different ranges of stroke. ■ It is interesting' to note that, as the 
stroke becomes greater, the raiige-of- piston speeds becomes less, also the 
range of piston speeds of two-cycle entries is narrower than that of four-cyclc, 
The tabulated values wore obtained from existing engines but there is no 
reason to assume that' future development will not produce higher speeds: 

Importance"bf Piston Speed.' The principid reason for the heretofore 
general acceptance of piston speed ns the basis of design is that the rate of 
wear of liners and piston nngs'is directly proportional to it although soihe 
authorities claim that other factors may be of greater importance. This 
takes no account of the influence of rotational speed on inertia and centrifugal 
forces, the two factors that have an influence on the stresses set up in the 
enginei the balancing, and 'noise in operation. 

The formula for inertia force' of reciprocation parts is (see p. 855) 

F = 0.0000284 Wr(cos a +,C cos 2a) 

= rpm 

* weight of reciprocating parts 
® crank radius, in. 

r . ' 

«= length of connecting rod, in. 

• crank angle 

The formula for centrifugal force due to rotating parts is 



where TT « weight of two-tliirds of connecting rod : - , ' ; ' 

y a velocity of crankpift , 

g “ acceleration duo to gravity 

r = radius of crank, in, ' , ' , 

It may be seen that the velodty of the crankpin enters into inertia and 
centrifugal forces; thus the rate of rotation is an important factor. 

Piston speed alone takes no account of the variations in rates of rotation in 
different enpnes since a long-stroke engine turning at slow speed may have 
the same piston speed as a short-stroke engine turning at high speed. It 
appears then that ipm is not a satisfactory Imis on which to rate an engine 
as high-speed or slow-speed. 

A more definite classification of cn^es os low-, medium-, and high-speed 
on the basis of both rotative speed and piston speed is proposed by Prof. 'V. L. 
Idaleev, who suggests a speed characteristic, designated as C7,, which is 

f7 . 

, * 100,000 

where N <= rpm 

C = piston speed, fpm ' • . • 

Substituting in this formula the expression for piston speed.C = Nl/Q, in 
which t is the length of: 8 trok 0 in'inches, it becomes. . , . , 

■■ *' 600,000 ■' 


where N 
W 
r 

C 

' " i 

a 
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Jil, is no longer nearly censlant. In order to determine the resisting or stabil- 
ity moment at a specific large an^e of indinatioa, the problem becomes one 
of determining the shift of tho center of buoyancy and the measurement 
of the normal distance betrreenFt andF,, the resisting or stability moment 
he'mg the force couple. 

It is to bo noted that tho stability moment at small angles is dependent 
upon the value of /(, V, and the location of i? andff, and that for large angles 
the stability moment is dependent upon the location of ff and the magnitude 
of the shift of B. The shift of B is dependent directly upon the hull form. 

By inspection of Fig. 2 it is apparent that the condition of positive stabil- 
ity requires that tho point G 1» below the metaceiiter, i!f. In the event 
that the point G is above the melaecntev, the tendency of the ship will be to 
roll to an angle of inclination at which cqulUbnum will result. Such is the 
condition of negative stability and, if it is sufficiently large, capsizing may 
result. In the event that the point G and the metacentcr arc coincident, a 
condition of indifference will result. 

It is particularly pertinent to note tliat tlie presence of free liquid 
surface in the ship will cause a reduction in the GM or stability of the ship. 
It may be readily shown that the following relationship exists: 

pm * - p (14) 


where gm ■ reduction in OM, ft 

i “ moment of inertia, fl^ of the free surface about a fore-and aft- 
axis through its center of gravity 
V = displacement of the whole ship, cu ft 
p = ratio of the density of the free surface liquid to tho sea water 
displaced by the ship 

Therefore, the actual statality isGM - pm. Attention is invited to tho 
seeming paradox that the reduction in stability, cm, is w’holly independent 
of the quantity of the free liquid. 

Inclining Experiment. Calculation of the Gilf necessitates location 
of the center of gravity, G, of the ship. Its location by analytical moans 
is a laborious program and, owing to the magnitude of tho n’ork, is apt to be 
in error. The location of the center of gravity may be easily determined 
relative to the metacenter by experiment. For small angles of inclinatvou, the 
following relationship will directly determine the GJlf : 


OM TTr 

tan e X T? 

where GM = metacentric height, ft 

M ~ B, heeling moment, ft-tons 
P = a small angle of hod, deg 
W a weight of ship, tons 


(15) 


The heeling moment, M, be induced by moving a weight, w 
atiiwartship a distance of d ft The tan 6 of Eq. (15) may be determined by 
use of a plumb-line pendulum. Letting I denote the length of the pendulum 
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Engines with the same C, may be conaderod as having tlic same speed, 
regardless of variations in their rpm. Maleev classifies all engines with a 
characteristic below 3 as ^ow-speed, those with a characteristic between 
3 and 9 as medium-speed, from 9 to 27 high-speed, and above 27 super 
high-speed. 

It is interesting to note that there is no fixed relation between speed 
characteristic and stroke-bore ratio. About as many low-speed engines aro 
found with a small stroke-bore ratio as there are high-speed engines with long 
stroke. In general the stroke-bore ratio of existing engines varies between 
1.00 and 1.9, with an average vidue between 1.3 and 1.35. 

Numbers of Cylinders. Most marine diesel engines ate built with 
vertical in-line cylinders, with the V arrangement becoming more common 
where space and weight considerations are important. The number of 
cylinders will vary from 1 to 16, with the largest number found in the 6-cyl- 
inder group because of the better balance, as notod in a previous section. 
Since the weight of an en^ne per boraepower decreases as the number of 
cylinders is increased the 8-, 10-, 12-, and Ifi-cybnder arrangements are used 
where low specific weights are desirable. Also they offer a means of increas- 
ing the engine power without increasing the height and width. 

General Procedure. Although a detailed analysis of the step-by-step 
procedure in designing a new engine cannot be pr^ented here, the procedure 
can be outlined briefly. The starling point is the selection of the principal 
oharnoterlstics such as the speed characteristic previously explained, the 
stroke-bore ratioI'/Di andtbemepP. This latter value and the oompression 
ratio R are sufficiently standardixed in practice to permit their selection 
on the basis of previous experience, without calculation. The number of 
cylinders will be determined by the factors mentioned previously. 

From Maleev’s method of analysis, the basis of computation for determin- 
ing the revolutions and cylinder diameter is the standard formula for horse- 
power, hp “ PI(Af*7/33,(>bo, but to make it more workable it is modified 
by expressing!, A, and N in terms of D asl/D ■ Q. The revolutions will 
then be 

and for the two-cycle eingjc-acting cyUnder 

hp = 0.001534PD’‘ Vq^ 

from which the cylinder diameter will be 

\pV^J 

For the four-cycle engine with half as many working strokes 



Dimensions. After the prinidpal charabterisrics have been determined, 
the dimensions of the various ports are c^culated on the basis of a theoretical 
indicator diagram, from which the stresses due to gas pressure, pressure acting 
on the piston, inertia forces, etc., can be determined. 
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in feet and o denote tiie transvoiee movement of the pendulum, Eq. (15) 
may be expressed as follows: i , ■ ■ , ■ - ■ 




w Xd 

g X ir 


{16} 


I 


The plumb line should be swung in a hatchway to aSord maximum length. 
It is customary to dampen the action of the pendulum by immersing the 
plumb hob hi a bucket of oil. Needless to say several plumb lines should be 
used and judidously located forward and aft, the results averaged and 
checked. Care should be taken to perform the experiment under conditions 
of slackened mooring lines, calm water, and light winds in order to eliminate 
unknown errors. The condition of the ship should be carefully noted in 
regard to ullage of all tanks, foreign waghts, and the GM should be corrected 
for free liquid surfaces in accordance with Eq. (14). It is to be remerabored 
that the GM derived from the inclining experiment represents the stability 
at the time of tlie experiment and that any subsequent changes, additions’, or 
removal of weights must be accounted for. 

Eflect of Shifting of Weights. A very useful principle, often used In 
stability calculations, for determining the shift of the center of gravitf 
of a weight system is as follows: Assume the notation, w “ weight shifted; 
W * total weight of the whole system; d = distance through which w has 
been moved; c.g. = center of gravity of the whole system. 


siiift of c.g. = ( 17 ) 

The direction of the shift will be parallel to the movement of w. 

Example. A weight of 80 tons is vertically nused 80 ft from the hold to the mab 
deak ot a aliip of 10/)QO tons dispbeement. The shift of center of gravitv, b this me 
80 X 00 

the rise of center of gravity, will bo or 0.24 ft. In event the weight is moved 

horizontally 20 ft, the center of gravity will shift horizontally ait 

This principle may bo used lor detemunlng the shift of the center of gravity caused by 
adding additional wei^t by first aesuming that the added weight U placed aboard the 
ship at the center of gravity of the ship, then aseuming the weight is moved to its 
assigned location and calculating the elult ol the center c4 gravity in a manner similar 
to the above example. The removtti of a cargo weight may bo handled likewise, but in 
reverse order. 

Transverse Dynamic Stability. For any particular angle of heel the 
amount of work required to heel the ship to that angle is called thedynamic 
stability for the particular inclination. Thus the dynamic stability, at any 

angle 5, equals DXGZdfi. In other words, the area under a curve oi 

stability or righting moments plotted ^tinst an angle of heel of $ is the 
dynamic stability. Such a curve can be oomtructed and the area measured. 
The character of the curve of righting moments is usually such that the 
righting moment is proportional to the angle of heel up to an inclination 
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•whereby the, 'deck edge-becoraea immersed.- This angle q{. inclination is 
usually tliednflection 'point of the curve. - For ships of positive stability, the 

slope of the curve is positive.to the inflection point.,,, , 

• Period of Roll.' The period irequired for a ship to roll from tho vertioal 
to the port, returning past the -vertical to the starboard, and thence returning 

tothe vertical is. termed the period of ipU. . , , 

'..For angles, of roll up to and approaching the inflection point of the curve 
ohtability moments, and assuming simple harmonic oscillation, the period of 
roll may be determined ^ith taasonnblc accuracy by, the lollowing lormula;- 


I.IOSP 


' ( 18 ) 


period as defined, sec , ... 

transverse metacentric height, ft 

radius of gyration, ft, of tho mass of the ship about a fore-and-aft 
aria through its center of gravity. • ' An’ average value of 0.4 times 
the beam may bo used for most merchant vessels. 

From an inspection of Eq. (18) it will be noted that an increase inffjlf will 
shorten and that an increase of P will lengthen the period of roll; 

Forces Due to Dynamic Effect of Rolling. Rolling induces forces upon 
various parts of a sliip due to the acceleration of the roll and tho inertia effeot 
of the mass of the various parts. The maximum velocity will occur at tho 
vertical position and diminish ,to *cro at the extremities of tlie roll. Thoro- 
fore, tlio acceleration will be maximum' at tho.extremitie3, and tho maximum 
dynamic effect will ocebe at' the maximum angle of roll. The taagentlal 
force may bo determined as follows: 



where P = tangential force, lb 

« maximum angle of roll, deg 
T = period of complete rpll„8eo . , \ 

ly = weight of ship iiarthe5ng.considflred„lb' 

' d = distance frbm the center of roll (see Center of Flotation, p. 1385) 
to center of gravity of the ship part 

Stability.. Analytically, the , problem of longitudinal 
stability is similar to .that for transvecae stability except that the longi- 
tudinal metacentric radius is .expressed by tho'foUowing relationship: 


■where T = 

M = 
P = 


", ( 20 ) 

where ^^Mi ^ipn^tudinal metecentric radius^'ft (height of longitudinal 
y ' metacenter above the (^ter of buoyancy) ' • •' 

, _ ^ '/r '= moment of inertia of thfe' water plane 'of 'flotation about a 

' '*■ transverse' 'asifl'lhnragh'the'dehferiof flotation ' ' 

V ~ displacement of vessel, cu ft ; ' 
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It. is apparent that 1l Trill be conaderably larger than Jr in the case of 
transverse stability. It follows that the longitudinal metacentric height, 
GMjj, will be many times larger than the transverse metacentric height. 
The longitudmal metacentric bright is of interest principally in detenniniDg 
changes in trim. 

Trim. The difference between the draft at the bow and at the stern is 
termed the trim. Change in trim is amply the rotation of the ship about 
a transverse axis through the center of flotation whereby opposite changes in 
draft occur at the bow and the stem. 

Movement, addition, or removal of weights forward or aft of the center 
of fiotation will induce a change in trim in accordance with the following 
relationship; 


Change in trim ( 2 i) 

D XGMi 


where L =» length of water Unc, ft 
u s weight riiifted, tons 

a a distance weight is shifted in a fete or aft movement, ft 
D as displacement of ship, tons 
GMi « longitudinal metacentric height, ft 

The trimming moment is equal to w X o; therefore, 

Moment to trim 1 in. = ft-tons (22) 

\i XL 

and the total change in trim at bow and stem In inches is equal to the trim- 
ming moment divided by the moment to trim 1 in. Allocation of the change 
in draft at the bow and tho stern is proportional about the center of flotation 
as follows: 


Change of draft 
at stem ‘ 


Change of draft _ 
at bow " 


distance from \ 
after perpendicular \ 
to center of flotation I 
water Bnc length / 
distance from \ 
forward perpendicular \ 
to center of flotation I 
water line length / 


X change in trim (23) 


X change in. trim (24) 


For changes in trim caused by the removal of weights, it is necessary to 
make an imaginary assumption that the weight is first moved over tho 
center of flotation of tho ship and the change in trim is calculated. Then 
assuming direct removal of the wright, the change of draft due to lightening 
of the ship may be directly osculated and the final draft ascertained. The 
effect of the addition of weights may be handled similarly in the reverse 
order. 



, NAVAL ARCHITECTURE'^ " 

BY 

E. BRYCE McCROHAN, Jr, 

Referehces: Taylor, "Speed and Power of Ships," -Ransdell, Inc., Rossell and Chap- 
man, "Principles of Naval Architecture," VoL li,Boc. Nnv. Arch, and Miir. Eners. 
Marks, "Mechanical Engineers’ Handboot," McGraw-HiU. Sterling, "Marinc'Engi- 
neers’ Handbook,” McGraw-Hill. IVam. Soe. Nav. Arek. and Mar. Engrs. 

GENERAL, ' ‘ ■ ' i 

'The characteristics of the 'final completed design of a ship'are the result 
of many compromises. A naval architect defines the character of a ship to 
suit many conflicting requirements. To be successful, it must be designed 
to suit the requirements of the sen-ice for which it is intended and must 
conform to the rules and regulations ns applicable.' The hull form and the 
dimensions of a ship are the primary, characteristics up'on which it is built. 
It is the duty of the naval architect to determine tlio primary 'characteristics 
of a ship and to coordinate them with tlie requirements of the merino engi- 
neer. The primary function of the marine engineer is to desi^ and' arr'engo 
the power plant of the ship and to coordinate the same to suit .'the over- 
all requirements. It is the' purpose of this section to prornde the menno 
engineer with knowledge necessary to make preliminary estimates, of hull 
charkoteristios.' ‘ ' 

It is nocessaiy -that the marine .engineer be fully cognizant 'of tlie basic 
fundamentals that may influence the design and also be aware of the source 
of the data from which he must work. ' The character of the hull is of prime 
importance to his work. ■' ’ ' ' ' ' ■ • ' 

The character and form' of the hull are defined by tho'iafchitcct’on the 
llne'draft'plan, which is'a graphical, geometrical representation of the .hull 
form, It usually consists of three geometrical projections, as follbws: ' 

1. A'profile or sheer plan which shorvs the outWard profile and the shape 

of the hull in 'elevation. ,The profile is usually constructed on a base line or 
base plane from which all, dimensions are taken upward.' 'Water planes are 
represented as water lines on the profile and are spaced at convenient and 
regular intervals parallel to the base line. Buttock linos are represented 
on, the, profile usually as' curved"line3 and represenfthe trace on the' hull 
surface of the intersection of planes parallel to the medial coriterline of the 
ship, spaced at regular, convenient intervals, outboard and'normal to the base 
plane. ' ' • 

2. The half-breadth plan indichtes the shape and contour of half water 

planes in plan view as shown oh the profile plan. The pr'ojeotiohs of the 
buttock lines are represented os lines spaced as stated above and 

parallel to the centerline planei' The’vertical projection of the deck edge is 
also indicated. ' ■' ' • ,• '■ 

3. The body' plan fconsists of twh half end-view transverse' elevations. To 
the right hand is usually indicated the fore body 'viewed from the bow and 
to the left the after body' ■viewed from the 'stem which represents the trace of 
transverse planes as they intersect the boundary of the hull form. The water 
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SHIP RESISTANCE AND POWERING 

Water Resistance. The movement of a ship through the water is induced 
by the application of a driving force or thrust exerted upon it. In the case 
of steam or motor ships the driving force or thrust is supplied by mechanisms, 
such as screw propellers or paddle wheels, driven by the ship's propulsion 
machinery. The drivirig force in a sniUng vessel is derived directly from, the 
reaction of the wind force in the sails; in the case of towed barges, etc., the 
driving force is simply the towrope pull. In all cases the movement of 
the ship through the water creates various reactionary or retardant forces 
equal and opposite to the driving force. These reactionary or retardant 
water forces are termed ship resistance and may bo expressed ns follows: 

fit=R/ + Rr (25) 

where Rt = total bare-hull resistance, lb 
Rj ~ frictional or skin rcristance, lb 
R, s residual resistance, lb 

These are described as follows: 

1. Frictional resistance is the force required to overcome eddying water 
close about the wetted surface caused by the roughness of the surface and 
the ship’s movement through the water. 

2. Residual resistance is the difference betw'ccn the total resistance and 
the frictional resistance and may bo said to comprise the following: 

a. Wave-ma.felag resistance or the absorption of energy resulting 
principally in the creation of wave systems set up in the water by the varia- 
tions of the water pressure induced by the flow of water from bow to stern 
around and about the hull. 

5. Eddy-making, streamline or form resistance resulting from the 
absorption of energy in setting up eddies of water at the after portion of the 
hull, owing to failure of the water to flow smoothly in streamline fashion 
about the hull. In most cases this resistance is relatively small for vessels of 
normal ship forms driven at ship speeds. It is usually neglected without 
serious error. 

Frictional or Skin Resistance. The frictional resiatance may be closely 
estimated by the following formula: 

R/=/XAXji" (26) 

where B/ = frictional resistance, lb 

/ = a friction constant which varies with the length and roughness 
of the wetted surface 

A = area of wetted surface, sqftlEq.dO)] 

V = speed of vessel through the water, knots 
, a = an exponent 

^oude established values of the friction constant for various lengths of 
hulls as given in Table 1 whore the value of the exponent, n = 1.825. Thus 
lor^oude’s values of the friction constant, Eq. (20} is B/ = / X A X 

^ideman, established values of the friction constant and the exponent n 
0 Eq. (26) for various lengths of hulls aud characters of the wetted surface 
as given in Table 2. 
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planes are represented as parallel lines spaced as shown on the profile plan 
and parallel to the base plane. Snularly, the buttock lines are represented 
as vertical lines parallel to the ccnterUne plane. Usually the deck edge is 
curved in both the half-breadth Mid profile plan and, therefore, shows as a 
curved line on the body plan. 

The bounding surface of the hull form as shown on the line draft is defined 
as the molded form. Its dimensions are defined as molded dimensions. 

PRINCIPAL DIMENSIONS OF THE HULL 

The hull dimen^ons are as follows: 

Length over-all is the length between the foremost to the aftermost part 
of the ship. 

Length between perpendiculars b the distance between two vertical 
lines erected normal to the base plane. The forward perpendicular is located 
at the forward edge of the stem and passes through the designed water line 
at which the vessel is expected to float. The after perpendicular is usually 
located on single-Bcrew vesseb at the after edge of the rudder stock. On 
multiscrew vessels il usually passes through the after edge of the sternpost 
or the aftermost part of the dcagned water line. The location of the after 
perpendicular is subject to some variation, depending moro or less on the 
type of the stem. For purposes of calculation it is a distinct advantage to 
locate the after perpendicular at the aftermost part of the designed water line. 

Beam (molded) is the extreme breadth of the hull form as shown on the 
line draft. 

Beam (extreme) is the extreme over-all breadth of the ship measured 
to the outside of the buU structure. 

Depth (molded) is the vertical distance measured amidships, from the top 
of the keel plate to the top of the weather deck beams at the deck edge 
amidships. 

Draft is the greatest vertical distance from the bottom of the keel to the 
water plane at which the ship b floating. 

Displacement b the amount of water displaced by the immersed part 
of the vessel in either cubic dimensions of volume or the weight of the water 
BO displaced, By Archimedes’ principle the ship will displace a weight of 
water equal to the weight of the ship and everything on board. The density 
of sea water averages about 64 lb per cu ft (I long ton, 2,240 lb, equals 35 cu 
ft) ; hence, the displacement in sea water b measured by the immersed volume 
at the water lino divided by 35. In fresh water tie corresponding divisor is 
usually taken as 36. 

Tonnage is an arbitrary measure of the capadty of the entire enclosed 
portion of the ship including deckhouses and enclosures, assuming that 
100 cu ft represents 1 ton. Gross tonnage refers to the total enclosed 
capacity, and net tonnage refrae to endos^ capacity after deducting the 
space that is necessary to operate the ship, such as engine rooms, fuel, crew, 
and similar spaces. In general, net tonnage refers to the space available for 
earning capacity. Methods of measurement and taking of dimensions are 
defined by law and vary for the various maritime nations. 

Hull Coefficients of Form, Assuming the following notation: L = 
length of water fine, ft; B = beam, ft (usually molded beam) ; H = draft, ft; 
D = displacement in tons of sea water {2,240 lb per ton) ; U = volume of sea 
water dbplaced, cu ft; A = area of water plane, sq ft; M » area of amidship 
transverse section below the water line, sq ft, then 
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Table 1.“ Froude’s Frictipn.Comtants for Ships in Salt Water 


Length, ft 

I - 

Leogtl), ft. 

1 

. . . / 

•; Length, ft 

• 


, 


' 0.010361 

140 < 

- 0.009085 


1 ■ -0.012345 

. 24 

0.010311 . 

160 . 

1 0.009046. ■ 


0.012128 


0.010269 

180 : 

.0.009016 , 

' 8 

1 ' 0.011932 

26 

.0.010224 

200 

1 0.008992 

.9 

0.011751 

■ 27 

'0.010182 

250 ‘ 



, 0.011579 


o.oioi^ 

300 

. 0.008902 . 


0.011423 


0.0(0103 

350 

i 0.005867 ' 

12 ' 

0.0)1282 

•30 

' 0.010068 

400 

• 0'008832' 


0.01115) 

35 

.-.0.009908. 

••• 450 

0.008802 ■ 

14 

0.0))033 

« 

a.(K}9791 

500 

0.008776 

•' 15 

0.010925 

45 

0.009691 

550 

0.008750 

16 ! 

0.010829 

50 1 

0.009607 

600 ! 

0.008726 

17 

0.010742 

60 1 

0.009475 

• 700 ; 

fl.008680 ; 

18 

0.010661 

70 1 

0.009382 ' 

800 1 

O.COB639' 

19 

0.010596 

80 ■ 

0.009309 

900 

■ 0.008608 

26 

0,0WS14 

90 

0069252 

1600 

O.C08574 

21 

0.010468 1 

100 

0.009207 

. HOD 

0.008548, - 

22 

0,010413 ' 

1 

120 

O.M9135 




ForfrMh*water ''flluesof/i multiply by ratio 62.4/64.0. 

* From Taylor. "Speed and Potrer of Ships." lUnsdell. Inc., and Roasell'and Clinp> 
min, ‘Trinoiplwot Naval ArohiUcUre,” Vcl. U, Soe.o{Nav. Ajcb.*ndJ(laj..EnBra. 


Table 2.^ Tldemaa Friction Constants for Ships in Salt Water 


Length 

ship, 

ft 

Iron bottom 
clean and well 
painted 

1 CnppuT- w alnc-a'Keat'hed 

1 

i Sheatbinf smooth and 

1 in good coruHtion 

SheatHne rough and 
in bad condition 


j / 

fl 

/ 

« 

j / 

” 

10 

0 01124 

1 8530 

0 01000 



1.8700' 

20 

0.01057 

1.8484 

0 00990 

1.9000 



30 1 

0.01018 1 

1.8440 

0.00983 

1.8650 

0 D131D 

1.8530 

50 

0.00991 

1.6357 

0.00976 

1.8300 

0.OI2S0 

1.8430 

ICO, . 

0.00970- ,! 

1.8290 

0.00966 

1.8270 

0.0)200 

1.8430 

• 150 

0.00957 1 

1.8290 

0.00953 ' 

1 8270 

0.01133 

1.8430 

200 

0.00944 

1.8290 1 

0.00943 1 

1.8270 

0.01170 1 


250 

0.00933 

1.8290 1 

0.00936 1 

1.8270 , 



300 

0,00923 1 

1.8290 1 

0.00930 1 

1.8270 : 

0.01152 1 

1.8430 

350 ■ 

0.00916 1 

1.8290 

0.00927 

1.8270 

0.01145 

1.8430 

400 

0,00910 

1.8290 

0.00926 

1.6270 

0.01140 


450 1 

■ 0,00906 1 

1.8290 

0.0D926 

' 1.8270 

0.01137 ■ 


500 

- .0,00904. ! 


0.00926 

1.8270 

0.01136 

,1.8430 


For iresb-water values rd /. nndiiply.by ratio 62.4/64.6 

* From Taylor, "Speed and Power of Shipa," Ransdell, Inc., and Rossell and Chap- 
man, "Principlca o£ Naval Aielnteci'ue,'' VoL 11, Soc. of Nav. Arch, and Mar. Engts.' ' 
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ft = block cocffldent of tarn = ^ d) 

^ ' 

Cw = •water plane coefficient *= - (2) 

Cm = midship section coeffiwent = ri 
tS Xn 

Cr, = longitudmal prismatic coefficient = - . -r Tr T = 77 ^>/t (4) 

M XL M X Li 

Cg = vertical prismatic coefficient - : - (5) 

A X LL A X n 

The following relationships exist between the hull coefficients of form: 

C,=~\ C, = ^ ^ ft - Vop X ft X Cn X ft 

Cm t/f Cm 

The values of hull coefficients that may be expected range about as follows: 



C» 

C. 


Cr 

c, 

Freight Bteamers 

0.6SM).80 

0.75-0.85 

0.85-0.95 

0.75-0.85 

0.8(H).95 


0.55-0.65 

0.65-0.75 

0.80-0.90 

0.60-0.70 

0.80-0.90 


0.60-0.65 

0.70-0.75 

0.85-0.91 

0.65-0.70 

0.80-0.90 


0.50-0.55 

0.60-0.65 

0.80-0.90 

O.SS-O.M 

0.75-0.65 

Torpedo craft, yachU, etc 

0.35-0.55 

0.55-0.60 

0.75-0.85 

0.5CKI.60 

0.65-0.80 


Ratios. Various ratios of the dimensions of the immersed portion of the 
hull are used for comparative purposes and are as follou’s; 


Length-beam ratio = - 

D 

(G) 

Length-draft ratio = ^ 

(7) 

Beam-draft ratio = — 

(8) 

Displacement — length ratio = . ■ ■ 

(a) 

(8) 


Curve of Sectional Areas. The curve of sectional areas is drawn to a con- 
venient scale upon a base line as the abadasa. equal in length to the water line 
and with the ordinates representing the crosa-aectional areas of the immersed 
portion of the hull. The curve graphically represents the fore-and-aft dis- 
tribution of the displacement. The ahape of the curve has great influence on 
the resistance of the ship. The area under the curve to the base lino represents 
the ffisplacement V of the vessel, and the center of gravity represents tho 
longitudinal position of the center of buoyancy (see p. 1385), 
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• It is of interest to note that in some cases where barnacles and other 
marine growths increase the roughness of the wetted surface, the frictional 
resistance may be increased to values m mudi as 100 percent greater tlian 
that for smooth and clean bottoms. In extreme cases increases up to 300 per- 
cent have been noted. 

Residual Resistanco. NeglecUng eddy and streamline resistance and 
assuming that the residual resistance is comprised principally of "Wave 
resistance, it may be said that the wave resistance of geometrically similar 
ships or models is proportional to their displacements when their speeds are 
proportional to the square root of their lengths. Sucli speeds arc termed 
corresponding speeds and comparisons may be made wlicn the ratio 
V/^/l (where 7 = speed, knols;L ^ length of waterline, ft) oi the ships or 
models being compared is the same. The ratio V/'\/L is the speed-length 
ratio. The foregoing is known os Froude's law of comparison and is often 
expressed in many other ways. 

''Geometrically similar" refers to ships or models whose undcrbodics have 
similar hull coefficients of form, dimension ratios, and whoso hulls are geo- 
metrically similar ivith like curves of sectional areas. 

Thus a system of estimating the residual resistance of a ship oy comparison 
with that measured from existing ships or from the results of model tests is 
indicated by the law of comparison. 

Methods of Estimating Kesistanee. By the use of the frictional 
resistance relationship and Froude's law of comparison, tlirce methods 
are in common use for estimating tlic total bare hull resistance as follows; 

1. By Model Tesla. A reducod-scalc model of the bull in question is con- 
structed. The model is properly trimmed and ballasted to a draft as required, 
then towed at a proper corresponding speed in a ship-model testing tank 
and the total resistance is measured. Knowing the speed of the model, 
the area of the wetted surface, the frictional constant, and the exponent n of 
Eq, (26) from Tables 1 or 2, tljo frictional resistance of the model may be 
readily estimated. It is to be noted that the wotted surface of the model, 
when smoothed and in cousidoration of tlie scale, is closely similar to that 
of 8 clean and painted ship’s wetted surface. By us© of Eg. (26) , the residual 
resistance of the model at a corresponding speed may bo calculated. By 
the law ol comparison, the residual resistance of the ship will be that 
of the model increased by the ratio of the displacement of the ship to the dis- 
placement of the model. For practical reasons, tlie water of testing tanks 
IS usually fresh. Therefore, the ratio of displacements of ship to model must 
be multiplied by the ratio 64/624 (the ratio of densities of salt to fresh 
water). Again by the use of Eq. (26), the frictional resistance of the ship 
may be estimated. With the ship values of the residual and frictional 
resistance, Eq. (26) will give the total baro-hull resistance. 

2. Similar Ships. Very often ships arc deagned by using an existing 
Mown hull of good repute as the parent or model and fashioning a now form 
irora the known hull as a parent design. Where hulls arc closely similar, 
cxcdlent estimates of resistance may be mode l:y using the parent hull as a 
iQoael m a fashion similar to the method' indicated for model tests in the 
preceding paragraph. Where vessels are diadmilar and the dissimilarity 
18 such that its effect on the resistmice may be estimated, very good results 
may be obtained. 

8. Tai/Ior’s fitondord Series. The late Rear Admiral D. W. Taylor, USN, 

y study of the results of many model tests made at the Washington Experi- 
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Wetted Surface. Tie area of the imoiersed portion of the bull iii contact 
■with the 'Water is termed the wetted surface. 'Determination of this area 
is necessary in the estimation of the frictional or skin resistance. There 
are several more or less complex methods for estimating the wetted'suiface 
from the hull lines, expanded girths, etc., taken from the line draft. However, 
there are several simplified approxiinate methods for calculation. .Taylor 
proposed the ioUowdng formula 'wluch &ves good results for ships of normal 
forms: 

, A =C'/i>Yi ' (lOJ 

area' of wetted surface, sq ft, of the hull proper not including 
appendages . ' 

displacement, tons 2,240 lb 

length hetvreen porpeadiculara or Un^h of water line, ft , ; 
a coefficient dependent upon the* beam-draft ratio, ^ [Eq. (8)1, 
and the midship section coefficient, Cm [Eq. (3)1. 

Taylor’s contour ourves-of the coefficient may be selected from Fig. 1. 



Fia. 1. — Taylor’s contour curves. 


For normal ship forms an average -value for-the. coefficient of 15.6 is often 
satisfactoiy; Thus Eq. OQ) ia often r^preseaited &a A = 15.6 •\/d- XL. 
It is to be noted that the wetted surface of similar ships varies as the square 
of the ratio of their lengths. ' ' ' 

Tons per Inch. Immersion,' The tons per inch of immersion'is the ■weight 
in tons required to increase the draft by 1 in. and is expressed a® follows:' 


where A = 

D = 
L 

C = 
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(11) 

To..P«i“'''””"*'' ' forhP*"* 

» ;SxT 2 „»ofly 


j. ftioa Qi '1'^ — 

•« V exactly true 

„d that fe““;“., litt(t ease, „.,t»r pto® 

IS rotation about 


lineorucp'.^^- ' ^,£ graw -sistbecence^;* 

:»as..g5r^*s^:0i 

SS5%a^-.2SS^"”= 
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-.-ESSSsSsi^lS 

oa tie BurfaoB of a ^ ^pp^cd to jl « sumina- 

tliatao estetnal . -jiicupu'aW /<rv(, resultant for gravity or 
only trvo forces of the rough drc center 

over the irawer act up ^^mne as the force of the 


ftertoSioP. rf „I tl>» ''“‘“Jtta t5 

.ill .«t «*'* krfc‘'''''S''‘iiSirf •p • "“*“ Tta »«»» 

rf . skip Is w»'«^ '”‘" . . „„ *«. in ™ ; ; 

»,««y ns s»k, ‘^‘JS ita »l ' 

T„ns,.rse St»Mf ' n »»“ 

ottks(iispl«n»«'‘‘”''‘ 
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mental Model Basin, evolved a parent hnU ioim skown in Fig. S v-'hicli iiad 
good resistance characteristics Tvith hull proportions of proper stability and 
seagoing characteristics. A series of models ■were constructed nith curves 
of areas as shonn on Fig. 4 •ndth prismatic coefficients [Eq. (4)] varying from 
0.48 to 0.S6 and with their displacement-length ratios [Eq. (9)1 varying from 
20 to 250. Two series of models ■were made vrith beam-draft ratios [Eq. (S)] 
of 2.25 and 3.75. 

The models were towed in the testing tant at speeds giving speed-length 
ratios from 0.30 to 2.00. The residual resistance was calculated for these 
ratios. A farady of curves of rcadual resistance in pounds per ton of displace- 
ment were drawn, with the prismatic cocflicicut as the abscissa and the dis- 
placement-length ratio as the ordinate, for each speed-length ratio. A series 
of charts were drawn for beam-draft ratios of 2,25 and 3.75. 

In all cases the models had a common inidsliip section coefficient [Eq. (3)] 
of 0,926. Taylor’s experiments indicated that the midship coefficient could 
be varied between extremes of 0.70 to l.lO with only minor variation in the 
residual resistance. The selection of n midship coefficient of 0.926 appeared 
to be the most economical, and the selection of the beam-draft ratios of 2.25 
and 3.75 represented the extremes that were likely to occur in practice. 
Taylor also indicated that an increase in the bentn-drait ratio fiom 2.25 to 
3.75 made only a moderate increase in the resistance. 


Table 3.® Residual Resistance per Ton (Rr/D). Taylor’s Standard 
Series. B/H = 2.25 


j 

rr 

1 ' 

1 ^ 

1 

V 

Y ^ 

1' _ 

V 

1 1' 

1 ■ 

1 ^ 

1 

Cp 

(■tyi 

VT 1 

VE 

VE 

y/L 


VC 1 

y't 1 

VC 

yc 1 

VI 

VC 


■ 

1 0.65 

0.70 

0.75 

1 

0.80 

1 

0.851 

1 

■ 

0.95 , 

m 

1 !.05 

1 MO 


50 ' 

n 41 

' ft 50 


ORil 

1 10 

1 7o| 

1 40 

i 

1 65: 

7 00 

' 4 15 

S 75 

0,50 

100 , 


n,67 

|0*41 

1 09 ' 

1 74' 

1 44' 

1 74' 

?tltt 

?«)' 
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, '50 
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1)78 
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1 7(1 

1 40 

1 H» 

2 70 

t 45 

1 •41) 

4 90 

8 40 


200 

(162 

0 85 1 

104 

1 77 1 

1 6'2| 

?7(l' 

2 5it; 

1()() 

4.00 

6 00 

9 90 


250 

0,7! 

0.86 

1.07 

1.29 

1.961 

2.30| 

2.90 

3,60 

4.90 

7.50 

13.00 


1 50 

0 4^ 

1 0 6?, 1 

fftW 


1 61 1 

?nJ 

7 70 

4 80 

sW 


6 80 

0,60 

100 

(1 6/ 

0 74 


1 40 

1 69 

t 14 

3.0(1 

4 45 

6 711 

8,1(1 

9 20 

150 ! 

0.68 

(1 K1 

1 05 

1 44 

1 /■ 

7 7(1 

1 /U 

4 85' 

7 6(1 

9,00 

II) 60 


200 1 

1 ) n 

(1.88 

t.iio 

1 44 

1 74 

/■Kl 

4 14 

4 70 

K 1(1 

; 9,6(1 

11 1)0 


250 ; 

U.74 

o,y 2 

1.12 

1.36 

1.79 

2.48 

3.60 

5.60 

8.50 

i 10,00 

, 11.50 
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1 28.20 
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41 00 


1 250 : 
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1.63 
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1 26,90' 

I 35.70 


! 50 
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1,27 

1 2,00 
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6.70 
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l,0(! 

1 1 :u 
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■4V) 

6 2(1 

ll U1 

1?,W 
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47 00 
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1.00 

1,27 

2.00 

3.42 

6.70 

11.30 

13.20 

, 17,60 

28.30 

41.50 


2,240 lb; 5 = beam, ft; H = draft, ft; F = sp^ knots; L = length of water line, ft; 
' p *°ngitudinal prismatic coeffiaeni. 

nlf..! A? \T tables by Prof. E. S. M. Davidson from Rossell and Chapman, "Princi' 
P of Naval Architecture,” vol, II, Soc. Nav. Arch, and Mar. Engig, 
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C to 5 or 10 deg) is induced by the application of an external overturning 
moment, Mo, it ia rcadUy ^cemible that the ship will toll from the normal 
water line, wl, to an inclined wat^ line, toih, as shown in Fig. 2. 


For small angles of 6, it may be assumed that the emerged wedge, IFiOTF, 
will be similar to the immersed wedge, LiQL and, since no change in displace- 
ment has been assumed, it may 
therefore he said that the axis 
of rotation will be about the 
point 0 (the fore-and-aft axis 
through the center of flota- 
tion). The center of buoy- 
ancy, B, will shlit according, 
to some point Bi. Tho result- 
ant weight force. Fo. of theship 
will act downward through the 
center of gravity, G, of theship 
as the point of application, 
and the resultant upward- 
buoyancy force, F>. will act 
vertically upward through the 
center of buoyancy, Bi. os the 
point of application. It is 
apparent that a force couple 
will result tending to resist the 
overturning moment, 

Tlie value of this resisting 
couple equals F^XOZ ^ 

X QZ, wheTe GZ is the normal 



Fro. 2.— Transverse stability. 


distance between F«, and Pi,. The distance GZ is termed the righting lever. 

For small angles of 0 the fine of action of the force h will intersect the 
vertical centerline of the ship at a point M, which for small angles is very 
nearly constant. The point M is termed the metacenter. Letting GM 
denote the distance between the points M and G, it is apparent that GZ 
= GM mn 8 and that 


Resisting stability moment = x sin 6)Fi = {GM X sin 0)Fu,. (12) 
For small angles GM is very nearly constant, and it is obvious that GM is, 
therefore, a measure of stability for sudi angles of inclination. GM is 
termed the metacentric height and, as such, is known as the stability of 
the ship. 

The distance BM between the center of buoyancy, B, and the metaoentcr, 
M, is termed the metacentric radius. It can be easily proved that 

= ^ (13) 

where h denotes the moment of inertia of the water-line plane about a fore- 
and-aft axis passing through the center of flotation. 

For angles of inchnation larger than 5 or 10 deg, the line of action of the 
resultant buoyancy force, Fh, dods not intersect the vertical centerline of the 
ship at a constant point. Therefore, for large angles of inclination the point, 
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This series of hulls constitutes the Taylor Standard Series. The com- 
plete data are available in his book, “The Speed and Power of Ships, ” and 
were intended to form a criterion and basis for design. Hull forms have been 
developed with somewhat, better ehaiacterisUcs than the hull forms of his 
series. Little excuse easts for any hull form inferior to that of the Taylor 
Standard Series, the parent Taylor forma. 

Since the Standard Series covers a rride range of varying hull proportions, 
the series may also be used for estimating the residual resistance for bulls 
that are reasonably similar to that of the series, 

Condensed tables of the residual resistance for speed-length ratios from 
0.60 to 1.10 and displacomcnt-longth ratios from SO to 250 have been tab- 
ulated from the curves of residual re^tauce of the Taylor Standard Series 
and are given here in Tables 8 and 4. For purposes of preliminary esti- 
matea, these tables sure eonvmuent. For vidues wltliin the ranges given, 
the residual resistance per ton of displacement may be determined by interpo- 
lation, Values also may be obtwned for B/H ratios between 2.25 and 3.75 
by interpolation between tables. It is to be noted that these tables are taken 
from curves wMch are somewhat irregular and that the determination 
of residual resistance by interpolation is subject to some error. For precise 
values of residualreastanceitis recommended that Taylor's book bo consulted. 


Table 4.* Hesidual Resistance per Ton (RrfB). Taylor’s Standard 
Series. B/H » 3.75 
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250 
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2.50 

3.65 
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6.20 

11.00 
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■Where J?r = residual reastaaoe. Tb pw ton ol displaoeinent; D =: diaplacement, ton?, 
2,240 lb; B - beam, ft; H = draft, ft; V « speed, knotg; L - length of water line, ft; 
Cf> ionaitudinal prisnistie coefficient. 

oCondeneed tables by Prof. K. S. M. Dandson from Roaeell and Chapman, "Princi- 
ples of Naval Architecture,” toL H, Soc. Nav. Arch, and Mar. Engre. 






METHOD OP LEAST SQUARES 


121 


(f) 696s « 595;,' .'.2 = 1 

5y ~ 66 “ 65a!, = 66 ■" 65 «= lOj y = 2 

19? « 12 +I9i + 18y = 12 +19 +26 «=67; ' .*.2=3 

2w ~ 3 - 4i - 3l/ + 62 = 3 -- 4 - 8 + 15 = 85 “ 4 

Here w ie eliminated from (a) and (5), obtaining (c); from ( 0 ) and (c), 
obtaining if ) ; and from ( 0 ) and (d), obtaiiung (c). Then 2 is eliminated from 
(e) and (/), obtaining (/i), and from (e) and (fl), obtaining (t). Then y is 
diroinated from (ii) and (i), obtaining 0*),TffMehcouttun3 only tbesinglo vari- 
able x. Hence I - 1. Norv substituting this value of x in, cither (/i) or (i), 
y ia found; substituting these values of z and y in either (c), (J), or (j), 2 is 
found; and so on. (Solution by determinants, see p. 123.) 

Approximate Solution, of a Set of Simultaneous Equations of the 
First Degree When the Number of Equations is Greater Than the 
Number of Unknowns. (Method of Loast Squares.) 

Case 1. Single Unknown Quantity. Givon n equations in one un- 
known x; for example, n equally careful, independent measurements of some 
physical quantity: 

X * ®i, r = I:, . . . X « I#. 

As the "best" value of i, take the arithmetic mean, lo, of the severs! deter' 
ttinations, namely, lo » (xj +xi+ . . . +Xn)/n. The quantities fi* 
#0 - »i, tj ® xo ” xs, . . . Utt ® x® — Xn are called the xesiduaU ol tbo 
observed values with respect to lo. and their absolute values (that is, their 
numerical values without regard to sign) are denoted by |s)j, IpjI, . . . j 5 n|. 
[It can bo shown that the sum of Uic squares of the residuals with respeot 
to 20 is smaller than the sum of tho squares of llio residuals with respest to 
sny other value xV hence the name of the method: "least squares.*'] 

The quantities r and r®, defined exactly by Bessel’s formula; 


1 


V^+ *j*+ ■ . • +t^* 


0.6745 

yn{n - 1 ) 

^ “ , .. - ■ (Iai| + [ml + . . . + |j)b[) 

\/n{n - 1 ) 

■•. = -^^(W+H+ . . . +W) 

nvn -1 


are called the probable enor of a singlo observation (r), and the probable 
error of the mean (r®), for the givon series of observations. Note that 
r® « r/Vn. For tables of tho coefficients, see p. 63. This quantity r (or 
To) IB best tegwded as merely a conventional means of recording the relative 
predrion of difieront sets ol observations. If r is small, it may be inferred 
that most errors of the "accidental” class bave been eliminated; but it should 
ha especially noted that the smallness of r ^es no information in regard to 

constant” or “systematic" errors. 

A statement like “x is equal to 2.36 witix a probable' error ,of 0.02,” is 
written: x = 2.36 ±'0.02, and is usu^ understood to mean that the true 
Value of X, as fat as can be told, is just as Ufcdy to lie inaido as outside tho 
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To test the distribution of residutJa, arrange the residuals in order oi 
magnitude, -without regard to sign, and count tho number, y, of residuals 
which are numerically leas than some assigned value o; divide y by n, the 
total number of observations, and divide o by r, fee probable error of a shiglB 
observation. Do this for various values of a, and compare the results -with 
the table on p- 63, -which gives the standard distribution of residuals, as 
found from esperience from a large number of different scries of observations. 
In particular, the number of residuals numerically less than r should be about 
equal to the number numaically gieato- than r (if n is large). If any large 
discrepancy appears, the series of obsmrations should be regarded ns unsatis- 
factory, 

Note. The "mean square error'’ aometimes met with is equal to the probable error 
divided by 0.6745. 


Case 2. Several ■Unknown Quantities. Assume that there have been 
obtained by measurement or observation n different equations of the first 
degree iuvolvii^, say, three unknown quantities, 
Given Equations x, y, a. There are then n simultaneous equations 
i\x + biy + «!« » Pi in three unknowns, and if n > 3 there will be, in 
fli* + liiV + ci2 = Pi general, no set of vriues of j, v, z which will satisiy 
all these n equations exactiy. la such a case, 
unx + 6i>y -f cns « Pft the "best” set of values, sj, j/o. so, may be found 
by tho method of least squares as follows, (The 
process usually involves a large amount of labor; the use of a computing 
machine is advisable.) 

Kist, arrange the n given equations in the form indicated, being careful 
not to modify any of them by multiplication oi division, (Any of the coeffi- 
cients may of course be aero.) 

Next, form the three “norm^ equations” as follows: (1) Multiply each 
of the given equations by the coefficient of i in that equation, and add; the 
result -will be the first normal equation. 
Normal Equations (2) Multiply each of tho given equations 

[oa] i-s [abjpo + = [®p 1 the coefficient of y in that equation, and 

[6a)xB + [66]pj + iic]« » (hpl addjthercsultwiUbethesecondnormalequa- 
[cfllrg -I- [cSjiio -j- [ccln =* [cp] tion. (3) Similarly for the third. [ Nota- 
tion; [aa] « oi’ + aj“ -h . . . + On'; 

[ob] = oibi -f ojbj + . . . [op) “tttpi +a;p5 -f . . . -)-OnPi>; etc.} 

Tinahy, solve the three normal equations for tho threo unknowns in tho 

usual way. 

The quantities ®i = ojxj + biVo + Ci2# “ Pi. etc., are called the residuals 
with respect to xo, j/o, 2<i. Pt can be shown that the sum of the squares of the 
residuals with respect to lo, Vo, *9 is smaller than the corresponding quantity 
with respect to any other set of values, x'd, y\, z'o; this relation is taken as the 
criterion for tho “best” set of values of x, y, z.) 


The probable error of a single observation is 

0.C745 

^ / V5r+i^ + . . .+ V, or approximately, 

0.8453 ,1 1 , r p . , , 

where m = the number of unknown quantities (here tti = 3). 
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Esample. The following nacs T^lor'e Standard Series as a bays for estimating tlie 
power requirements of an aeanmed twin-screw ship witli dimensions and characteristics 
as follows: length on water line, L = 480 ft; beam, B = 72 ft; draft, // = 25.5 ft; dis- 
placement, D ■« 16, GOO tons; midship section coefficient. Ca = 0.963; longitudinal 
prismatic coefficient, Cp = 0.682; .blo^ coeflideot, 0,651; and speed, V » 14.25 
hot.. Tkereforo B/H = 2.S2; V/Vi “"I B/tt/lOO)’ = 150, 

Wctled Surface Cakulalion: ' ' 

A ‘‘G‘\/Dyjj . (10) 

from Fig. 1, <7 = 16.6. Therefore, 

. , Area of wetted surface “ A'» 16,5 V16.600 X;480 '=’.43,753 sq ft , 

Friciioiwlfiestsfapce 

{26) 

from Table 2,/ “ 0.00905 (about) and n « 1.829. Therefore, 

ft/ = 0.00905 X 43,763 Xf4.25wt» = 51 ,047 Ib ' ' 

KssWualBwfstoneo (ftr); 

FtoraTablaS, > . - ; ■ . , 

fir per ton ^placement = 1.03 for Cp *» 0.70) . ^ ,D ... 

= 0.83 lotcl - 0.60t“‘7E - “ “"^>7 “ 


By interpolation, ftr «■ 0.994 for Cp e 0.682 of the assumed ship. 

From Table 4, , 

fir per ton displacement = 1.39 for Cp «“ 0.70\ .1'’ 

- 1.06 lor Cj - 0.00(“‘:;^ - ,7 - “ 

By interpolation, R, », 1.328 for Cp » 0.682 of the assumed ship.' By interpolation 
between fir « 0.994 for S/M = 2.25 and Rt ■ 1.328 for B/E = 3.76, the fir of the 
assumed ship » 1.121 lb per ton of ^placement at a ft/J? ■= 2.82, ' 

Therefore the jesidunl rcsistanco of the Assumed ship is 

U2I X 16,000 = 18,609 lb 

TclalBare-huIl ResisianceiRi): - , . ' ' 


fi( •= ft/ + ft, (25) 

fti »61.047 +.18,609 *= 69,650 lb; . * . • ' 

7otoI JJuIlflejtjjanM (fir); ' , , i ■ 

' Assurabj an appendage resistance of, 9 percent of.tho.bare-hulI,re8!Btance,,thcn 
.‘’r = 09,050 X 1.09 = 76,9251b ((approximately) see p. 1399. 

Bficclitc IJoricpotticr.' ' . - .ub'- ■ • '• -r ' 



Ehp = -- 





a propulsive coefficient (Eq. (29)1 equal to'0.69l'then 


“ ^^ ^41820 ‘‘(app^maWy) 

U.Osfi. • -1 . i-. U"-i ■ 
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. the prop* «>™‘ 

wheieT »wep V ^j^,p ^ 

* ; '(Lust dedPO* w«®" , ft„*re, »W 

, Hitutt deduction are >nW^‘ i,ti„o, lip may he 

.“reSd:e*rt:t^>y>»topcadont. * 

Bptessed a> foOo™- rajj 

1 •* *_ 

*„,=thr«.taodmUo"fr«* 

r.S'effiSry.eetotocdbeloa, ^ ,he 

Jesits speed of advom^^^^^^amney. y^ed that a” 

doM by the propeller ia “™ d.„,go, c^mte. Such 

For purposes oi Pr*™"” Jl^Wtoutyn“™? ■ on the loss i" 

Urd:rln:oafflcr;^^a.t.lndiea,t«*^ 
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ESect o! Hull ?orm on Frictional Hesistaace. Eiiuation. (26) assumes 
lliat tlie hull iorm affects tbe frictdonai TcdsUmce only la so far as the fom 
affects the area of the wetted surface imd the kngth of the hull form affects 
the selection of the frictional cemstant. (In the case of the Tideman con- 
stants, the length of the hull form also aJffccts the exponent n.) Such an 
assumption is not strictly true. However, for all practical purposes, Eq. (26) 
will give satisfactory results. For medium-sized vessels, the errors will be 
negligible, For very large vessels of hi^ speed, the use of Eq. (26) may 
underestimate the total resistance as much as 10 percent. In the final 
analysis such vessels require speenal investigation. 

Effect of Hull Form on Residual Resistance. The effect of hull form 
on the residual resistance is very complex and, to date, no simple analytical 
methods have been developed for purposes of estimation. In general, the 
length of the hull form, the piistnatie coefficient, the displacement4ength 
ratio, the shape of the curve of SecUonal areas, and the beam-draft ratio are 
particularly effective in infl.uendnf the residual resistance as follows: 

1. The length of the hull form is particularly significant. A curve of 
residual resistance plotted a^inst the speed-length ratio will follow an 
exponential form with certain irregularities or humps. These humps are 
caused by the intwterence of the various wave systems set up in the water 
at the bow, along the vessel, and at the stem. The first significant bump or 
rise in the residual resistance occurs at speed-length ratios between about 
0.75 to 0.82. The second significant hump occurs at speed-length ratios 
of about 1.0 to 1.1. The third significant hump occurs at speed-longth ratios 
of about 1.25 to 1.7. Experience has shown that for heavy cargo vessels of 
full form, speed-length ratios in excess of 0.76 are not economical, and that 
for fast passenger vessels of the liner type speed-length ratios greater than 
1.0 to 1.1 are not practicable. For vessels such as cruisers, destroyers, and 
yachts where speed is con^dered paramount, speed-length ratios above 1.1 
are often encountered. Such vessels have a Urge ratio of horsepower to 
displacement, and large changes in trim will be experienced at high speeds, 
unless special preventive modifications are made to the hull form. Such 
modifications are usually in the form of flat sterns, level and straight buttock 
lines aft, and often hard bilges incorporated with sharp knuckles or chines. 
All of which generally make for uneconomical hull forms at lower speed- 
length ratios. 

2. The prismatic coefficient is an indication of the fineness of the hull 
form and is particularly significant. Low prismatic coefficients are associ- 
ated with fine forms and lowreiodual resistances. High prismatic coefficients 
are associated with full forms, bluff bows and sterns, and high residual 
resistances. Tables 3 and 4 show the effectiveness of the prismatic coefficient 
in the Taylor Standard Series. 

3. The curve of sectional areas has a significant influence on the residual 
resistance in that, for vessels of normal form, it is closely allied to the pris- 
matic coefficient. For the higher values of speed-length ratios and lower 
values of the prismatic coeffident, the curve of sectional areas is extremely 
significant. In general, a form of curve dmilar to a curve of versed sines 
gives the least residual resistance. Increasing the prismatic coefficient and 
reducing the speed-length ratio reduce the Bignificance of the curve of sec- 
tional areas accordingly. 

4. The effect of varying displacement-lengtli and beam-draft ratios 
is significant to a lesser extent in tiidr effect on residual resistance. Tables 3 



PROPELLERS . 

■ ' BY 

J. M. LABBERTON 

REmiENCEs: Taylor, "Speed and Power of Ships,” Ransdell, Inc. Labberton, 
'Marino Engineering.” McGraw-HilL 

Basic Coefficient and Performance. A propeller is a screw, tlie length 
of which is much less than the pitch. As a consequence, if the "thread” or 
blade were made continuous, it would not cover the complete circumference 
and the result would he a anglc-bladed lop-sided propeller, In order to 
obtain balance, this screw is divided up into two, three, or four blades. Some 
of the first testa made indicated that efficiency was greatly impaired by too 
much blade width or.too long a screw, owing to the'motion of the water 
past the surface. • . • _ < 

In the ease of any screw propeller of a given pitch working in a viscous 
fluid, it can be shown by dimensional analysis that the thrust developed is 

whore T ■ propeller thrust. Ib 
d «= propeller diameter, ft 

n * propeller rps ' 

Vo “ speed of advance, fps 
p = donaity of fluid, lb per cu ft 

7 - kinetic viscosity of fluid , i , 

g a gravity acceleration 

It will be noted that the second term in the parenthesis is the Reynolds 
number inverted and that the third term is Froude’s number, For reasons 
that cannot be covered In the space here available it is known that these last 
two functions ckn be neglected in the case of practical propellers not, in 
cavitation and the expression for thrust can be simplified to ' ' ' 

^ is a functicm of slip and from, the above can be derived a dimen- 
sionless coefficient B = ^}Ay5< ^““8 the performance of any propeller 

regardless of size but having a ^v«ai pitch ratio, numbex of blades, blade 
proportions, etc., and at a given slip but not iu cavitation. Hoivever, since 
water is the only fluid with which we are concerned at present, we can dis- 
pense with the variable p. Moreover, since it is customary in propeller 
problems to use knots instead of feet per second and revolutions per minute 
instead of revolutions per second, F# * knots and N = rpm can be used. 
The dimensionless coeffident then becomes a quasi-dimensionless coeflicicnt 

« AfPH 
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and 4 agjdn illustrate their eBect on the readnai resistance for the Taylor 
Standard Series. For speed'length ratios in excess of 0,75 to 0,82, the residual 
resistance rapidly increases in significance. 

Resistance of Appendages. Appendages to the hull such as shaft 
struts, shafts, condenser scoops, plate laps, and bilge keels also induce added 
resistance. Taylor has indicated that the total resistance of appendages 
for twin-screw vessels with large bilge keels, two pairs of struts per shaft, may 
amount to as much as 20 percent of the bare-huU resistance, and that for 
single-screw vessels witliout bilge keels the appendage resistance may be ns 
low as 3 to 4 percent of the bare-hnll resistance. Careful streamlining of the 
shaft struts, bosses, etc., to the flow line of the water about the hull is neces- 
sary to avoid tho high appendage re^tanee of the first case. 

With bilge keels following tlie lines of flow, tho additional resistance of the 
bilge keel is little different from that of the additional wetted surface. 

Resistance in Shallow Water and Restricted Passages. The passage 
of vessels through restricted channels, sucli ns canals, and through shallow 
water greatly increases the resistance. Ships of normal form operating in 
such waters experience a large increase in droft and change of trim, because 
tho hues of water flow are forced out of Uicir normal paths. For vessels 
pasdng through canals at moderate speeds where the canal width is about 
bIx to 10 times greater than that of the ship, the added resistance will be 
amall! for a ratio of 2.6 or 3, the increase in resistance will be excessive, coni- 
jelling a speed so low os to prohibit operation for vessels of normal form. 
Depths of water greater than sLc to ten times the draft are required for 
vessels of the slow-speed typo; depths greater than the length of the vessel 
are required for high-speed types in order that the resistance majf bo free 
from the effects of shallow water. Vessels designed for operation in shallow 
or restricted water require special conadcration. 

Air Resistance, The above-water portion of a ship’s hull and superstruc- 
ture moving through the air also induces resistance to the forward motion 
of the ship. In the case of water resistance tho ship advances directly into 
the water, but it does not always advance directly into the wind except in 
the ease of a head wind. More often the wind would be abeam or astern, in 
which case it may assist the forward motion of tho ship. In general, the air 
or wind resistance is only a small fraction of tho water resistance and may 
often be neglected. 

Taylor indicated that reasonably good estimates of air resistance may be 
calculated by the following formula: 

BJ y y^i 

Rc » 0.004 ~ (27) 

where iJj = air resistance, lb 
D = beam of ship, ft 
Fa = speed of wind, knots 

JIm formula assumes that the projected area presented to the wind is equal 
to R V2. (The ship is assumed to be half the beam in height above the water.) 

^ective Horsepower, The effective horsepower may be defined as the 
. towrope” horsepower or llie power transmitted through a towropo, assum- 
ing the vessel to be towed at a given speed, and may be calculated bv the 
follomng relationship: 



BASIC COEFFICIBVT AUD PBRFORMAI^CE 


im 


where the subscript p indicates that the coefficient is concerned with power 
input to the propeller rather than the useful power output. ' 

Therefore, if any model propeller is tested at a given slip and rpm, and if 
power input in horsepower and speed of advance in knots are measured, the 
coefficient Bp can be determined which will hold good for any size of propeller, 
of geometrically similar proportions. If 

5 --zr nnd a = pitch ratio, 

’ Va a 


then it can bo shown that 1 - iS = — wliorcS is slip ratio, that pcrcent- 
ao 

age of a propeller revolution turned which docs not advance the propeller in 
proportion to pitch. 

From the foregoing it follows that, in similar manner, the power output, 
U, of the propeller could bo used as well as the power input, P, aud a similar 
coefficient 


Bu 




would result, the only difference being the factor of efficiency. If Cp = pro- 
peller efficiency, CpP « U, 


or 


n r 


Bu 


Naturally, a plot of values of Bu is much more valuable than a plot of Bp 
because it is generally required to choose a propeller for a given job rather 
than to determine what a given propeller, already oliosen, will do. 

Figures 1 and 2 show plots of three- and four-bladcd propeller performance 
as made by Hear Admiral D. W. Taylor, USN, from tests made at the Wash- 
ington Navy Yard. Figure 3 shows corrections to be made wlien the pro- 
peller has a mean width ratio (M.W.R.) or a blade thickness fraction (B.T.F.} 
other than M.W.li. = 0.25 or B.T.F. “ 0,05, the conditions covering 
Figs. 1 and 2. 

It will be noticed that as the values of the Bu increase the maximum 
efficiency obtainable decreases and the correct pitch ratio to • obtain this 
maximum efficiency also decreases. It will be noted that there is one best 
Nd, 

Value of 5 = — and one pitch ratio that should be used to obtain the highest 
possible efficiency for a given Bu- 

A curve lias been draxvn on Figs. 1 and 2 through these maximum efficiency 
points. Mention has been made of mean width ratio and blade thickness 
fraction. Figure 4 shows a conventional elliptical blade with a 20 per- 
cent diameter, hub. The term conventional elliptical blade is used because 
that is the general shape of the blade as recommended by Dyson. The 
cnaracteristies of such blades are set forth in Figi C' where, with a propeller 
mdius of unity, the chords of the arcs between the middle line of the projected 
and either, leading or following edge of, the projection at each of tho 
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ehp - = 


RrXr 

326 


( 28 ) 


where ehp a effective horsepower . 

,Rt. = total resistance, lb, of tho ship iiicludins bare hull, appendage, 
and ftit resistance 
, y “ Speed, knots ' 


Propulsive Coefficient. The ratio of ehp to shp is termed the pro- 
pulsive coefficient, i.s., 


eip 

$hp 


propulaTe cocfficiont 


(29) 


The term indicated Isorsepowcr Is applied in the case of reciprocating machin- 
ery. In the case of modem stoatn-turbine-driven vessels or diesel electric 
vessels, the shaft hoTsepower (shp) is used. Similarly, for diesel- or gasoline- 
powered vessels, the brake horsepower (bhp) is used in lieu of ilip, .It 
is to bo noted that the ihp includes the necessary power to overcome 'the 
losses of the propeller, shaft (stuffing boxes and bearings), and the mechani- 
cal efficiency of the en^ne. Tho shp is the horsepower in the shaft and does 
not include the power losses in the reduction gears or turbine machineiy. 
In the case of diesel or gasoline en^dnes tlie power delivered by the engine 
at the coupling is termed the brake liorsepowor (bhp). It is apparent that the 
propulsive coefficient must be defined specifically in regard to ihp, shp, or bhp. 

Propulsive coefficients ranging from 0.40 to 0.70 may be expected when 
referred to ihp and, when the coefficient is referred to shp, vjdues ranging 
from 0,60 to 0.80 may be expected. In cases where the mechanical effioiencies 
are high, values in the upper half of tho ranges given may be expected. 
However, conservative estimates are in order. ' • 

Power by idmiraUy Formula. The power lequlrementa to propel a 
ship ore often estimated directly by assuming that the total resistance, if?i 
is proportional to X F* and that the propulsive coeffioient is constant. 
With such an assumption the following reUtionship can be expressed: 

m y vs 

hp = ' — = — (Admiralty formula) (30) 


where hp = engine indicated horsepower, brake, or shaft horsepower 
D = displacement, tons 
F = speed, knots 
K = the Admiralty coefficient. 

The Admiralty coeffiraent includes aD. factors due to the influence of form, 
dimensions, propeUer, and shaft cfficiendes. In cases where the ihp is used 
in the relationship, it wll also imfinde the mechanical efficiency of the en^ne. 
It is extremely pertinent to note that for speeds less than about 0.75 VZ'. 
the Admiralty, coeffident is reUtively constant for a particular hull. For 
speeds in excess of about 0.75 y/L, the coefficient may vary irregularly with 
the speed. , Therefore, it is to be noted that considerable experience is 
required to select a proper coeffident. The foUowing briefly furnishes 
guidance in selecting a coeffident. 
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values 0.2, 0.3, 0.4, 0.5, etc., of the radius are given for each value of projected- 
arearatioofathrce-bladedpropdier, fromPA/DA = 0.15 toPA/.DA =0.7. 

PA projected area including all blades 
DA disk area 



For a four-bladed propeDer, the conventional form corresponding to the 
total projcctcd-sirea ratio "will be for three-fourths of lliat ratio; for a two- 
bladed propeller it would be lames that ratio, 

In laying down the projected-area form for any desired projected-area 
ratio it should be borne in mind that all projected areas are outside the 0.2K 
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Admiralty Coefficient Values. For ships of large size and 'with fine 
to medium characteristics of form (in particular the prismatic coefficient) 'at 
speeds such that F/Vt S 0-8 to 0.9, values of = 250 to 350 are found. 
For similar ships at higher speed when YfVH ^ 1-0, the values of K range 
irom 250 to 275. ■ ' 

With medium to full bull forms at speeds 'where VfyL < 1.0, K values 
of 220 to 250 are common. . 

With medium to small ships, oU)er things being equal, the values range 
somewhat smaller than for large ships. With medium to small sliips of 
average characteristics and at speeds where VI^/L may considerably exceed 
1.0, K values of 150 to 200 are common. 

For small craft of fine lines driven at escessively high speed and of such 
underwater form as to rise partly out of the water, the resistance is decreased 
with corresponding reduction in power and an increase in the v.alue oi S-- 
In such cases, values of 200 to 250 and more are met. * 

For similar ships driven at corresponding speeds, the value K null be ^le 
same. 

It will be noted from the foregoing tliat no exact rules can be given for 
selecting the value of K. Table 5 of siiip data is useful and may be used in 
estimating the proper value for K. Caro should be exercised in using ship 
data for selecting values of K, so that the similarity of the ships is as closo 
as the available data permit. 

By the application of Froude’8 law of comparison, extended to cover 
approximately all components of ship resistance, much more reliable results 
may he'deterinined. The law may be restated that for similar ships at 
corresponding speeds the powers will bo in the ratio of the products of the 
displacements by the speeds, or the power ratio will equal the product of 
the (hsplacement ratio by the speed ratio. 

Thus, given a ship liaving a length of 400 ft, a displacement of 7,600 tons, 
a speed of 16 knots, and requiring 6,300 ihp, by substitution in Eq. (30) 
the value oi K is readily iound to be 250. Then, assuming a similar ship 
ft_in length; length ratio = corresponding speed ratio 

= ■^1.2 = 1.095; corresponding Bpeed =s 16 X 1.095 = 17.63; displacement 
ratio = (1.2)3 ^ i jjS; displacement s= 7,500 X 1-728 = 12.960. Thcauang 
value of X = 250, displacement = 12,960, and speed = 17.53 and substituti- 
lag in Eq. (30), the ihp required at the corresponding speed •will be 11,900. 
For moderate differences in block coefficient, Cb, and in length to beam ratio, 
i/B, K may be taken to vary inversely, as (Ct)^ and (beam) It. 

Power by Stevens Formula. A modification of the Admiralty formula 
kaown as the Stevens formula is sometimes used 'with fairly good results: 

hp = P (Stevens formula) (31) 

GXVL 

where hp = engine ihp or bhp • -- 

D = displacement, tons (2,240 Ib per ton) 

B = length, ft, of load 'water line 
C = a coefficient to be selected 

Values of C may be estimated from nearly amilar ships. Table 5 may 
apm be used for this purpose. ^Values of C aie pven in Fig. 5. The two 

rves that are plotted upon displacement show the limits through which 
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circle and any variation from this in the actual blade duo to variation of the 
hub diameter may be neglected. The lengths of the chords of the half arcs 
for any diameter propeller will equal the length of the chord as given in the 
table for each fraction of the radius aud the particular projccted-area ratio 
desired, multiplied by the radius of the propeller. 
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D •0t4OJ 4341^ ^ 

Thus, suppose the diameter of the propeller to be 10 ft and the desired 
projccted-area ratio to be 0.6. The length of the chord at the half arc at 
Q.7S ^viU be 0.499 X 5 = 2.495 It'. 

The greatest circular width of the projected-arca form for conventional 
elhptical blades is at the 0.7B radius. 

The term projected-area ratio or PA/DA is falling into disuse, probably 
because it does not take pitch into account, and mean width ratio is taking 





Abkeviatioos: F, Fasscoger 

Cu, Cotta 

Di.Ta. Diesel Tanker 

C, Cargo 

D, Destnya 

L, Laker 

CC, Cross cbannel 

I^(A DW Cargo 

T, Tanker 

C.G^ Coast Guard 

IMJc-iDK^Fhiitef 

Y, Yacht 

Cr, Cniiscr 

* MA.N., two-stroke, single-acting. 
^Two-stroke, 212 rpm. 

‘ Sun-Dorfotd, two-stroke. 

^ Sulrer, two-atroke, single-eeting. ' 
' Fiat tw(«ttoke, 20.5 X 323 in. 
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Figure 4 shows the developed outIine7)f -the conventional ehiptical blade 
above the 20 percent hub. If the area of this developed blade is divided 
by the distance from the hub to the tip; the result will be a mean width, a 
very important dimension. Mean width divided by tho • diameter of the 
propeller results in a dimentionless ratio called the mean width: ratio, which 
is a measure of the proportionate aze of the -blade, its surface area, and, con- 



Bequently, unit surface pressure which has to do -with cavitation as will be 
discussed later. ' . • ' 

Therefore, referring to Fig. 4 and its notation, .= M.W.R. 

n • ' ® , 

With reference to the conventional forms 

' ■ PA ' 

^ *= (0.543 - 0.1106o)n(M.W.R.) , 

vshcie a = . pitch ratio, - 

, - d 

a “mumber of blades' • , i 

The developed vridth of tho blade can.be determined bv tho 

expression - 

I =lX88(M.W.IL)d 
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C may vary, These curves were derived from ships with a ratio o! beam to 
draft (B/H) of about 2 and Vf-y/L ol 0.5'to 0.'6. "Ships with shaEower draft 
and higher speed-length ratios mil fall near the lower curve; deeper draft 
ships of moderate speed-length ratios and good form will fall near the upper 
curve. Ships of higher speed-length ratios and with propellers making a 
high number of revolutions, values of C, will fall below the lower curve. 
It is to be noted that values of C taken from the curves of Fig. 5 are for use 
with the formula when hp = ihp and 
assuming that ihp = 2 X ehp. 

Other Formulas for Estimating 
Power. In addition to the Admiralty 
formula and the Stevens formula, 
other and lesser known relationships 
are sometimes used for estimating 
power requirements: 

(32) 



B 


e 10 12 16 16 t 

Tons DisplacemcnbThousonds 

FlO,5 


where V = 

speed, knots 



length, ft, of 

water line 

hp = 

horsepower 


C» 

coefficient to 

be selected 

S - 

beam, ft. 



XC 

(S3) 


where V - speed, mph (5,280 ft per hr) 
D = displacement, lb 
L B length of water line, ft 
hp »■ horsepower 
C = a coeffioicst to be selected 


In Eqs, (32) and (33) selection of a proper coefficient, as in the Admiralty 
formula, requires experience and judgment, and similarly to the Admiralty 
coefficient the value of C Includes many factors. It is pertinent to note that 
Eq. (33) is in common use in the field of motorboat designing and good results 
may be obtained for such vessds. 

Power Kequirements. In estimating the power requirements, it is 
pertinent to note that the foregoing methods of calculating power by the use 
of model testa, similar ships, or Taylor’s Standard Series give trial-trip' 
speeds. In the case of the Admiralty or Stevens formula, the' coofBcients are 
often calculated on trial-trip conditions. Trial trips are usually made under 
ideal conditions of clean boitoms and fair weather. Service conditions are 
far different. Semifoul bottoms and had weather are to be expected. The 
final selection of the power requirements should provide for maintenance of 
service speed, and an additional allowance in power should be provided. 
Experience has shown that increases ranging from 20 to 35 percent are in 
order depending upon the vessel and the conditions of the service in which 
the vessel will operate. Slow-speed vessels of full form are loss apt to 'be 
retarded by heavy weather thim vessels of fine form. Foul" bottoms will 
usually slow down fine-lined fast vessels more than slow full-form cargo 
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Fig. 6. — Dyacm’B standard forma of propellers. (Courlesj/ 
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' WAKE AND WAKE FRACTION' 

The speed of, a ship, the fricUon^of the water, the roughness of the wetted 
surface, the'hiiU form, and the appendages create, a tendency to' drag a 
boundary 'layer of water along with its movement. The water closely 
adjacent td'the'wettU surface moves' with 'the speed of the ship, and its speed 
rapidly decreases toward the 'outward extremities of the layer. ' The thick- 
ness of this moving layer of T^ler.is at a 'minimum at the bo'w'and increases 
in thickness', progressively toward the stem. There ,’the' forward motion cf 
the w'ater.'on the surface is often' au^ent^ by the stern. wave. . This wholo 
effect of moving -water is termed the WJ^e^'and its, speed is maximum.directly 
astern of the sternpost and retrogressively decreases away from this vicinity 
of the ship. The effect of the wake is that of the' propeller doing its work 
advancing through a current of water at a speed different from that of the 
ship moving through the surrounding Stillwater. Tho speed of the propeller 
advancing through the wake is termed tho speed of advance and is defined 
. in accordance with the following relationship:* 

= {I (34) 

where ^4 »= speed of advance, knots 

’ ' ;■■ 7 *s speed of ship through still water, knots 

w .e wake fraction - , ' • 

Jt is of interest to note that tho propelier derives frorn the wake in which 
it is working ah increased thrust resulting in a return to tho vessel of a portion 
of the energy spent 'in overcoming tho resistance. Since the propellers 0 ! 
single-screw ships are in the region of maximum wake, it follows that such 
ships will benefit more from this source than multiscrew ships. > 

: Obvio'usly, the wake fraction is of major importance to tho propeller 
designer. Selection of a proper wake fraction, can best be made. from the 
results' of ’tests with models Mted with appendages and propellers. 'In the 
absence of sUch tests, the following derived 'from data published in the Taylor 
and Trans. Soc. Nov. Arch, and Mar. Enon., references, given at the beginning 
of this article, -will furnish guidance for approximating the value of the wake 
fraction: 

1. Tor the average single-screw ship, the wake fraction in the vicinity 
of the screw ranges approximatdy.in a straight-line relationship from 0.15 
■for ship speeds .of 20 knots to 0.35 for ship speeds of 14 knots, For ships of 
full form -with high block coeffiraents, higher values may be expected. . 

2. For the average twin-souw ship, the wake fraction in .the vicinity of tho 

screws ranges approximately in a strm^fc-Une relationship from 0.05 for ship 
speeds of. 30 knots to 0.20 for ship speeds. of 14 knots.- For, ships of-fincr 
than averago form and with low block coefficients, lower values of tho wako 
fraction, may bo expected. . For ships of.light, displacement and high speeds, 
slightly negative values are often encountered. For ships of more than aver- 
,age full form, the wake fraction maybe-expected to bo.greater than the values 
-given. . , . . .,i , 

3. For triple-Borow ships where.jthe;, center, screw is aft- and relatively 
clear of- the wash of tho outboard 'wing screws, the ,wakc .fraction for the 
center screw may be expected to be slightly less than that for:8ingle-screw 

* Fronde expressed the relationship as F/F« « (l.+'zl.iwhorez <=' wake percentage, 
“r+l' Thewakefractioaisnottobeconfusedwiththewakepercentage. - 
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Bhips. The wake fraction for tiie.wing screws will have values about the 
same as pven for Imn-screw ships. 

4 . For quadruple-screw ships, the establishment of average values of the 
wake fraction in the virinity of tile screws is especially difficult. In most 
quadruple-screw ships it is quite difficult and often impracticable to locate 
the outboard or inboard screws so that tiie inboard screws may be entirely 
free of the wash of the outboard screws. Therefore, it may be expected that 
the wake fraction of the inboard screws will be somewhat less than the values 
pven for twin-screw ships. Since the outboard screws are usually farther 
away from the m HTiniKm wake, it may be expected that the wake values of the 
same will generaOy be slightly less than that of the inboard screws. 

It is to be noted that there is a general relationship between the block 
coeffita^nt and the wake Imtion. High wake fractions are generally associ- 
ated with high block coeffi(ucnts, and low wake fractions are generally associ- 
ated with low block coefficients. 



Block coefficienf of finencss.Cft 61ockcc«fficiEntoffineness,C& 

Fia. 6.— Wake fraction for angle- Fw. 7. — Wake fraction for twin- 
screw ships. screw ships. 


Taylor, by approximate determination from numeroua trial results of 
full-size ships, derived wake fraction values for twin-screw ships ran^g 
from —0.038 for ships with block coeffidents of 0.50 to values of 0.200 for ships 
with block coefficients of 0.80. The wake fraction values of single-screw 
ships ranged from 0.230 for ships with block coefficients of 0.50 to values of 
0.477 for ships with block coeffidents of 0.90. Since low block coefficients 
are generally associated with fine form, it is reasonable to presume that the 
fine forms were driven at higher than average speeds (see Pigs. 6 and 7) . 

The subject of the wake fraction has been investigated by many authorities, 

■ and the trends of values of the fraction are generally consistent. However, 
the establishment of wake fraction values by means of a relationship correlat- 
ing influencing factors has not been entirely satisfactory or consistent in the 
determination of numerical values. In the absence of specific test data it is 
suggested that Figs. 6 and 7 be used. 

Thrust Deduction Coeffitaea* Mid Hull Efficiency. The propeUer, 
doing its work in the stem wake, dist'Urbs the streamlines of the water flow 
as they close in about the stem. The water approaching and leaving the 


1416 


PROPELLERS 


For values of a between 0.6 and 2.0 the following expressions bold: 


Total developed blade area « 0.4ndHM'lV.R.) 

Projected area — PA — (0.4267 — 0.0916a)7iii^(M.W.Il.) 


PA 

Developed area 
Developed area 
Di^ area 


= 1.067 - 0.229a 


* OJ509n{M.W.il.) 


There is a limit to moan width ratio vitally affecting efficiencyi The 
reason for increasing the blade width' is to decrease the unit pressure, but 
naturally this presents more surface tor drag friction. This Joss of efficiency 



Per cent of developed length 


Fig. 7. — Streamlmo blade sections. Center-line cambers. 


progresses fairly proportionately until a value of approximately 0.50 for 
mean width ratio is reached, and then there is a sudden great increase in the 
loss and the efficiency falls off very rapidly. 

In Fig. 5 the face is shown as a straight lino. When this strmght line 
revolves at a constant angular velocity and moves forward at a constant 
linear velodty, a helicoidal surface is generated, which is the face of the 
propeller blade. Generally the stnught line k perpendicular to the axis of 
rotation; sometimes, in order to clear some part of tho hull, the straight line, 
or generatrix, is inclined. In either event, the propeller action is the same. 

The propeller blade acts as a cantilever beam with a distributed load, the 
total load being the total pressure upon the blade. The stress then depends, 
for a given load, on the section modulus at the root or point where the blade 
joins the hub. Since this is true, the thicker the blade at the root, the less 
the stress or the stronger the blade or the stronger the propeller. A measure 
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DETERMINANTS 

Dsterinmants are used chiefly in formulating theoretical reaulta; they are 
geldom o{ use in numerical computation. 


Er&luation of Deteriztiaants: 


Of the second order- 


Of the third order: 

flibiCi 

O’bjc: 

GjbjCj 


loStl 

- Ibicsl „ |6iCi| , IbiCil 

-itor“W+“]o,4 


■= QifbjC! — 6]Cj) - at(6tcj — 6jci) -f <ij(biC] ~ bici) 


Of the fourth order; 

aibieidi 
aibjcjdj 
aabscjdj 
aibictdt 

etc. In general, to evaluate a determinant of Uio nth order, take the ole- 
menfa of tho first column -n-itli signs alternately plus and minus, nnd form the 
Buta of the products obtained by multiplying each of these elements by its 
corresponding minor. The minor corresponding to any clement ci is the 
determinant (of next lower order) obtained by striking out from the given 
determinant tho row and column containing ai. 



bsCrds 


liiCidi 


luciffij 

biCidi 

« ai 

baCids 

— fl: 

bacsd: 

btCidi 

1 

btCtd: - 0» 
biCid^j 

6:C;d: 

l>3C3d3 


Properties of Determinants. 

1. The columns may be changed to rows and tho rows to columns: 


OibiCi 

OtbiC] 


010:03 

CiC:C3 


2. Interchanging two adjacent columns changes the sign of tho result. 

3. If two columns are equal, the determinant is zero. 

4. If the elements of one column arc m times the elements of another 
column, the determinant is zero. 

6. To multiply a determinant by nny number m, multiply all tho elementa 
of any one column by m. 


6. 

ai + Pi -f qi, 

hi Cl 


aibici 


ptblCl 


^ibiCi 


fl: + p: + qi, 

b: C5 


<i:b:C2 

+ 

pslucj 

4- 

9ibiC2 


“J + P3 + 53, 

h C3 


csbjC} 


psbjC) 


QlhlCl 


7. oibicj 

osb’f: 

dsbscs 


oi -f mbi, &i Cj 
oj + mbi, hi C: 
Oj + mb], bi Cl 


Solution of Simultaneous Equations by Determinants, 


If 


ois biif + ciz = pi 
ojs d- biy + ciz = pi 
OSX + bsy + C32 = P3 


where D ~ 


othici 

dibtCi 

aj/act 




then s s= Di/D, 

PlblCi 


OiPiCl 

cibipi 

y ~ Di/D, where Di ~ 


. Dt = 

a:P:C: 

, Ds = a'bjp: 

z = Di/D, 

psbiCs 


oaPam 

aibiPi 


Similarly for a larger (or emaller) number of equations. 
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TEE ALGEBRA OF IMAGIKASY OR COMPLEX QUAHTITIES 

In the algebra of imaginary or compla qaantitieSi the objects on which the 
operations of the algebra are performed are not numbers in any ordinary 
sense of the word, but are best thon^t of as points la a plane (or as vectors 
drawn from a fixed origin to these p<wts). ‘The"‘'conipl6S plane” is de- 
termined by three fundamental points, 0, 17, t, arranged as in Fig. 2 and called 
the aero point, the tinit point, andie imaginary unit point, respectively. 
All points on tho line ihrough 0 and 17 are called real points— positive if 
on the right of 0, negative if on tiic left. All theicmain- 
ing points in the plane are called imaginary points— 
those on the line through 0 and t being ciUlcd tho pure 
imaginary points. 

The position of, any point A is tho -piano may be de- 
termined by the diitanee from tho oripn 0, sieasured in 
terms of 0 If as the unit length, and tho anole <p which 
OA makes with the positive direction of the axis of reals. 

The distance r is some^ea called the modulus or ab- 
solute value of the point; the angle <f is sometimes called 
the amplitude or argument of tho point. The notation A » (3, -2120®) 
means ^e point whose dutance, r, is 3 times Olf. and wboso anoU, is 120®. 
The development of the algebra depends wholly on the definitions of tines 
'fundamental operations denoted by A + B, A X B, and eA, as follows. 

Addition and Subtractionu The sum, A-k S, of two points A and B 
is defined as the point reached by starting from A and performing a journey 
equal in leugth and direction to tho journey from OioB. That is, the reactor 
from 0 to A + B is the vector sum of tho vectors OA and 
OB. In case A and B ate not in line widi 0, tire point A + B 
is the fourth vertex of a parallelogram of wbieb OA end OB 
are the aides (Fig. 3). Conversely, if any two points A and 
B ue given, there is a definite pointXsuch that A bB-I-X; 
this point X ia colled the remiUnder, A minus B, and is FiQ. 3. 
denoted by A-B. The point 0-B is denoted for brevity 
.by - B. With these definitions of A + B and A - B, all the ordinary laws 
of addition and subtraction that bold in the algebra of real numhers hold also 
in the algebra of complex quantities. In particular, the scro point 0 has all 
the formal properties of the number aero, and is denoted by 0. 

(Note: If A andB ai©"ieaI''point3, A +BandA -BwiilnisobereaLl 

Repeated Addition. Multiples and Submultiples. Tho point 
A-f-A+A-f . . . + Aton terms ia caQcd the nth multiple of A and 
is denoted by nA. The points U, 217, 317, ... are denoted, for brevity, 

by 1, 2, 3 Conversdy, if any point A, and any positive integer n 

0X0 given, there is a definite point X such that nX = A; this 
point X is called the nth submulUple of A, and is denoted by 
A/n. Tha points U/2, 17/3, ... are denoted, for brevity, 

by H 

Multiplication and Division. The product, A X B, or 
A-B, or AB, of two points A and B is defined as the point 
whose angle is the sum of the angles of the given points, and 
whose distance is the product of the distance. (See Fig. 4.) 

Thus, if A = (5, -:I20“) and B = (2,-i270®), then AB = 

(10, -230®). Conversely, if any two points A and B are given, piQ. 4 
provided B ia not zero, there is a definite point X such that 
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of this proportionate tWckness is a measure of proportionate strength. Tiiis 
thickness is usuaUy designated as'the blade thickness fraction and is the 
ratio between the lengtli of the axial intercept between the front and back 
lines (extended to the axis) of a central' radial section of the propeller blade 
and the diameter of the blade (see Fig. 5). B.T.F. = f/d. 

In times past it was usual to make the dreumferential section through the 
blade ogival in shape or as a portion cut from a disk. Hecently, owing to tho 
marked advance in the science of fluid meclmnics. it has been found that 
blades of "airfoil" section offer much leas resistance to tiie flow of water 
past, and consequently a somewhat higher effidoncy propeller is the result. 
This increase in the efficiency due to the adoption of airfoil section is not 


laaiBiB 


Per cent of developed length ■ 

Fro. 8. — Streamline blade sections. Streamline contours about center line. 


marked, being a matter of several percent. Also, it has beerr found that 
airfoil sections tend to increase, cavitation, all other things being equal, 
hecaufie the airfoil section is thicker. 

, One, system of streamlining is covered in Figs. 7. and 8. This is based on 
the conception of the blade section resembling tho plan' view' of a' fish. 
Assume the backbone or, center lino of the fish to^ be curved or cambered so 
that one side of the fish is fairly flat. ’This flat'side would be tho (hiving 
face. Having fixed the'length of the section according to Fig. 6, the contor- 
line camber is determined according to. Kg. 7. The'.blade thickness, for 
strength reasons, having been fixed as discussed later, tKo streamline contours 
about the curved or- cambered center line are determined according to Kg. 8. 

.Since propellers Have been '^'^oussed up to this point on a 'proportionate 
haeis, the law of comparison'hetween a.torgo and a^Bmaii, or rhodel, propeller 
^11 now be riven' ‘ 



xoar mizinE 


(wake and thrust deduction' must'be tayn into account als'in'the case of 
propellers •working forward) and a pvon'rpm. Th'e curve'shown in Rg. 12 
is'from an'actual'propeller.' Notethat . ' , ' , , ,/ 

r/V^d^ Td 

This latter relationship holds approximatoly fof'all propellers regardless of 
number of blades, blade shape; or pitch. ■ 

If it is more convenient, the curve can, be obtained ,by running at one 
value of water speed and ■varying the rpm of the model propeller. Note 



Fig. 13.— Performance of propeller in reverse or backing. 


that when Nd/7, is zero, the rpm is aero but thrust and torque remain. The 
different phases in the reverdng or backing operation as listed above are 
indicated on the’eurve, Fig. 12. iPhase 1 is, of course, normal forward oper- 
ation of the propeller and would not appear oU'the revorse-oporation curve. 
To obviate any confusion that may bo due to negative torque existing during 
phase 1, note that if there were zero torque, the propeller would pass through 
this phase but not quite so quickly. The practical effect of this is that a 
few seconds can'elapab between the time the ahead throttle is closed and the 
reverse is opened with^io appredable effect on the'“ahead-reach" or distance 
it takes for the' 'sliip to' come dead 'in the 'water. ‘ ' ■ • ■ ' . : ' i ' 

Fi^re'13 showS'the performance of an actual'ship in reverse. - * ' 

Kort Nozzles. The Kort nozzle is a nozzle or ring of airfoil'seotion’in 
which the propeller rotates. Naturally, ranee space is occupied by' tho nozzle 
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LiM of Comparison 


Diameter, ft 

Rpm 

Speed on advance, knots.. 

Thrust, Ih 

Torque, Ib-ft 

Pressure on propeller, psi. 
•Power absorbed 


d 


5 

Pi 

V 


h = ratio of linear dimensions. 


D 

T =X»f 



Q = X‘3 _ 
r = ax/x 
P =Xp, 

P = 


These equations hold until cavitation starts. 

It should be rnentioned here that, in running tests to determine the per- 
formance of a small model in order that this performance may be converted 
that of a propeller of large proportions, elaborate equipment is necessary 
■f there is any likelihood that the large propeller might operate near the 
javitation point. This equipment is necessary in order to obtain less than 
atmospheric pressure on the surface of the water in which the test is run. 

Such testa are usually run in a water tunnel with a vacuum pump attached 
and controls so arranged that the desired pressure will be maintained on the 
water surface throughout the test. It is beyond the scope of this book to 
describe the detaOed operation of such a water tunnel. 

As will be brought out later, the pressure on the propeller has a great 
effect on the point at which cavitation or boiling will occur. As an example 
of this phase of model performance, consider the case of a ship that is to be 
equipped with a 15 ft dlam propeller witli 4»ft tip submergence. This is 
equivalent to 11.5 ft water at the hub plus atmospheric pressure of 15 psi 
11.5 ft X 0.4335 “ 5 psi. P * 5 -I* 15 * 20 psi abs pressure on the hub. 

Suppose a 6-in. model is to be run in order to predict therefrom the per- 
formance of the 15'ft propeller. 


X 

Pi 


j5 

0.5 


= 30 


£» 

X 


30 


= 0.67 psi 


or 1.36 in. Hg abs. With a SO-in. barometer this would correspond to a 
negative manometer reading of 28.64 in. vacuum. 

Tests that are run with full atmospheric pressure on the surface of the water 
are called “open-water” tests. All readings below the point at which cavita- 
tion would occur if the proper pressure wctc on the propeller are quite accu- 
rate. In other words, Mow cavitation, pressure does not_ appreciably affect 
torque and thrust readings. 

This extrarlarge proportionate pressure which exists in the case of small 
propellers operating in open water is one reason why motorboat propellers 
can operate at such high values of rpm without cavitation difficulties. It is 
also the reason why self-propelled tests of ship's models in open water arc 
not always a true measure of performance, especially at the highest powers. 
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or ring sunounding the propeller, -a propeller of smaller diameter must be 
iiiBtalled than would otherwise he posable. The advantage of this arrange- 
ment is that the thrust is increased at speeds below approximately 8 knots. 
Therefore, the device is of some advantage when applied to tugs, trawlers, or 




Fig. 14. — ^VoithrSchmdder propeller action. 


river towboats. Above approximately 8 knots the arrangement is less 
efficient than is the convenUon^d propdlor. 

Voith-Sclmeider Propeller. The Voith-Schneider propeller consists of 
an assembly containing long blades of airfoil section projecting vertically 
downward. This assembly ia so arranged that the blades project downward 
from the after part of the ship’s bottom. There may be one or more such 
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AJl those concerned with the testing of ship’s models under self-propelled 
oonditions dream of the time when they will have a variable-pressure basin 
in which all factors are adjusted. 

In order to choose a propeller for a ^ven job it is necessary to have all the 
data for the determination of Required are N, the rpm of the propeller: 
U, the useful horsepower; and the speed of.advanoe of the propeller. 

The useful horsepower, U, is that part of the initial shaft horsepower (shp) 
which is available for propulsion after the propeller losses arc taken into 
account. Having the useful horsepower the hull effect must bo considered 
in order to obtain the actual work on the ship, wliich is, of course, the effective 
horsepower (ehp) of the ship at that speed (see p. 1399). 

The hull efficiency may be greater than 100 percent, and consequently the 
useful horsepower be leas than the ehp. A strong wake helps or increases the 
hull efficiency, whereas a strong or heavy thru.st deduction detracts from it. 

Wake effect is specified as “wake fraction” and is the speed of the wake 
divided by the speed of the ship with reference to undisturbed water. Since 
the propeller operates in water, the speed of advance of the propeller through 
the water in which it finds itself will not be the same as the speed of the ship 
unless the wake has a speed of zero. If w * wake fraction, V = speed of 
ship, knots, Vt = speed of advance of propeller, 

7 - 7 « 

u> = or Vc - 7(1 - w) 

Thrust deduction is duo to the propeller’s drawing water post the surface 
or skin of the hull and thereby causing a backward drag. If the propeller 
were not there, this would not exist; consequently, it is not a regular part 
of the resistance such as would be evident or become evident in a towed test. 

Thrustrdeduction effect is specified as the thrust-deduction coefficient 
and is the ratio between the thrust deduction and the initial thrust of the 
propeller, If 2^ = propeller thrust, lb, I = thrust-deduction coefficient, 
(1 - i) 5= proportion of the propeller thrust useful in driving the ship, 

r(l - 0 = useful thrust 
,p 326 ehp 
0 -i)y 

Hull efficiency is defined as 

1 -t 
1 — w 

Therefore, it can be seen that, if the wake fraction is greater than the 
thrust deduction, the hull efficiency is greater than 100 percent. 

Therefore, y „ shp 


1 - w 



From the foregoing it is obvious thatj if values for ehp, w, t, V, and N are 



Fig. 15b.— Yoitli-Schneider propeller featliering motion. 
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valuss are determined from hoU characteristics with tho exception of N, the 
propeEer designer should obtam them from the naval architect. N, of 
course, is deterroined by the marine en^imer, and the propeller designer, 
should obtain that value from Hm. 

Cavitation. If the blade of a propeller of given blade area is driving a 
ship through water, a pressure exists on the driving face of the blade. For a 
given thrust on this part of the propdler the unit jJressure will increase 
as the blade is made more narrow- At the same time, on the reverse side 
of the blade, the pressure is relieved; and, if the revolutions are sufficiently 
high and the slip suSidcntly great, a partial vacuum may exist to tho extent 
that vaporization of the water takes place and a conventional boiling of the 
water on the hack of the bladeis evident. The result of this is that the whole 
propeller may become enveloped in a boiling mass of water and thrust may 
no longer increase in the same proportion to the torque applied as was the 
case before this boiling slatted to occur. The energy put into the propeller 
shaft is going, to a great degree; to boiling trater rather thah to propelling 
the ship. This phenomenon is 'called cavitation and, from its nature, is 
more likely to occur under the iobowing conditions: 

1. The Pitch RtUio hCreaL IftbepitchissmfiUithepropcllerraorenearly 
approaches the condition of a disk rotating in the water, which would be the 
case were the pitch ratio zero. In this case, there would be no tendency to 
create a vacuum back of the blades and consc<)uently no boiling. As the 
pitch is iucreased, this tendency to create the vacuum back of the blade 
grows greater with the allied tendency to boil. 

2. Tlie Slip U Great. 1! there were no slip, the eBect would be the same 
as that of a disk revolving in the water, as in the case of zero pitch; therefore, 
there could be no tendency toward a vacuum and consequently boiling, 

3. The Hub Depth Is Sndl. The deeper the bub, ibo greater will he the 
pressure of water on the propeller and, consequently, the less the tendency 
toward a vacuum and consequent boiling. 

4. The Blade Area h Small. Tho smaller the blade area, tho greater will 
be the unit ptetBUse on. the driving face and tins greater tendency to cause 
vacuum on the back of the blade. 

The foregoing characteristics refer to a propeller of given diameter. Sines 
the speed of any portion of the surface for a given rpm is proportional to the 
diameter, it follows that the rpm at which cavitation will start is inversely 
proportional to the diameter. 

Capt. E. F. Eggert, USN, developed a method for determining the approxi- 
mate rpm at which cavitation will start. Among other factors, this method 
involves the thickness ratio of the blade section, or its maximum thickness 
divided by its width, where the maximum thickness is in the center as in the 
case of an ogival b^de. Capt. Eggert coQed this ratio c. For the airfoil 
section where the maximuni’.tluckness is at about one-third the width from 
the leading edge, c is threc-fouitha the thickness ratio described above 
(see Figs. 7 and 8) . Naturally, as the blade width is increased, the thickness 
increases; but, for all practical purposes in tho case of ogival sections, 

0.46 - 0.746 
/ “ 5.7 

where 6 = M.W.R. ' 

For; a given temperature the toiling pressure of water is the absolute 
urcssure rather thaTi the gage pro^re. This can also be expressed in' terms 
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asseinblieB per ship. The blades are caused to rotate about a vertical central 
axis; at the same time they leather or osdllate around their own axes. By 
changing the' feathering an^c, this being done from the bridge by fairly 
simple control devices, the thrust can be made to act in any direction, even in 
reverse. As a consequence, no rudder is needed. Also, this results in a 
highly maneuverable ship. They have not been built in powers greater than 
2,500 shp. Claims for extraordinary efficiency are based on the fact that the 
rudder, stmts, and other sudi appendages can be removed from the hull, 
thereby reducing the hull rcrista^. The actual efficiency of the blade 
arrangement- is little different from that of the conventional propeEer (see 
Figs. U and 15). 

Example. In order to use the foregoing data and information, take the ship for 
which the effeetive horsepower waa worked out onp 1397. The ehp = 3,324 (sesp, 1399), 
Block coefficient, Cs = 0.651 (seep. 1383). Erfec to the curve (Tig. 7) on p. 1406 and 
find the wake fraction, w *» 0.20. The hull effideney, a, for a twin-screw ship of con- 
vcnUonal design should be approximately unity (ece p. 1407). 


1 - t 


■ 14K) 


1-1 

‘ 1 - 0,20 


t = 0.20 
V • 14.26 knots 
ff- 26.6 ft draft 
N ■ rpm » 100 
ehp 3.324 
" 1 -1 “■ 


1-w Vl-0.20/ 

• 40.75 

V, = V(1 - «>) - 14.26(1 - 0.20) » 11.4 
Vc^ - 439 

„ NV'^ 100 X 40.75 


Since this value of B, is such that the efficiency of either three- or tou^bIaded propellexB 
will be the same (sec Figs. 1 and 2), suppose a four-bladed propeller is chosen. 

p 

For maximum efficiency, o « 1.00 and i <= 181 

a 

(f “ 0.C95 

iF. 131 X 11.4 

“ T ° — 100 — ' 

All this is on a basis of M.W.B,. »■ 0.25 and B.T.F. = 0,05. This to be checked for 
cavitation. ' 

60 -v|M7.3(i -h m 

' ^ "”■■7 '''^sTmT 

Since the draft, H, is 2S.6 ft,'titchu1> depth could be 17,5 ft. . < 


h = 33 -f- 17.B »= 50.5 
6.7e =• 0,46 - a74b = 0.275 
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of feet head of water. Atmospheric injure in terms of feet hsad.is 33 ft. 
Siuce the absoliite pressure on the propeller blades is'the depth- of water plus 
the atmospheric pressure on'the surface^ of the water, the -absolute head is 



Pilch ’ral(o 0 =^ 

Fig. 9. — Taylor’s short method for estimating stress. - 

Taking pitch ratio as a = p/d and slip as S, Captmn Eggect worked out an 
expression involving all the factors as follows: 


' rpmc X3 7.3(1 +4h) - 
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101.33 • • ;10i:33 - 
^ oS “ 1.00 X 131 

5 = 0:2M 

^50.5(7.3 X 2) 


= 153 Which is higher than necessary. 


60 a J 50.5(7.3X1.8) 

15 ''0.226 + 0.312, " 


This is morethnn enough morginforaafctyandthereUlittle, it anything, to he gained 
in the way of efficiency by reducing the blade Width iurther. 

Check for strength (see Figs.'O and 10) , ' ' ■ 


The power pet propeUer will be approrimnlely ^ " 2.31 


r 1,040 X 598 ' ' 

^ 100 X IS* 

Y •% (M.W.n.) (B.T.P.)» = 0.00036 for 5,000 psi. , 
?i(0.20)(B.T.F.)’ - 0.00036 

B.T.F. *0.052 ' , ' 

Correct for 5 and ep (see Fig. 3). ' ' ’■ • ■ ■ 

8 corrected = 131 X 0.905 * 130 ' • , 

Cp corrected = 0.695 X 1.00 * 0.695 

Consequently, from an effidoncy standpoint it woxdd be just as well to retain the 
M.W.Il. = 0.25 and B.T.F. = 0.05 and there would be a gain in strength. 

Check for strength. , 

, X = 1.84 ■ ■ ■■ ' 

r » %(0.25)(0.05)» = 0.000416 


Stress approximately 4,000 pai 




PROPULSION SHAPTINO 

BY 

AUSTIN H. CHURCH and J. M. LABBERTON 


Reference: Den Hartog, "MechMucalYibratione," McGraw-Hilt. 

General. Sbafting, being long, is uiTartably made up of several sections, 
which, are fastened together inside the ship by means of conventional flanged 
couplings. The flanges are formed 1^ upsetting the ends of the shafts and 
are, therefore, forged integrally thorewith. Either paralicl bolts with heads 
and a slight clearance between the body of the bolt and the liole may be used, 
or tapered bolts without beads that completely fill the hole. In the latter 
case the two flanges should be reamed and tapered together with a taper of 
54 in. to the foot. This makes an excellent joint but there is no inter- 
changeability. If it is taken down, it should be reamed n gRin , 

Shear stress in the holts should not exceed 8,500 psi for high-speed vessels 
where the material has an ultimate ten- 
sile strength of 120,000 psi, nor should it 
exceed 5,000 pal on merchant ships where 
the material has an ultimate ten^le 
strength of 60,000 psi. In addition to 
shear stresses there are, of course, tension 
stresses due to any bending of the as- 
sembled shafting. The bolt sizes are 

usually fixed by classification society -r.,, , j , j i ,i v 

am.rally th» boll mteml bos »W‘ “"PtaS’ 

the same pliysical characteristics as the shafting. 

A coupling such as shown in Fig. 1 is usually filt^ just inboard of the stern 
tube. Such a coupling will transmit ahead and astern thrust and torque, 
Often it is desirable to pull the stcrn-Uibe shaft out through the stern-tube 


,Line shaft 




Fig. 2. — Outboard shaft coupling. 


bearing in order to make repairs. Tins is much more convenient than taking 
the shaft into the hull and shaft alley and out through the engine room. 
It can be done with the coupling such as shown in Fig. 1. The stem-tube 
shaft has the same diameter all the way through. During astern operation 
the load is taken by a collar hdd in place by bolts as shown. Outside the 
ship where the shaft is exposed to the sea, couplings such as shown in Fig. 2 
are generally used. Note that keys are used across the diameters to prevent 
the shaft sections from pulling out of the tapers when the ship is backing. 
One advantage of this type of coupling Is that it offers less resistance to water 
flow than would a conventional flange coupling. 

1432 
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•where rpmc is fhe predicted rpm at irluch cavitation •ndll stall. It ‘wiW bo 
noted irota thk expreesbu that high pitch ratui,' slip, and diameter lo-wer 
the speed at -which cavitation will start and that the deeper the propeller 
■works in the "water and the -wder the l)lad«,'thfi higher the speed that can be 

attained beiore cKvitation ■will Btart. 

Hub depth is tlie depth considered, for this is the average depth of the 
blades. 

■Strength. To calculate the blade sltessra in -propeUers under conditions 
of load is a complicated and involved procedure. Ho'wever, in order to 
obtain a quick, if not too accurate, estimate of the strength of ft propeller, 

C 



Admiral Taylor drew some curves through points indicating the strength of a 
number of propellers. By means of these curves, it is possiblo to determine 
quickly the maximum complete stress appiroamately. These curves are 
8hownia.Figs. .9 and 10. 

Drafting of Propellers. The object in making a drarving of a propeller 
is to obtain a visual idea as to how it would appear, to obtain clearance dimeu- 
sions^ with , the hull, and ■to fvsmidi the patteM«nak.eT and machinist with 
sufficient information to manufacture the propeller properly. i The drafting 
oi propellers is fairly simple provided that the geometry is thoroughly under- 
stood. There are sever^ methods of dfqncting 'piopeilevs. The one that, 
will now be demonstrated has proved sati^actory in practice. 

Sometimes it is. necessary to incline the blades of, a propeller in order to 
Blear the ship's rudder ot'other stdi, p^'. 'in this event, the surface of n 
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■ stresses. As regards tbe shafting proper, it must ■withstand combined 
to^sional^ bending, and thrust stress. Also the flexural and torsional critical 
speeds must be out of the range of normal operating speeds. Finally the 
classification society rules must be met. 

Torsional stress is caused by the twisting moment, In the case of gcared- 
turbine or electric drive tlio torque is fairly smooth but, in the case of recipro- 
cating'engine drive, steam or di^, the torque pulsates or rises and fails in 



(F) t— — ! 1 

Fiq. 3.— Values of K for shafting driven by rcdprocating steam engines. 

magmtude. Naturally the shaft must •withstand the maximum stress. The 
twisting moment in inch-pounds is 

il/r = ~ X 63.024 X K 
rpm 

where A is a factor depending on the number of cylinders and crank arrange- 
w^ts o/ the reciprocating engine. In the case of gesared-turbine or clectrio 
onve, K is unity. The value of K for various steanwjngine arrangements is 
shown in Pig. 3. If the ihp only is known, a mechanical efficiency of 92 per- 
cent may be assumed, in which case 

,, ihp 
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screw is generated by a alraigM line momg forward at a certain rate, rotating 
about a fixed axis, and indined at a fixed angle to the axis of rotation. In 
most cases, however, the Burface is generated by a straight line moving for- 
ward at a certain rate, rotating eboat a fixed axis, and vertical to the fixed 
Axis. The former is called an Inclined generatrix and the latter a vertical 
generatrix. 

Propellers having a vertical goieratrix will be considered first. Let 
R be the radius of the propellefr, which in this case is unity, In any practical 
case the actual diameter should be used. However, it would he more con- 
venient to continue to consider the even pa-centages of the radius for deter- 
mining the blade sections, as will be demonstrated. Draw radial lines ob, 
oh', etc., forming equal angles at o (Fig, llA). 

N = number of equal angles for a complete circle 
p = jatoh of propdkir 

^ = degrees in each equal angle 

Draw area with, radii of 0.2K, 0.3B, etc. Plot projected form of blade by 
means of proportions given in Fig. 6. 

Projection on ionfiitudtnal Plane (Tig. IIB). Draw axes as before. Draw 
vertical lines spaced p/N apart and letter a, 6, c. etc. Project points of 
intersection of projected form with the radial lines of Fig, Ui. over to Fig. 
U£. The points where these proiccUon lines intersect corresponding lettered 
lines are points of longitudinal projected form ns shown on Fig. 11£. 

Plan (Fig, llC). Dr&w axis a, oi. Draw horizontal lines spaced p/N 
apart, and letter 6, b', etc. Project points of Intereeotion of radial lines with 
arcs 0,2B, 0.3B, etc. (Figs. IIA to llC). The intersections of these projeo- 
^on lines and the corresponding horizontal lettered lines (Fig. UC) are 
points of helices, 0.2B, 0.3B, etc. Project pmnts of intersection of projected 
form with arcs (Figs. U,A to llC). The intersections of these projection 
lines and the coTresponding lettered helices are points of plan projected form 
as shown in Fig. llC. 

Dmloped Fom (Fig. IIX). Take any ate as 0.6B and draw a horizontal 
line BC through its interseelion with the projeotod form. Extend this line 
to the longitudinal section (Pig. IIB) and obtain BD. Transfer BD to the 
alhwartship elevation (Rg. HjI) to axis «a. Draw DC. "With DC aa a 
radius and B as a center, draw an arc interaeoting BC projected. This 
intersection is a point on the developed form, B, 

In the case of the inclined generatrix the procedure is exactly the same 
except that in the longitudinal devatiou the lines o, 6, c, d, etc., are inclined 
to the right or left, as the case may he, at the proper angle but spaced apart 
horizontally a distance equal to p/N. Correction must be made for this 
inclination in the plan vicwl^indiDing, from which f3.2B, 0.4B, O.QJi, etc,, are 
drawn. 

Blade Sections, In the case of an ogival blade the section is formed 
by a straight line and an arc; in the case of a streamlined blade, by a series of 
curves. For the sake of ampfidty, consider an ogival section as shown in 
Fig. 11.4, hut bear in mind that this section can be replaced by a streamlined 
one. In any case, the length of the Wade ewtion is 

, Length - ^Jfciicunifereoce)* + (pitch)® X 
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In the case of dieeel engines mth direct'drlve, the following values of K 
should be used. ' 

Mr K X 50,420 X K (attached auiiliariea) 
Mt = X 53,867 X K {indepondent auxiliaries) 

ipm 



Cylinders 

Value of K 


1 1 

17 


4 

2,3 

4>c>'de nn^e-aeting 

6 1 

l.t 


10 

1.24 


12 

1.15 


2 

3.48 

2-oycie single-acting 


2.10 


' ^ 1 

1,15 . 

4-oycU double-acting 

' 2 i 

3 

1.38 

1.15 


Calculafton of Strmes. The line shaft is subjected to three primary 
stresses which act simultaneously: (I) torsion, due to the driver /<■ (2) direct 
compression, due to the propeller thrust ft, and (3) bending, due to its own 
weight, fi,. 

A more effective use of the material for bending and torsional strength 
from a weight standpoint may be obtained by using a hollow shaft. For this 
reason propulsion shafting is often made hollow with the iusido diameter 
about 60 percent of the ou^dc. 

The transmitted torque, Mt, in inch-pounds will induce a torsion or shear 
atieaa of mnguitwic 


UMtD 
f>< - d» 

where D = outside diameter of the shaft, in. 

d = inside diameter, in. If tdie shaft is solid, d equals zero. 

The propeller thrust, T lb, may be found from the equation 

r = 

(x-av 

where ehp = effective horsepower 

t — tbrusUdedudion coeffiriemt (see p. 1419) 

7 = speed of the sl%, knots 

The action of this thrust may produce a column effect in the shaft, particularly 
if the ratio of bearing spaa to shaft diameter is large. This is included in the 
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■'The angle is at o between radii throi^ the intereeotion of the projected 
form and the arc at the radius at which the blade section is to be determined. 
Caloulate the length as outlined above, project over to the longituditval 
section to o btain the blade thickness at that pwnt, and the section is known. 

Noise. Propeller noise is usually caused by the propeller tips being too 
close to the hull, which causes the hull to ^dbrate, or by the leading edges 
of the blade being too blunt. Propeller Undo tips in general should not swing 
within 24 in. of the hull plating. Also, too few blades sometimes are the 
cause of synchronous vibrations. The greater the number of blades, the 
greater the frequency at given rptn (seo p. 1436). 

Bad propeller whine, or "singing,” has been cured merely by sharpening 
the leading edges of tiie blades. 

Weights. A quick approxiination of propeller weight can bo determined 
from the expression 

Weight, Ih = Kd’(M.W.R.)(B.'r.F,) 

where K » 345 for three blades 
K « 460 for four blades 

Radius of gj-ration w 0.21d 

where d « diameter, ft. 

The above values of K arc for bronze propellers. If another msterial is 
used, correction must be made !or the density. 

Backing of PtopeUeta. In the case of any propeller, the thrust is a 
function of the torque. The exact relationship is uncertain but model-basin 
teats indicate that when propelling forward, the driving being done by the 
lace of the blades, 

= 8 approx 

But when revolving backward, the driving Wng done by the backs of the 
blades, 

= 5;5 Dpprox 

where C = torque, Ih-ft 

When a ship is proceeding forward with the propeller operating normally, 
driving is done by the. face of the propeller blades and there is slip. If the 
torque on the propeller is reversed, the slip first goes to zero. IVhile going 
to zero, the thrust is still forward until the dip reaches zero at which instant 
the thrust is zero. This is the normal forward operation of a propeller. 

This is followed by a second period during which the slip becomes negative 
and gradually increases negatively, until the rpm is zero. During this period 
the thrust has reversed although the propeller continues to turn in the forward 
direction. At approximately the point of zero rpm erratic behavior of both 
torque and thrust may be expected. This may be due to a cavitation phe- 
nomenon but it is not certain. In any event, the propeller at this instant is 
• ■ "^^ged through the water by the ship and the effect is as if the propeller 
> an appendage fastened fcmly to the stern, 

'.ea a third period or phaso of operation be^s when the propeller, owing 
e reverse torque, starts to turn or revolve in reverse and then increases 
.u until the ship comes to rest in the water mid is traveling at zero knots. 
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equation - ' 

rr i6L»- • 


25,000(5* +d*) 


where .A = crob-secfcional area of the shaft, sq in. 

Xr = distance between the bearing contcra, in. 

" Since th'e shaft is supported on many bearing, the'bcnding action is similar 
to that of a uniformly loaded continuous beam, and the bending momenta 
should be calculated on that basis. However, it is generally sufficiently 
accurate to treat ea'ch span as though it were a beam wth fixed ends and a 
distributed load. The distribute load is that due to the weight of the shaft. 
On this latter basis, the maximum bending stress is given by the equation 

, 0.849k>L*Z) 

D*~d* 

where to = shaft weight per in. of length, lb 

These primary stresses may be combined to obtain the resultant shear and 
oompressiTe stresses by the standard formulas 

/.' = m +7.) + H Vv. 

Generally there is no bearing placed aft of the propeller. In such oases 
this section is overhung and a cantilever action takes place. The bending 
stress'ls then due to the weight of the propeller itself plus the distributed 
weight of the overhung shaft. The bending moment, when the ship is lying 
idle in calm water, is the weight of the propeller with ite nut, etc., multiplied 
by the shaft length from the after-strut bearing to the propcller-aasemhly 
center of gravity plus the relatively slight moment due to the stub end of the 
shaft weight. 

When the-ehlp is at sea under storm conditions, there will be additional 
inertia stresses due to the sudden accelerations and decelerations as the ship 
pitches and yaws. Since it is impossible to predict the exact magnitude of 
these stresses, it is common practice to design by doubling the bending 
moment due to the propeller assembly weight alone, i.e., let the moment 
Hfs = 2Pi£i where Fi is the impeller assembly weight and L\ is the distance 
from the after-strut bearing to the center of gravity of the propeller assembly 
in inches. ■ 

The primary stresses, which can be combined aS noted for the previous 
case, become 


^ IQ.2MbD 
~ D‘ - 


0.7854(5* - d») 

5.1Jfr5 

5« 
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A fourth period or final phase of operation begins when the ship starts to 
back or make steraway. Itris continues untii a steady state of- ship-speed 
astern, and astern or reverse rpm is att^ed. 

These four 'phases may be summariaed as follows: 

1. Negative torque; positive .rpm; positive knots; positive slip; potitive 
thrust. Ending in sero slip. 

2. Negative .torque; positive'tpm; positive knots; negative slip; nega^ 
tive thrust; '■ Ending in zero rpm. 

3. Negative torque; negative rpm; potiUve knots; negative slip; negative 
thrust. Ending in zero knots. 

4. Negative torque; negative rpm; negative knots; negative slip; nega- 
tive thrust. Ending in a fixed backing 6pe«l. 

In a manner sinnlar to that in rriutdi Bu = ~ y j f shown to hold con- 
stant for any value of Hd/V, it can be shown that is constant as well 

as Q/V*d’ is constant. This bang true, a model propeller of the proper 



proportions can be run in reverse in a water tunnel and the data from this 
test plotted as shown in Tig. 12. This curve'ean then be used to dotermino 
the thrust and torque at a pven speed of motion backward through the water 
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It has been observed that for some ships there is a rise and fail in the torque 
on the propeller shaft due to the proriinity of the propeller blades to the bull 
of the ship. For ordinary dearances encountered in present-day design 
this pulsating torque eimoants to approximately 7}4 percent of the average 
torque carried by shaft in ships having a rounded stern. For propellers 
operating closely behind a strut or skeg, tUs pulsation may amount to 15 per- 
cent of the mean torque. 

Stress Concenlraiion, So far no mention has been made of increased stresses 
due to stress concentration brouidit about by atnall-radii fillets at points whore 
the shaft section changes, as, for instance, where flanges are made for cou- 
plings. Methods for allowing for this are shown on p. 420. The greater 
the change in diameter and the smaller the radius of the fillet, the greater the, 
concentration of the stress at the point of the fillet, amounting to as much 
as five times the stress in other parts of the member, 

Bearings. There must be bearings both inside the hull and outside 
exposed to the sea. The bearings inside are usually oil-ring-lubricated and 
babbit-lined sucli as are used on most slow-epeed industrial rotatingapp aratus 
(see p. 873). 

The bearings outride the hull are lubricated by the water that surrounds 
them and goes through them. The forward stern-tube bearing receives its 
lubricating water usually from the general service pump in the ship ; however, 
sometimes, the packing gland is loosened and water is permitted to flow In 
from the sea through the beariog, this water later being discharged overboard 
by the bilge pumps. The bearing consists of longitudinal strips of wood 
(lignum vitae blocks with grain on edge) driven into grooves, rubber-bearing 
surfaces vulcanized to brass hacking strips whicii are driven into the grooves, 
or phenolic composition blocks made up of cloth and plastic driven into the 
grooves. The friction losses in these barings arc negligible. 

One virtue claimed for the rubber is that if sand or small stones are drawn 
into the bearing, the rubber wll flex and the foreign matter will roD right out| 
in the case of wood or fabric-plastic, the stones would become embedded and 
score the shaft. 

Thrust bearings are mounted just aft of the en^ne in a separate casmg on 
reciprocating-engine drive; in the case of geared-turbine drive, they are in 
the gear box (ace p. 1444). The horseshoe type is rarely used except on old 
installations, having been superseded by the Kingsbury or Miohcll type. 
Constructional details and operational characteristics of these bearings are 
•sJnvwn yn p. 

Torsional Vibration. After the moving masses and the interconnecting 
shafts of a marine drive have been tentatively designed, it is necessary to 
determine the natural torrional frequencies of the system. The frequencies 
of the disturbing impulses imposed rither by tbe propeller (number of blades 
times the propeller rpm) or the driving en^c should not equal the natural 
frequency or whole multiples of it. If this precaution is not observed, res- 
onant conditions may develop which will cause severe strains on the system, 
shock loading on the gear teeth, or fatigue failures of the shafting. If 
resonance seems probaWe, the rises of the variou-s parts should be altered to 
avoid this condition. 

In determining the natural irequendcs of wbration, the positions of the 
nodes may also be located. Frequently the drive is designed to secure a 
nodal drive, i.e., have a node located at the gear. This will reduce the 
dynamic impulses on the gear teeth due to tbe vibration. 
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i e BX. This point X is called tho quotient, A divided by B, and is de- 
noted .by A/B (where B 9 ^ 0). Hjub, tho point A/B is a point whose angla 
is the angle of A minus the angle of Ji, and whoso distance is the distance of 
A divided by the distance of B, The point JJjB (B 7 ^ 0) is called tho 
reciprocal of tho point B, and 13 denoted by 1/B. {SoeFig.S.) 'Withtheso 
definitions of AB aad AJB tho olcmentary laws of multiplication and division 
that hold in the algebra of real numbers hold also in tho algebra of complex 
quantities. In particular, the point 17 has all tho formnl 
properties of tho number unity, and ia denoted by 1. 

(Note: If A and B ore real, AB and AfB trill also bo real,] 

Repeated Multiplication. Powers and Soots. The 
point AXiXAX. . . XAton factors is called tho 
nth power of A and is denoted by A" (Hg. 6). Conversely, 
if any point A (not 0) and any positive integer n are given, 
there will be n distinct points X such that X“ = A\ each of 
these points is called an nth root of A, someone of them, piQ, 5 _ 
usually the one with tho smallest positive angle, being de- 
noted by Va or Thus, the point \/a 
is a point whose distance is the nth root of thodis- 
tance of A, and whoso angle is 1/nth of tho angle 
of A. All the nth roots of A will lio on tho cir- 
oumference of a circle about 0 aa center, and will 
diride that circumferonco into n equal parts (Fig. 

7). Every point A (not 0) has two equate roots, 
three cube roots, etc. Honco tho theorem “If A* 
a B" then A = B” does not hold in this algebra, 
and the ordinary rules for radical signs must bo 
applied with cautiom For oxam plo, if A and B 
are po sitive reals, V ~ A-V" -- B « - ->/Jb and 
not V(- A),(- B), which would give + Vab; 




[Note: If A is real and positive, Va will bo real and 
positive; if A is real and negative, VX will bo real it n 
ia odd and imaginary if n is even.) 

Properties of i. Tho point i is the point whoso dis- 
tance is 1 and whose angle is 90 deg. It follows from 
the definition above that multiplying any point A by 
i has the effect of rotating the point through an 
angle of 90® without changii^ its distance from 0. 
In particular. 



Fro. 7. 


i* = - 1, - 1, = 1, 1'fi s= {, Etc.; i = V- 

- ( = _ V -l; where "1” denotes not thonujnhcr 
One, but tho point XJ. 

Similarly, multiplying any point A by - 1 has tho 
effect of rotating the point throu^ 180 deg. 

First Standard Form for a Complex Quantity 
(Fig. 8). Any point A can bo, expressed in the form 
^ + iy, where a: and y are real points. For example, 
the three cube roots of 1 are 1, -f and 

-H-HiVa. 



Fiq. 8. 
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In general, (*i + t»i) + (*» + t»s) = (aa + sj) + i(i/i + Vt) ! 

(zi + tyi)(*j + = (SWS - ViVi) + ’ 

ri +% xiXj +yiift . Xiyi - xiyt . 
xj + iyj + itt* I 2 ’ + 1/s* 

If two comples quantities ate equal, thdr rod ports must be equal, and tbe 
coefficients of tbait pure 1100^081/ parts must also be equal. That is, if 
Si + iyi = sj + ips.thensi = uandyi = yt. Tbusasingleequation between 
complex quantities ig equivalent to two equations between real quantities. 

Conjugate Imaginaries. Two points A = i + ty and 5 = r - iy are 
called conjugate imaginarioa. Two sudi points ore symmetrically situated 
with regard to the axis of teds. The sum and product of two conjugate 
imaginaries wiil be reai. 

SwondBtandardTormforftCompleiQuantity. Since® =rco3^and 
y~rmv, any point A = i + iy can be expressed A = r (cos v + i sin f)> 
where r is real and positive (namely, the distance of A), and ip is real 
(namely the angle of A). For example, lie three cube roots of I are 1, 
008 120® +i sin 120®, and cos 240® +t8in 240®. In general, 

[n (cos vi+* sin ^si)] [rj(co3 <»+i8in9j}i=nnl(co3 (91+w) sin («>i+P!)I; 

Ir(oo8v +f8in^)]® - T"lco8(n^) + tsia(n¥>)){D6 Moivee’s Theorem). 

The Exponential Function, e-*, or exp A, of any point A »® + iy is defined 
as the point whose distance is e* and whose angle (moasured in radians) is i/> 
That is, e*'*'^*' » e*(co3 y + » Bin y). Here «* means the ordinary expo- 
nentfal function of the real quantity i, where e = 2.7Ig, 

From this definition, the usual formal laws of exponents can be deduced; 
a (e't)'* a c*'^ s l/e'^; e* *> e, e* “ !• 

The function is a periodio function with a pure imaginary period 2n} 
that is,e’^±*^‘ « e^, where k is any positive integer. 

If A is made to move along a line parallel to the axis of reals [or axis of pure 
imsginaries], the corresponding pointed will move along a straight line through 
0 [or along a circle about 0 as center]. 

Properties of eb*. The point s'* is a point whose distance is 1 and whose 
angle is <p. It follows from the definitions above that multiplying any 
point A by e'^ has the effect of rotating the point through an 
angle without changing its distance from 0. In particular, e”^ = “ 1, 
e~" - - ll » i; » -li «=" . 1. 

Third Standard Form few a Comples Quantity. Any point A can be 
expressed in the form A = re''’» where r is the distance and tp the angle of the 
point. Forexamplopthethieecuberootsoflore Ingeneral, 

(nc^')(r>’) = (wv)" = (r’‘)e'T 

If * + iy » re*®', then r = Vi^ +y*, an « « — , cos^ = — , tanp = — • 
r r X 

If two complex quantities are equal, their datances will be equal, and their 
angles will differ at most by some m ultipl e of 2v. Thus, if neb'' _ 
then n = rj and vi = ¥>1 or vs i fc2*-. Here again a single equation between 
complex quantities is equivalent to two equations between real quantities. 
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Equivalent Systems. Many marine systems employ gears between the 
driver and propeller so that eacl^ may operate at its most efficient speed. 
Since the frequency calculation is based upon the energies stored in the masses 
and shafts and since these are proportional to the square of the speedy of 
rotation, it is necessary to correct thfl actmil values of inertia and spring 
scale to that of an equivalent system operating at an equivalent speed 
(usually that of the propeller). The equations for conversion are 


Equivalent spring scale, fco, = fc»ct 
Equivalent inertia, = hti 


( actual speed 
equivalent speod/ 
/ actual speed 
\cquivalent speed/ 


The inertia of a moss may be found by summing up the product of the 
weight and the radius of gyration squared of each of the component parts and 
dividing the result by g, the acceleration of gravity. Tlieso values are 
generally furnished by the manufacturer of the part concerned. The actual 
inertia of the propeller is usually increased by 20 percent to allow for the 
entrained water which must move with it. The inertia of.tbe shaft is gen- 
erally accounted lor by taldng onc-tlurd of it and considering this to act 
with the adjacent mass. It can bo shown that this procedure is theoretically 
correct. 


The shaft-spring scale between the masses is given by fc ■ ^ where 

0 is the shearing modulus of elastidty of the material [12,000,000 for steel) , 
£«,} is the equivalent length of the shaft in inches liaving an equivalent 
diameter d*, in. Since the shafts are alwajrs stepped, it is convenient to refer 
the various lengths and diameters to one equiv^ont diameter (usually 1 in.) 
before tlio spring scale is found. The corresponding equivalent len^h, Le^, 
is one that will give the same deflection for a ^ven torque as the actual shafi 


Thus to determine the equivalent length of shaft. Ltd “ i-ict 


/d«V • 

I ~ — 1 or i: 


if the 


equivalent shaft diameter is 1 in.,Ln, = Loct/daet*. The sum of the equivalent 
lengths between the masses is used in the spiing-^cale equation given above. 
The equivaient length oi tranlidhaSts w pven on p. 5V4. 

Frequency Determination. If the system can be approximated by two 
or three masses connected by shafts, the frequencies may be found by the 
equations given on pp. 613 and 514. Generally such approximations are 
avoided for the final determination, the frequencies, nodes, and amplitudes 
being calculated in tabular iorin by the Holaer method (Holzer, “ Die Bcrech- 
nung der Drehschwingungen!’). 

The Holzer method is based upon the principle that, at the naturol fre- 
quency, the inertia and elastic Wiques the system are in equilibrium; 
I.C., the sum of the inertia torques of the system equals zero when it is vibrat- 
ing at the natural frequency. If It, U, e^, are the mass moments of inertia 
of the various masses, Pa, etc., are the corresponding maximum ampfitudes 
of these masses, and a; is the natural frequency in radians per second, then 
{li^i + Z 5 /S 2 + etc.)u2 == 0. The amplitude of an end mass is assumed to be 
1 raifian, and the other amplitudes are found in relation to this amplitude by 
'considering the inertia and elastic torques; thus ~ where 
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If the helix angle is considered and the approximate profile error is known, 
the second method may be used. 

Q,05F(fi+£CcO3»i^)cosi^ 

O.OSr + (Pj + LC cos* ‘ 

where C is a factor dependent upon the tooth form, materials, and'is directly 
proportional to the error. For a steel pinion and gear with an error of 
0,001 in-.^ia l',600 for IdH-deg teeth, 1,660 for 20-deg fuU-depth teeth, and 


Table 1. Values of Form Factor y Based on Virtual Number of Teetli 


F, 

1416 de^, composite 
aod invduto 

20 deg, (uU depth 

20-deg stub 

12 

0,113 

0.132 

0.158 

!3 

0.120 

0.141 

0,164 

M 

0.127 

0.149 

0.172 

IS 

0.132 

0.156 

0.177 

16 

o.w 

0.160 

0.184 

17 

0.142 

0.163 

0.187 

16 

0.146 

0.166 

0.192 

19 

<3.150 

0.170 

o.m 

20 

0,153 

0.173 

0.200 

22 

0.158 

0.178 

•0,206 

24 

0.162 

0.182 

' 0.211 

26 

0.166 

0.187 

0.216 

2S 

0.170 

0.190 

0.219 • 

30 

0.172 

0.193 

0.222 

34 

0.176 

0.200 

0,227 

' 38 

0.180 

0.287 

■■ 0.232 

43 

0.183 

0.214 

- 0,235 

50 

0.187 

0.221 

0,241 

60 

o.wz 

0.227 

0.246 

75 

0.195 

0.234 

0.252 

100 

0.198 

Q.24I 

0.257 

150 

0.202 

0.218. 

0.264 

3(10 • 

C,207 

Q.25S 

0.272 " 


C,2J0 

0.262 

0.289 


1,720 for 2&-deg stub teeth. As noted above, C is directly proportional to the 
error. The maximum error to he expected for hobbed and ground teeth is 
a function of the tooth size and is approximately: 


Diametral pitch... 

1 

1 

2 

' ^ 'i 

4' 

5 

6 and finer 

Mj« error, fa,... 

1 0.0012 

0.0010 

0.0008 . 

.O.m? 

Q.om ^ 



To avoid surface fatigue Mur«, the ability of teeth to wear well should 
also be investigated. The limiting load for wear is 


Fu =DpLKQIm*^ 
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iti is the torsional spring scale'betweon oiass^ h and h. A frequency u is 
assumed that will satisfy the above bame eqn&tion, end tho various amplitudes 
calculated. If tho assumed frequency is not correct, the torque summation 
will not equal zero, and another assumption ihust be made. Thus the solu- 
tion is a trial-and-error one and can be worked best in tabular form. After 
the correct frequency is found; the amplitudes 0 may he plotted at the various 
masses to locate the nodes. The process is best illustrated by an example, 

Example.' Consider a fonr-cyh'Dder Tnnn'no diesel ciigiiie with a dywheel driving a 
propeller as shown achcmaUcelly in Fig. 4o. The values of tho inertias and spring scales 
of the siiafta-arc given on' the figure. A nrcular frequency of 24,5 radians per sec is 
assumed (u’ “ 600) and Table 1 ie set up. 

The inertias are listed in the second column and are multiplied by the constant value 
of which is 600, in the third. The spring constants of the shafts are listed in the 


Nywheet Propeller. 

- h « h 



seventh column. Mass I is assumed to have an amplitude of 1 radian (top line of 
fourth column) , hence the inertia torque of this luoffl is or 2.40(10}°. Dividing 
this by the spring constant fa of 800(10)* gives the shaft deflection between masses 1 and 
2 (top line of last column). U this value d 0.003 ra^an is subtracted from 0i. the value 
of which is 0.997 radian is obtained (second line of fourth column). The consequent 
inertia torque of mass 2 is or 2.39(10)*. The total torque acting on the shaft 
between massea2aiid3iBtheBumof theinfflUatorqura of masses 1 and 2 since they act 
simultaneously in the same direction. This value is 4.79(10)* as given in the second line 
of the sixth column. The deflection in the latta shaft is calculated, and the amplitude 
,of mass 3 found. The process eonUnues in this manner until the last mass (propeller) 
is reached. The algebraic sum of the inertia torques for the whole system should equal 
zero. 

In the esamplo, the lemninderis —0.03(10)* which is negligibly small com- 
pared to the torques involved', Snee this is so, the assumed frequency must 
be the correct one, arid the' first natural frequency is 24.5 X'60/27r = 234 
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where Q = 2N,/(,Nt + -Vj) 

Ni and Np - numbers of terth on gear and plmon, respectively 

K ~ factor based upon the profile shape, materia!, surface hardness, 
and surface endurance limit (see Table 2) 

lithe original Briuell number of the gear is less than 180, it may be assumed 
that it will be increased to that value by the work-hardening effect of the 
pinion. , 

To secure satisfactory operation of the gears, the load acting on the teeth 
including the dynamic effects, Fa, must be less than the endurance strength, 
F„ and wearing ability! F*v 


Table 2. Values of Coefficient K 


Brjnell No. 
of pinion 

Brinell No. 

Kfor 

14J4-dcg teeth 

Kfor 

20-dcg teeth 

130 

150 

! 30 

1 41 

200 

150 

43 

58 

250 

150 

1 50 

1 79 


200 

1 58 

79 

230 

200 

1 76 

1 103 

300 

200 

1 96 

131 


Example. To check the design of the first reduction gear! connected to the high* 
preaeure turbine. Data: power 4.250 hp; pinion speed 4.OC0 rpm; gear speed 043 rpm) 
solid pinion diameter Dp = 9.5 in.; gear diameter Dp = 73.33 in,; pinion has two bear- 
ings ^ih a lli-ia. gap between the helices; number of pinion teeth » 57; number of 
gear teeth Np » 440; 20-deg stub teeth: Brinell number of pinion teeth “ 226, of gear 
teeth ■ 175; nOTmal diametral pitch Pia = 7; diametral pilch Pi ■ 6; helix angle 
^ SI deg; active face width L « 20 in. 

Factors of numbers of teeth: 

Gear. 2» X 6 X 11 » 440 teeth 

Jmion, 3 X 19 - 57 teeth 

Since there are no common factors, the numbeis of teeth are satisfactory. 

iaffroJ Dejfeclfon; 

i + gap 20 4- 1.5 

— p — = — ^ — ’ = 2.26 (less than 2,5, ao satisfactory) 

rmionol Dejledion: 

0.013 hpL 0,013 X 4,250 X 20 „ , 

I = — — = — 4 960 X 9 6* — * 0'00026in. (IttathanO.OOlm.iSOBatisfactory) 


Pilch iine Speed; 

rDn *9.5 X 4.960 *73.33 X 643 

^ “ IT “ 12 “ 12 


12,330 fpm 


33,000 hp 33.000 X 4.250 


11,370 Ib 
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cycles per min.- The values of the lelative amplitude of the various masses 
as found in the fourth column are plotted on Fig. ib. The node is located 
at the point of zero amplitude between masses 6 and 6. Its axial position is 
proportional to the amplitud«58 and distance between the masses. 


Table 1 

(Afisume u* => GOO) 


Item 


■ 




k 

j Sl«j» 

' 

4,000 

2,4(TO« 

\.m 

2.40t10P 


BdOdOy 

0.003 


4.(M 


0.W7 

- 

4.W(Wf‘ 




4,000 

2,4fl01« 

0.991 

2.3«10)‘ 

7.17(I0)« 

600(i0)‘ 



4,000 

2,4 I0» 

0.982 

2.36(l0i‘ 

9.53^i0i‘ 

suuiioj* 



80,000 

43,oao)« 

0.970 

.46.56(I0)« 

56.0^10)* 


2.604 

,6 

SNOOD 

J0,6(10)> 

-1.^ 

-56.12(10)* 

-0.03(10)' 




If the propeller of the example just given runs at 100 rpm and has three 
blades, the shafting -will receive 3 X 100 or 300 impulses per min from it. 
As the diesel is a four»cycle engine, it will give the shaft 2 impulses per revolu- 
tion or 200 impulses per min. Tlie natural frequency of 234 cycles per min 
is about 28 percent below the number of propeller impulses, but only about 
17 percent above the number of cnone impuiecs- ' It would, therefore, be 
advisable to reduce the mass inertias or sti/Tcn the shafts sliglrily to raise the 
natural frequency to about 250 cycles per min in this case. 

If higher frequencies are assumed, it will be found tlrat the torque summa- 
tion may again bo made equal to zero. These aro tho higher natural modes 
of vibration and we distinguished by the number of nodes, each mode having 
on equal number of nodes. They are of decreasing severity in amplitude but 
should be investigated to ensure safe operation. 

Branch systems having high- and low-pressure turbines connected to a 
common propeller shaft through reduction gears arc handled in a similar 
manner with the added condition that both branches must have the same 
amplitude at the bull gear (ace Den Hartog, “Mechanical Vibratione," 
p. 236). 

Lateral Vibration. In addition to the toTmoual -vibrations just con- 
sidered, lateral vibrations or critical speeds in which the shaft center line 
vibrates radially may occur in the shafting. If the operating and critical 
speeds are close together, a resonant condition will result. Tlien severe 
dynamic forces will be transmitted through the bearings to the hull, and the 
shafting system is subjected to strains. Hence it should be avoided. 

The basic principfes are covered on pp. 514 to 620 and so are not repeated 
here, 

The shafting between tlie gears or driver and the stern-tube bearing is 
made so stiff from a stress standpoint that there is no danger of lateral- 
vibration trouble there. However, from, the riism-tiihe, heaxmg -to tt.e 
peller, there may be considerable deflection and a possibility of -vibration. 

The procedure for determining the critical speed of this section follows 
that outlined on pp. 614 and 520. The shaft weight is approximated by a 
Series of concentrated loads along its length, and the static deflection curve of 
shaft center line is calculated or approrimated. It should be noted that 
fot the lowest natural frequency the portions of tho shaft k adjacent spans 
Will deflect in opposite diiections. Forward of the stern-tube bearing, tho 
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Tooth Loadings: 


Ft 

lVd, 


p . 

— — c= — - — — ca 69.8 (less than 60, so satisfaotorj') 
Lop 20 X 0.5 

' = 184 (less than IfiO to 226, so satiafactorj’) 

20 X O.0S3 


K FaUorl 


440 _ 

Speed ratio =* “ >= 7.71 • 


R 

(B + 1) 8.71 

1U70 


X,D,R/(R + i) 20 X 9.6 X 0.885 ■ 


= 0.885 

67.6 (within Bale range) 


Bndurance 5<rengih o/ Tstik: 

For pinion: Virtual number of teeth, N, <= N/toi* >1' »» 57/0.857* = 90.5. y = 0.265 
(from Table 1). pn » v/Pin = ir/7 =» 0.449 in. 

SI = 225 X 250 = 56.000 pst 
F, »= 0.755(p^I(i/ oog 

= 0.75 X 60,000 X 0.449 X 20 X 0.255 X 0.857 =■ 82.900 lb 


For gear: Virtual number of teeth, Nv " W/cos’ it •• 440/0,857’ « 699, y = 0.276 
(Irom Table 1), 

S{ - 175 X 260 = 43.750 psi 
Ft " 0.76 sipnLy cos i 

» 0.76 X 43.760 X 0.449 X 20 X 0.276 X 0.857 - 69,800 lb 


Dynmie Load on 


78 4- Vf 78 + 111 

Fi =» ' Ft = — ^ X 1U70 « 27,660 lb 


Assuming an error in the proEle of 0.0005 in., tho corresponding value of C for stub tcetl 
is H X 1720 - 860. 


0.05V(Fi + LC cos* it) CO* it , jj, 

“0.05r + (Pj4-iCco5»it)^ 

0,05 X 12.yj0(n.g70 + 20 x seo X Q.857*)0.867 
0.05 X 12,330 + (11,370 + 20 X 860 X 0.857*) + 
= 16,430 + 11,370 = 27^00 lb - 


Limiting "WtarLoai on Teeth; 


Q = 
F„ = 


2Nf 

DyLKQ _ 
cos*f 


440 + 57 

9.6 X 20 X 79 X 1.77 


79 (from Table 2) 
= 86,200 lb 


Since the strength and wear loads are both greater than the dynamic toad on the teeth, 
the pair of gears will be satisfactory. 
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deflection may be assumed aero; tho end condition at the stern-tube bear- 
ing is “6xed.” 

The values of the concentrated w^hts, Wi, etc., and the corresponding 
deflections j/i, i;:, etc., are substituted iu Eq. (32) , p. 515, which is 


N - 1P.7 7 \ ^ 

‘ ' ’ W\yi* + + etc. 

to determine the critical speed. AU deflections arc considered to be positive 
in this substitution; t.e., the agn of the deflection is neglected. For safe 
operation, the critical speed shoiUd be 10 to 20 percent away from the operat- 
ing speed. 

Hull Vibration Due to Propeller. Owing to the pulsating torque 
previously mentioned, there will bo a pulsating thrust on the propeller shaft. 
If this pulsating-thrust frequoJcy approaches or coincides with the natural 
frequency of tlie hull, a hull vibration will be set up that may break the 
piping and cause general annoyance. If the natural frequency of the hull 
can bo predetermined, this condition may be avoided. In general, attempts 
to stiffen up the liuQ when tlds couditiou arises have been unsuccessful. 
Changi&g the number of blades on the propeller seems to be the most practical 
solution. Sometimes it is necessary to have as many as Eve blades on the 
propeller, 
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CENERAL 

Deck machinery for merchant vessds as discussed here includes windlasses, 
cargo winches, mooring wmchcs, capstans, and steering engines. It should 
receive the most careful attention from the designer because it plays a key 
role in the security, maneuTeraMity, and earning capacity of the vessel 
throughout her career. One of the most fertile fields for development of 
original design is in cargo-handling nmclunery. Present methods are time- 
tried and well proven, but little in the way of new developments has come 
forward for years except the change from steam to electric power, 

Upon the windlass falls the duty of handling the vessel’s anchors with 
unfailing dependability. It is located in the most exposed part of the vessel 
and, like other deck machinery, generally receives a minimum amount of 
care. Its failure at an inopportune time may cause loss of the vessel or 
serious delay in her schedule. 

The cargo winches play a key role in the over-all efficiency of the vessel in 
loading and dischariong cargo. Any improvement in design and reliability 
will he reflected in aubataatial saving to the owners over a period of years, 
owing to the increased effimency of cargo handling and shortening of the time 
in port. 

Capstans and mooring winches play a less important role, yet they must 
bo carefully designed and well made because, when they are in use, the vessel 
is in crowded waters being docked or undocked, and failure must not occur, 

The steering engine plays a critical part in the operation of the vessel from 
the time her voyage begins until it terminates. Countless vessels have been 
lost or badly damaged from failure of the steering machinery. Wartime 
hasards from air and underwater attack place the highest premium on rapid 
and positive steering. Steering machinery must receive the most critioal 
attention in its basic design. It cannot be overemphasised that it is of the 
highest importance in the over-all design and future operation of the vessel. 

Many general requirements must be met in the design of all deck maohinery. 
The basic design must conform to all the rules set forth by the U.S. Coast 
Guard, Bureau of Marine Inspection, and the American Bureau of Shipping. 
The latter body publishes annually ito volume, entitled “ Rules for the Clasa- 
fication and Construction of Steel Vessels." This volume, as well as all 
other pertinent rules, should be ossiduous^ studied the designer. Before 
starting design of deck machinery, its requirements must be established. 
Various factors to consider indude the following, which should be given care- 
ful attention: 


1. Reliability 

2. Ruggedness and simplicity 

3. Accessibility of all parts 

4. Economy of operation 

5. Quietness of operation 

6. Lubrication and maintenance 

7. Weatherproofing 

8. Interchangeability of parts and 
motors with other ma^nery on 
board the ship 


9. Adequacy of spare parte list 

10. Ease of repair 

11. Weight 

12. Cost 

13. National defense features 

14. Guarding of moving parts 

15. Protecrion from sabotage 



MARINE REDUCTION CEARS 

BY 

AUSTIN H. CHURCH 

Refebekces: Buckingham, " Manual of Goar Deaign,” Industrial Press. Waller and 
Peterson, Chap. 8, in‘‘Ma:ineEnpneeting,’‘8oc.NaT.Arch,nndMar.BngTS. Gearing, 
]]p. 616 to S29 of this handbook, 

Siace the operating speeds of modem steam-turbine or diesel drives ai'O 
greater than the propeller speeds, it is necessniy to employ reduction gears 
between the driver and the propeller line shaft. Marine reduction gears 



C ■ ^ D 

Flo. 1.— Typical marine doublc«reductioa gew arrangements for use with 
cross-compound tiu-binee. A, nested typo; B, '^ctory ship nested type; 
C, three-case or articulated type; and D, lo<^-tr^ type. 

are always of the double-heluc type. They are either single- or double- 
reduction, depending upon the speed ratio required. The maiimum reduc- 
tion ordinarily obtained rrith a angle pair of genre ie 10;1 or 12:1. When 
greater ratios are required a double-reduction train is used. 
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ANCHOR WINDLASS 

\ - ANCHOR. WINDUSS ' , 

Definitioii. ■ A’ ship’s ■mndless is -a power-operated device to hoist the 
anchors, drop them when desired,' and to veer chain as required. It has a 
secondary function to handle lines and warps when the vessel is docking or- 
undocking, which is done by means of drums or warping heads on extensions 
of one or niore of its shafts,’ . 

Requirements. The windlass must be able to perform several operations : 

1. Drop both anchors together or independently by using the brakes. 

2. Slack out both anchors together by power. 

3. Slackout either anchor by power, at will. 

4. Veer chaih on either anchor or both anchors. 

5. Heave in both anchors together at hot less than SO ft per min. 

6. Heave in either anchor at hot less than 30 ft per min. 

7. Warp hawsers with a maximum pull of 75 percent of hawser breaking 



Performance and Specifications. Bpedfications for the windlass are 
normally based upon the size of tbe vessel. The windlass on a tsTicnl cargo- 
carrying merchant vessel of- 7,900 gross tons, dmplacing 17,000 tons, will have 
specifications similar to the following: 

1. The windlass shall be capable oi hoisting two bower anchors simul- 
taneously from 30 fathoms of water at a chain speed of 30 ft per min. It 
shall be capable of hoisting one anchor and the maamum scope of 135 fathoms 
of chain under all service operating conditions. 

2. Wildcats and warping heads shall be of cast steel. Their mountings 
shall not only safely withstand all service loads but also withstand stresses 
that may result in breaking a chaia or snapping a hawser. Warping heads 
shall be of the smooth barrel type, without whelps. 




1442 


MIRINB BBDUCTIOH GEARS 


■ ^ ■ ARRANGEMENT ^ 

There are three general methods of arranging double-reduction gears as 
illustrated in Pig. 1. The nested lype shown' in parts A and B is simple, 
compact, reliable, and has few bearings and couplings. The articulated 
type shown in part C has greater flenUlity since qniil ahaits are generally 
used bcbween'th'e pmrs of gears) 'The lock-train type bf'part D is 'more 
' ihtricate but has greater load-carrying capacity, owing to the greater number 
of gears used. Since the points of contact of the first reduction pair are 
.diametrically, opposite, the lateral defection of the pinion is eliminated. ■, 

MECHANICAL DETAILS ' , , i 

The gear casing may be cast of either iron or steel, or it may be built up of 
welded plates. The latter is lighter. One or more vents are provided to 



remove the oil vapors from .the casing. They should be located so that the 
vapors are removed from the enginD room, i.e., discharge into the exhaust 
ventilating system. The hearing support® should be very rigid to prevent 
mbalignment under load. _ . 

' The bearings are usually of the journal type, although on small sets roller 
bearings are sometimes used. The bearings are split perpendicularly to the 
load and usually supplied with oil under pressure. They are babbitt-lined 
in a cast-iron or steel shdl. The bemng size is based upon a pressure, of 
100 to 200 psi of, projected wea, depending upon the rubbing speed of the 
journal. Since the gears and pnio^ have a double helix, the end thrust is 
balanced. . . . , 
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3. Each wildcat shall he fitted with a driving and locking head designed 
to lock in both engaged and diaongaged positioi^. Each wildcat shall have 
a hand-operated brake of sufficient capaaty to stop and hold the anchor 
and chain when "let go” under control of the brake. Chain clearers shall be, 
iurmshed ior each wildcat, fastened to the windlass bedplate. 

4. Warping heads shall have a capadty of 29,000 lb each nt 30 ft per min, 

and a light line speed 75 ft per min. The maximum lino pull at the warping 
head shall not exceed 7,5 percent of the hawser strength estimated at 58,000 Ih. 
The warping heads arc to be driven on the main shaft ends. , 

6. The caat-steel common duun stoppers are to he furnished with the 
windlass, (The devil’s claws are customarily furnished by the shipyard.) 

6. The motor shall not be overloaded when hoisting one anchor. It shall 
not be overloaded more than 25 percent when hoisting both anchors. 

7. The motor shall he at least 70 hp, compound-wound, 30 imn rated after 
1 hr at no load. 

8. Electrical spares shall bo famished in accordance with rules of the 
American Bureau of Shipping, Sec. 36, Par. 72; U.S. Coast Guard, Merchant 
Marine Inspection Division; SenaU Report 184, and the A.I.E.E, Standard 45, 
and the letter of the specifications. 

General Design and Construction of Windlass. In windlass design, 
tlie most important considerations are 

1. Reliability 6. Weatherproofing of gears and elec- 

2. Ruggedness and simplicity trical circuits 

3. Lubrication 0. Ease of repair 

4. Accessibility of parts 

The windlass is rather infrequently used and is in an out-of-the-way 
location. Hence, economy and quietness are of lesser Importance, Con- 
siderable trouble will arise if the installation is not adequately weatherproofed, 
The windlass is in the most exposed part of the ship. In rough weather it is 
continually drenched by tons of breaking seas, aometimes for days on end. 
From subzero cold to tropical extremes, the equipment undergoes severe 
exposure, Inaccessible parts invariably rust after a few years’ service, 
Out-of-the-way bearings may not receive adequate lubrication, and moisture 
tends to seep into the electrical dreuits. The motor, brake, coil, and wiring 
arc often on deck fully exposed and must have complete waterproofing. It 
cannot be overemphasized that the electricsd instdlation must be exception- 
nlly well weatherproofed. The bulk of all trouble developing in service 
arises from moisture accumulating in the controller, motor, or wiring. 

The windlass is generally built up with commercial quality material from 
a cast-steel or fabricated welded-steel base and frame of heavy design. 
Machinery-steel shafting is erapl(^ed, in common split, adjustable, babbitt- 
lined, or bronze bearings. The dow-specd shafts should have only bronze 
bearings. The main gear is best made of welded construction, with machine- 
cut teeth; pinions should be sperified to be made from forged steel, and other 
gears may be of cast steel, all with cut teeth. All gears should be shroudod. 
The motor gear should he totally enclosed, running in oil. The gear housing 
should be fitted with a carefully designed vent to prevent climatic changes 
from causing condensation inride in cold weather, or expulsion of oil around 
the bearing in hot climatea. The windlasa bedplate should have an oil- 
retaining rim for cleanliness. The lockii^ devices should be designed for 
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The fcransznitted force, Ft, acts tangentially to the pitch circles and equals 
33,000 hp/F, where V is the pilch line speed in feet per minuto and hp is the 
transmitted horsepower. The restdtant load on the teeth acts along the 
pressure line and equals Fj/cos where ^ is the pressure angle. 

The bearing loads are best determined graphically by adding vectorially 
the gear weight to the resultant tooth loads. The rcsiilt8nt;of these forces 
pres the magnitude and direction of the bearing load. The bearings are 
split approximately perpendicular to these loads, and the bearing size is 



Fig. 3.— Typical efficiency curves of double reduction main propulsion 
gearing. 


based upon their magnitude. Figure 2 illustrates tho 'procedure. , H andX 
ate the resultant tooth loads of the high- and low-pressure pinions, respec- 
tively, W the gear or pinion weight, and 5 the resullnut bearing load. The 
full lines represent ahead operation, irijile the dotted lines and primed letters 
apply to astern operation. 

On large units, high- and Jow-prwsure taiiaaes operate in parallel, each 
having its own pinions as indicated in Tig. !, and divide the load approxi- 
mately equally for ahead operation. For artem operation, the low-pressure 
turbine supplies the entire power while tiie high-pressure pinion idles. A 
general rule for this condition is that the total power ia 40 percent and the 
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extreme safety of operation, as this is nonnally a hazardous operation if there 
is any strain on the ■windlass. 

Stresses in gearing, shafting, and other parts should not exceed 40 percent 
of the materials' elastic limit and mtaimim stresses should not exceed 80 
percent of the yield point. On such materials as cast iron having no definite 
yield point, the ■working stresses should be calculated using a factor of safety 
of not less than 4. All forgings and steel castings should be of good com- 
mercial quality, stress-relieved. If heat-treated, the heat-treating should 
follow S.A.E. cequiremeuts. 

When general design of the bedplate, framing, bearings, and parts of the 
windlass is undertaken, the proportioning is done in conformity with common 
machine-design practice and should present no difficulties. Welded struc- 
tures are preferred to elaborate steel costings, and all parts should be robust. 
Although weight is not a factor to be neglected, strength and reliability arc 
much more important and should in no wise be sacrificed to save weiglit. 
Parts should be dcaiEued for cose in disassembly. Standard tables of WTcnch 
clearances should be carefully followed in order that future maintenance work 
may be readily done, especially in cramped locations. 

All ■windlasses have extensive gearing. Certain further details to follow 
in the design of gearing should specify gear bronze for worm wheels, and if 
larger than 8 in. in pitch diameter they should be made with a bronze rim 
on a steel center. Worms aro made integrally rrith their shafts, heat-treated 
or ceiso-hurdened, depending on their aixe. Reduction-gear housings for 
worm drive should bo made of welded steel or alloy cost iron, fully enclosed, 
and the worm shaft should have roller bearings to absorb annular and thrust 
loads. These gears run in oil, with suitable access plates and split joints in 
the housing for ready inspection and repair. Suitable plugs for filling, drain- 
ing, and means for measuremont of oil level must be embodied in the design. 
Pressure-gun lubrication fittings should bo provided for all bearings not 
au^loaatieally oiled. 

A suitable set of operating and lubrication instructions in tbo form of a 
framed chart should be proiided in the specifications, to bo mounted in the 
controller compartment, below deck. 

The windlass motor is mounted on the bedplate, unless driving the windlass 
by an extension shaft from below decks. The coupling between the motor 
■aith'refiucfuon'gcar tram raay’oe afteifidie coupfmg o't 'tne a'fi-mota’flic typo. 

Dimensions of -windlass warping heads will vary roughly from V8 by 18 in. 
in a merchant ship of 10,600 tons D.W.T. to 24 by 24 in. in a vessel of 13,000. 
tons D.W.T. and upward. Designers should bo careful that all warping 
heads on deck machinery are deagned to be smooth, without whelps. Whelps 
damage rope severely when rope is surged over the head, and do not materially 
laorease the frictional grip of the rope on the head. Although whelps damage 
the rope somewhat, they are effective, however, in gripping frozen mooring 
lines while Bmootb beads are not. Heiids should bo left unpaintod. Yossels 
carry hawsers whose size is determined from tho American Bureau of Stand- 
ards rules. Table 16; they will be found to bo approximately 8 to 8^ in. in 
circumference for the above vessels, for example. Table 1 gives the breaking 
stram of three-atrand pure manila rope in pounds. The worldng strength is 
taken as one-fifth of the breaking strength. Four-straud rope has approxi- 
mately the same tensile strength as three-strand rope. This table may be 
consulted in designing the reqvaied pull on irindlass warping heads -when rope 
’■®‘l^i'‘ed on the vessel has been determined. Maximum designed pull 
Bhould not exceed 75 percent of the breaking strength of the hawser. 
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Table 1. Breaking Steength of Manila Eope 
Rope Circumfermce BrcaHos Strain, Lb 
6 , 22,500 


514 

26,600 

6 

31,000 

614 • 

36.000 

7 

41.000 


46,500 

8 

52,000 

8H 

58,000 

9 

64,000 

914 

71,000 

10 

77,000 

11 

91,000 

12 

105,000 


Furtlier construction deiuls specify bast steel for tlie wildcat locking head, 
bronze for the locking ring, and forged steel for the block keys. Brake link* 
age is actuated by a worm and wheel requiring not more than five turns of 
the handwheel from "full off" to ‘'full on.” The brake wheels have sockets 
in their rims for removable brake levers to use in locking and unlocking the 
brake bands. 

Windlass motors are compounded with a heavy series field to give ohav- 
aoteristics tending toward those of the series motor, which are ideal for hoist- 
ing service (sec ]^g. 2). The motor and controls nro customaTily designed 
to meet the specifications of the A.I.E.E., American Bureau of Shipping, U.S. 
Coast Guard, Merchant Marine Inspection Division, and Senate Aeport 184. 
Service on American cargo vessels is designed generally for 230 volts, direct 
current. Motors should be dcagned waterproof and provided with easy moans 
of access for lubrication and servicing. Heavy-duty motors should have roller 
bearings, so designed that grease under pressure cannot be accidentally 
forced from the beatings into the motor housing. 

Direct-current windlass motor control may well bo derigned so that the 
master-controller handle roust be returned to the “off” position to reset 
the under-voltage relay, and the "off" poriUon should be of sufficient width 
to ensure against ina^ertently leaving the controller on either of the first 
positions. Control is the magnetic type, with combined dynamic lowering 
and reversing, designed to differentiate between warping duty and anchor- 
handling duty, with a step-back relay to limit tbe armature current under 
stalled conditions to 125 percent rated value and ensure satisfactory anchor 
handling and warping. The iamtaing or stop-back relay is fitted in addition 
to regular overload protection. The windlass motor should have an electric 
brake on its shaft, like that on a cargo winch, of sufficient capacity to stop and 
hold the load under all service-operating conditions when hoisting or slacking 
out the anchors under power. All parts of the windlass should be assembled 
on the bedplate, except the remstois, control panel, and other control equip- 
ment located below deck. 

Alternating current is being introduced rapidly in the merchant marine 
and Navy. Although winch duty is best served by d-c motors, windlasses 
may readily be designed for altmnating current. In this case the general 
windlass design is followed as described, but .the motor is a wound-rotor 
motor having high starting torque and low starting current. ,, , 
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speed 60 percent of that for ahead operation; hence the torque and forcea 
acting on the low-pressure train are then 60 percent greater than for ahead 
operation, while the torque on the high-pressure tnun js zero. 

The oil used for all the bearings and tooth lubrication is generally the same 
as that used for the turbines and usu^y has a viscroity of 400 to 600 SSU' 
at 100 F. In addition to lubricating, the oil has the function of removing 
the heat generated, The hot oil is removed from the casing and passed 
through a heat exchanger. The cooling medium ia sea water from the flushing 
line of the ship. After filtering, it is pumped to a gravity supply tank. 
The teeth are lubricated by spray noszles located above and/or below the 
point of contact. SIow*speed gears arc sometimes splash-lubricated by 
dipping into a reservoir of relatively high viscoaty oil. 

The efficieticy of the unit iarelaWvcly high. The losses are duo to friction 
between the teetli and in the bearings. Figure 3 gives typical efficiency 
curves for various torques and speeds and may be used for estimating purposes. 

The propeller thrust is taken by the gear case through a thrust bearing 
of the Kngshury or Michell type connected to the second reduction or “ bull" 
gear {Fig. 4). This bearing must be able to absorb thrust in cither direction 
for ahead and astern operation. Tlie design ptessute varies from about 
250 to 400 psi. 

The unit is provided with a turning gear (Fig. 4) attaclied to the high- 
speed pinion of the high-pressure turbine. This device is driven by a motor 
through a worm or reduction gear to cause the propeller shaft to make one 
revolution every 5 or 10 min for at least 2 hr without overheating. It is 
used to warm up the turbines, for inspection purposes, and to turn the gears 
over during long stays in port thus avoiding nonuniform corrosion of tlm 
teeth. There is also a provision for turning the gears by liand. 

Flesible couplings are used to connect tlio turbines and pinions, and 
also between the first and second reduction geare in articulated trains. They 
are generally made with meting internal and external teeth. Those teeth 
may be large and relatively few in number (9 to 10); or many small teeth 
may he used, ^ring a coupling of the Fast type. To secure satisfactory 
operation in absorbing the shock loads, oil films roust be maintained between 
the contact surfaces. 

The pinions are made of heat-treated forged carbon or niokcl steel and 
generally have a Brinell number between 200 and 240. The gears may be 
made of cast iron or cEist steel, the teeth being cut directly into the casting. 
For larger sizes the gear body may be made of cast iron or built up of welded 
steel plates, and a forged carbon-^el ring shrunk on the body. The Brinell 
number of the ring ranges from 160 to 200. Tho teeth are cut in the rim 
after the assembly of rim, body, and shaft is completed. The gear is then 
balanced. 

The teeth are of involute form, generally of tho 20-deg stub typo, being 
bobbed and then run in with an abrasive or lapping compound. The normal 
diametral pitch ranges between 3 and 8, mid t^ helix angle between 20 and 
45 deg. The pressure angle in the plane of rotation ^ differs from the normal 
pressure angle (Jni the relationship between them being tan =■ tan <j> cos 
where i/- is the helix angle. The numbers of teeth k each pair of gears (and 
preferably in the entire train) should have no common factors that would 
tend to cause resonance and hence noise or vibration. 

To secure ah even load distribution across tho face of the gears, their 
deflection must not be excessive. Since the gear is much heavier and 
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Power of Windlass Motor, The power' of the 'svindlass motor, 'of courso, 
depends 'primatily upon the wei^ of both of ‘the anchors and their, chain. 
The weight of anchors required to be carried on the ship is determined from 
reference to the rules of the clasafication society, American Bureau of Ship- 
ping, or Lloyd’s, depending on which rules were used in the building of the 
vessel.' The American Bureau of Shipping rules, Sec. 24, state that, the 



Fia. 2. — Anchor windlass motor charactoristics — 70 hp, 230 volts, direct 
current, 650 rpm. [Courtesy of We^ngkowe Elcciric & Manufaduring 
Company.) ' ■ , , . , 

anchor weight is determined by the vessel’e equipment .tonnage. These rules 
further state that either ordinary or stockless anchors are permitted, but 
modem vessels all use the ^stocldess pattern whose head is equal to not less 
than throe-fifths of the total weight of the anchor. Table 16, American 
Bureau of Shipping rules, gives the 'required anchor weights and chain sizes, 
once the, vessel’s equipment tonnage ia known.' ' • 

Chains are led through tho hawsepipcs, whohe Triction- is a more or loss 
indeterminate factor. Practice has been to osculate the frictional efficiency 
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atiffsT ttan tbe pinion, lie nsial aasomption is that it does not deflect. The 
two kinds of deflecUon to be conadered ate the lateral and the torsional. 
The lateral deflection is usually limited by the empirical rules that the active 
face of the helices plus the gap (reiimred to facilitate hobUng) between them 
or the total span divided by tie patch diameter of the pinion should not 
exceed 2.5 for a two-bearing inniom The active face width of each helix 
divided by the pinion pitch diameter should not exceed 2 for three-bearing 
pinions. The toraiontd deflection is generally limited to O.OOi in., based 
upon the assumptions that tbe torque is removed at a constant rate across 
the pinion face and that the efiectivc outside diameter of the pinion corre- 
sponds to the pitch diameter. The maximum torsional deflection in inches 
is given by t = 0.013 lip DfL/ti{Dp* — d^), where Dp is the pinion pitch 
diameter, d the inside diameter of a hollow pinion, L the width of active face 
in inches, n the rpm, and hp the transmitted horsepower. If the pinion is 
solid, this equation reduces to t = 0.013 hp LlnDp^. 


TOOTH DESIGN 

As it is essential that the gears give relmble operation for long periods, 
the tooth loads should be within safe values. Two empirical rules comicionly 
used to dotormijie these are Et/L = ADj), whers the symbols have the mean- 
ings given above, with the addition that A is a coefficient that is not greater 
than 95 for naval vessels, 50 to 60 for merchant sfups, and about 40 for diesel 
drives. The second rule is Pt/L = (190 to 225) VD>, where the symbols 
have the luoaoings given above. 

A mote rational method based upon contact stresses involves a K factor 
as given in tho equation Ft/LDp = KR/{R + 1). where R is the speed ratio 
(always greater than unity) and IT b a factor dependent upon the service 
and reduction. It ranges from €5 to 110. On the Victory ships, JC for the 
first reduction pair equab 100; for the second pair it equals 70. 

A more detailed method of checking tbe design, based upon the strength 
and wearing ability of the teeth, b ^ven in Sec. 3 of the " Manual of Gear 
Design” by Buckingham. The application to marine gears follows, 

The load that can be transmitted for long periods of time without resulting 
in a fatigue failure, P„ may be found by a modified form of the Lewis oquation 
wherein the load is assumed to act approximately on the pitch circle, i.e., 


P, « O.TSiuPaLjt cos f 


where st = bending endurance strength of the material and approximates 
250 times the Biinell number 
ji„ = normal circular pitch, m. 

L = active face width, in. 

y = Lewis factor, takoi from Table 1 and based upon'the virtual 
number of teeth as found from Ni, = V/cos’ 4' 

N = actual number of teeth 
^ = helix an^e 


Owing to inaccuracies in the profib and spacing, the gears will suffer rapid 
accelerations and decelerations resulting in dynamic loads on the teeth which 
are frequently much greater than the load transmitted by the gears. There 
are two methods of calculating these dynamic loads. By the first method, 
Fi - (3,000 + Y)Ft/3,WO for jntch line speeds (V) from 2,000 to 4,000 (pm; 

fm 4-ViS 


or Fd 




Ft for pitch line speeds greater than 4,000 fpm. 
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of the hawBepipe at from 50 to 60 percent, the U.S. Maritime Commission not 
exceeding the latter fig^irc. The over-all mMhanlcal efhciency of the windlass 
itself should not be considered as being much in excess of 60 to 65 percent, 
although the gearing by itsdf is lugher. 

The main shaft, gearing, bearing, and other parts should be designed 
from a basis of transmitting maximum motor torque. Operating conditions 
in service are very rough indeed, however, indicating the need of generous 
proportioning of all parts and a factor of safety of not less than 4. Windlass 
iiold-down bolts should have a factor of safety of 6. Knowing the weight 
of each anchor and 30 fathoma of chain and estimating the efficiency of the 
hawsepipc, windlass wildcats, gearing, and bearings, the motor horsepower 
can be calculated usbg the standard of hoisting speed of SO fpm customarily 
used in all windlass design. The total wdght to be hoisted is taken as that of 
both anchors and a total of 30 fathoms, or 180 ft of chain. Usually a generous 
addition to the calculated horsepower ia specified to ensure ample power under 
adverse conditions, and actual hoisting speed may reach 40 fpm. 

Spare Parts Specified. A specimen spare^arts list for the windlass 
installation is submitted below: 

I cnly Armature 

1 set Coils, field, for motor 

I only Coil, motor brake 

1 set Coils, contactor, one of each kind, for conttol panel 

2 only AssembUes, bearinx, complete with inner and outer races and cage 
2 only Eolders, brush, viUi 6 spare eprings and stud ineulalion 

2 sets ' Brushes, motor 

1 set Grids, resistance, for control panel, comprising 1 grid of each she and kind 

2 only Eletoeata, heater, (or coalcol and tesUtot etieloeure beater 

2 seta Contacts, for coalroller. both fixed and moring, each size and kind 
1 set Springs, for controUei contacts 

1 set Springs, brake 

! set linings, brake 

Additiokal InitiAb Soppubs ahd Tools Becomuenexd 
I only Puller, gear, for motor brake vbeel and motor and bell bousing 
1 oaly Seater, brush 

1 only Undercutter, comrrnitator 

I length Wire, asbestos heatproof, for emergency-grid connections 

The above list of spares is inoTe complete than usual but trill be found 
most worth while after the vessel is in service. A point to observe is to design 
the Tack for any spare armtd'iire so that Its shaft is vertical. It stored hori- 
zontally, a distortion of the coils may be expected to develop over a period of 
years. 

Wiring. The windlass motor should be wired with varnished, cambric- 
insulated, leaded, basket-weave, bronae-armored cable, adequately protected 
where necessary and fitted with stuffing box« of best design. An approved 
type of thermostatically controlled heater element should be provided in the 
enclosure for the motor and contrd panel to keep the equipment dry in damp 
weather, similar in design to beaters ia wineb-r^stor houses. 

Windlass Design on Oil-tank Vessels, Owing to the hazards natural 
to the carrying of volatile oil cargoes on these vessels, electrical deck machin- 
ery is not always used. On many sneb veasds the windlass will still be steam- 
driven. Its design will follow long-cstabhshcd practice and should present 
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p flfini tiinn of A^. Let A - re‘V; then e erp [(log. r + iip)Bl 
For esamplo, i’ = e-V-wherei = 

If 0 is a positive real, o ® = o® (cog (y Iog« a) + i uin (y log* o)]. 

Trigonometric and Hyperbolic Functions of a Complex Variable. 
If A is any point, then, by definition, 

_ ^ , €^+c"‘^ . sin i - * m 

, ton A— , (eoB A 0) ^ 


2i 


— , cosh A 


2 

+e~ 


tanh A = 


cos 4 
sinh A 


cosh A 


Hence the fotmulro that hold for thcao functions in tho real case (p. 131 ; 
p, 135; p, 161) hold alao for tho complex case. Further: 


sin {a + iy) - Bin z cosh y + 1 cos x sinh y, 

C 03 (a + iy) ^ coa a cosh y — i sin a stnh y, 

ainh (a + iy) = sinh a coa y + 1 cosh i ain y, 

cosh (a + iy) «= cosh a cos y + i ainh a ain y, 


sin iy »tsinhy; 
coa iy Kcoshy; 
sinh iy etainy; 
coahty = coa y; 


where sin a, sinh a, etc., aro tho ordinary trigonometric and hyperbolic func- 
tions of the real variabloa a and y. Tho functions sin A and cos A are periodio 
with a real period 2ff. Tho funotioaa sinh A and cosh A are periodic with a 
pure imaginary period 2rt. 

Logarithmic and Other laverse Functions of a Complex Variable. 
If any point A ia given, there will bo an infinite number of points X such 
that r « i; any one of theso points may bo coUed a logarithm of A, and 
be denoted by log A. All tho values of tho logarithm of A may be obtained 
from any one value by adding multiples of 2jri. 

If 8 4- iy a rc’*', then log* (z + iy) = log* r + iV i h‘2n. 

If any point A ia given, there will bo an infinite number of points X such that 
sinX « A; any one of these may bo denoted bysin-^A. Tho functions 
cos-^ A, sinh*! A., etc., aro defined in a similar way. 

The elementary laws of operation which hold for these functions in tho 
algebra of reals hold alao, ia a goncral way, in tho algebra of complex quanti- 
ties; but caution must be used, on account of tho ambiguity in the aymbola 
log A, sin -!A. etc., which denote many-valued functions. 

Differentiation of Punctioua of a Complex Variable. If w = /(z), 
the derivative of m with respect to 2 is defined ae 

dw/dz = Um { [f{z -f de) - /( 2 )]/A 2 j when approaches 0. 

It Can be shown that lim j[exp Ar - ll/Az} = 1 ; hence d{(?) » c*dz, 
fifsin 2) = COB z dz, etc., so that the formula for diilorcntiation here are the 
same as in the case of a real variable (p. 167), 


Note. For the algebra of Tootor soslyms, which diUera in important respocts from 
the algebra of complex quantities, sco p. 186 . 
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POSai&l TBIGONOaiETEY 

Angles, or Eotations- An angle is eeaerated V the rotation of a ray, 
as Oi, about afised point 0 in the i^e. Evey ande has as initi^ line 
(OA) from which the rotation started CRg. 1). and a terminal line [OS] 
where it stopped; and the countercloclnc^ direction of rotation is taken as 
poaure. Since the rotatii^ ray may tcvoItc as often as 
desired, ancles of any magnitude posSare or ncgstire, 
may be obt^ed. TVo ande are congruent if they 
may be superposed so that thtar inidal lines coincide and 
their terminal line coincide. That is, two congruent 
angles are either equal or diuer by some multiple of 3Q0 
deg. Two angles are ooznplenientary if tliarsum is 90 
deg.; supplementary if their sum also deg. (Theacute 
angles of a richt-aagied tnande are complementaiy.) If 
the initial line is placed so that it runs horizontally to the 
riyih 2s in Hg. 2, then the angle fe said to be an ande in 
the 1st, 2nd, Srd, or 4th quadrant according as the 
terminsl line lies across the region marked I, H, III, or IT. 

The angles 0, 90, ISO, 270 deg are called the quadrantal •• 

angles. 

Units of Angular Measurement 

(1) SEXiGssntAL MnscEZ. (360 degrees » I rerolution.) 1 degree ■ 
1* » }}j of a right angle. The degree is usually dirided into 60 equal parts 
called minute (0, and each minute into 69 equal parts called seconds ("}; 
while the second is subiitided dedmally. But for many purposes it is more 
convenient to divide the degree itself into decimal parts, thus avoiding the use 
of minutes and seconds. (See tables, pp. 4&-51.) 

(2) CErTTEsmii Messcse, used ^efiy in Franco. (400 grades * 1 

jevolution.') 1 grade of a right angle. The grade is always divided 

decimally, the foUowiag terms being sometimes used; 1 “centesimd minute" 
» }{et of a grade; I ''centesimslsecocd” « 1{» of a centesimal minute. In 
reading Continental books it is important to notice carefully which system 
is employed. 

(3) Hlpuy, OB C bcclsb, Mziaste:. (rradians *» ISOdegtees.) Iradian 
= the angle subtended by an arc whose length is equal to the length of the 
radius. The radian is constantly used ia h^er mathematics and in me- 
chanics, and is always divided decimBUy. Table, pp. 44-45. 

i radian = 57®.30 — = 57’’^57795l3l « 57® 17* 44**.S0B247 = iS0®/w. 

1® = 0.01745 . . . radian = 0.01745 32925 radinn. 

i' = 0.0002905852 radian. l"=0.0000048^1radiEn. 

(For 10-pl.ace converaon tables, see the Smithsonian 
Tables of Hjiierbolie Functions, ffashingtou, D. C.) 

Definitions of the Trigonometric Funcrions. Let 
s be any angle whose initial line e 0.4 and terminal line 
QP (see Fig. 3). Drop n perpendicalar from P on 0.4 or pjg_ 3_ 

OA produced. In the ri^t triangle OA£P, the tines sides 
are MP = "side opposite" 0 (podtive if running upward); OUT = "side 
adjacent" to 0 (positive if nuuung to the right); OP = "hypothenuse” or 
"radius" (may always be taken as poatiro); and the sis ratios between 
these sides ore the principal tzigonometric functioza of the an^e r; thus: 

13S 
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DO unusual- features. In certain tankere'dectric deck machinery will be used, 
but it roust be given extremely careful deagn'to eliminate danger from any 
inflammable vapors that could accumulate. 

Weight Estimates. A rough estimate of windlass weight may be taken 
from Table 2, which is based upon the size of the stud-link anchor chain used 
cn the veasel. 

Table 2. Weight of Windlasses 


Chaia Sise, In. 

Weight, Tons 

1 

2.7 

IK 

4.0 

IH 

G.O 

in 

7.0 

2 

9.0 

2n 

12.5 

zn 

18.0 

zn 

32.0 

3 

35.0 


ELECTRIC CARGO WINCHES 

Definition. A cargo winch is a power-driven cable-winding drum, 
horizontally mounted, whose shaft is eilended to carry one or two winch 
heads or warping heads. 

Ite principal purpose is to 
hoist or lower cargo, but 
it b frequently used for top- 
ping and lowering cargo 
booms, handling lines, and 
assisting in warping the 
sliip in or out of her berth. 

Nearly all modern vessels 
are designed with electric 
cargo winches. Steam is 
still used on many new oil- 
tank vessels because of the 
reduced fire hazard. 

Winches are designed right- 
and left-hand, single- or 
double-geared. 

Requirements. The cargo winch must be able to perform the following 

operations: 

1. Pick up rated load without shock and accelerate to rated hoisting speed. 

2. Decelerate the load bang hoisted to a standstill without shock. 

3. Lower the load under perfect control, and “lay it down" at approxi- 
mately 10 percent of normal lowering speed when landing the load. 

4. Stop lowering a load smoothly, without shock. 

5. Stop a load automatically and smoothly in case of power failure. 

6. Pick up a load from the deepest hold, hoist it, and lower it overside to 
water level when the ship is in light draft with one lay of hoisting wire left 
on the drum. 

7. Have empty-hook speed double normal hoisting speed. 

Performance. Drafts of, general cargo up to 3 tons are handled on a single 

purchase or tackle by winches found in the merchant marine. Two tons on a 
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• Layout. ^Depending on the:8ize and kind oLtho vessel, particularly 
mth reference to. her stern- deMgn, the general layout, is made. Larger 
vessels require two rams with four cylinders in all; smaller vessels employ 
one ram and two opposed cylinders. Kama, actuate the tiller or, rudder yoke 
in each case by the 'well-kiidwn Rapson slide, wliich has the advantage of 
transmitting an increasing torque as. the rudder sivings, provided a constant 
oil pressure is maintained in the cylinders. Other designs for, large merchpt 
or naval vessels use parallel links instead of a Rapson slide, ns shown in Fig. 9. 
The controls for pumps and motors and the unit itself should bo designed to 



Fig. 9.— Electrohydraulic steering gear of parallel-link type as fitted to some 
C-3 cargo vessels. (Courtesy of American Engineering Company.) 


minimize interference between -working parts, particularly with reference to 
overhaul work which entails removal of various.parts, both small and large. 
Clearance should be left for rise of .the rudder stock when the vessel is laboring 
•in hea-vy seas, and also for normal vortical weardown of the rudder as well as 
removal of the stock in shipyard when necessary. • A ^ to ^ in. allowance 
for weardown is common practice. A minor point not likely to be easily 
realized by the designer, for example, is the loss to the vessel if she cannot 
easily be kept on a steady, true course but must constantly be given an undue 
^mount'd corrective rudder. Such a vessel will coneumo noticeably more 
fuel, owing chiefly to the increased rudder drag but also to the increased work 
done by the steering engine and the bnger distance sailed. A ship should bo 
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able to be steered by a good quartermaatcr so as to hold within deg of her 
course in good weatlier, and not more than 3 deg in the average aea with 
force 3 wind. 

Stresses and Loads. The loads imposed come from two sources: (ll'the 
resistance offered by the water when the rudder is turned away from the 
centerline and (2) the motion of the ship in a seaway which tends to slam 
the rudder first one way and then the other, always with great force. The 
first can bo calculated; ^le second is more or less indetcriuinate. The rudder 
is limited from turning more than 35 deg on each aide, because to exceed this 
optimum angle gives no greater turning force but only increases the drag 
instead. In practice, the rudder seldom needs to move more tlian 10 or 
IS deg from the centerline, except when maneuvering. When the vessel is 
sailing normally, the rudder torque seldom exceeds 10 percent of its maximum 
value, and the pump motors are accordingly but lightly loaded most of the 
time. 

Torque on aruddet atpo8ition3uptofi.ppTO«m8.tely 15 deg will not greatly 
exceed 10 to 15 percent of the maximum hardover value at full speed ahead. 
Going astern, -with 15 deg rudder angle, the torque is roughly between 30 and 
40 percent full hardover astern vnlue. The rudder, being of course greatly 
unbalanced in astern cKrection, causes greatly increased torque. Indeed, the 
limiting torque for design purposes is not always determined by the hardover 
torque at fuU speed ahead but, on the contrary, is determined by the hardover 
torque at full speed astern, which is greater, especially on twin-sorow ships, 

When running ahead, the steering engine b required to develop power 
to move the rudder to the right or left and overcome the woter-pressuro 
load on the rudder surface. The power required of the steering engine 
increases with the angularity of the rudder owing to the greater eSeetive 
rudder area and the increase of distance of the center of pressure from the 
rudder stock. Thus the power for moving the rudder wliile the vessel is 
running ahead ia greatest when the rudder is put hard over. The power 
needed by the steering engine decreases as the vessel responds to the rudder 
and starts to turn owing to the swin^ng of the ship and the increase in 
lateral pressure on that side of the rudder on the outside of the turning circle. 
The rudder torque, after the vessel responds to the rudder, is about 60 percent 


Table 4 


Rudder movement 

Time, sec 

Ram pressure 

Motor, amp 

Ahead roaneuvering at full speed 

0-35L 

13 

1,000 


35L-35R. 

26 1 

1.500 


35R..35L 

23 1 

1,050 


35U) ' 

II 

400 

20 

Astern inancuTering at full bacldng power 

0-35L ; 

II 

100 


35L-35R. 1 

22 

450 


35R.-35L 1 

22 

600 


35LJ3 1 

1 

12 

700 

24 


Note also the steering gear tests of the S.S. “Red Jacket" page 1944. 
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Table 3. Cargo Winch Performance 


Hook load; tons 

Line pull at drum, lb 

' Tackle 

' Nominal drum line 
speed, ft per min 


' m 

Slagle 

525 

IH 

3,760 

Sinele 



im 1 

Single ' 

225 


6J00 

2 part 

235 

30 

IW 

V part 

105 


Winches on a somewhat smaller veesel of 10,500 gross tons handle loads 
•up to 6,640 lb at the drum at 200 ft per min on a single whip, and 11,200 lb 
on the hook with a two-part purchase. This vosel carries a total of 10 such 
■winches, 5 right-hand and 5 left-hand. 



Fig. 5— Characteristic curves of hifdJ-spocd electric cargo winclieg. {Cour- 
tesy of General £ledric Company.) 

General Design. The essential charactcrietics to embody in tho design 
of electric cargo ■winch installations are 

1. ReliabUity 5. Ease of lubrication and repair 

2. Smoothness of operation 6. Ventilation of resistor house or enclosure . 

3. Ruggedness and simplicity 7. Quietnese 

4. 'Weatherproofing 8. Adequate guarding of moving parts 

■ Cargo 'winches are used intermittently. They lumain idle for long periods . 
during voyages, then are run under heavy duty -while loading or discharging 
cargo. At sea, they ate subjected to con'tinuoua and heavy dvenching by 
salt water in tropical or freezing -weather. The Impact of heavy sens coming 
aboard strikes heavily upon the deck machine^, driving water into every 
part not -wateiptooied to the highest degree. In cold -weather th^ are ice- 
coated, and dampness tends to set in in the’ -winch resistor houses. ’Whoa . , 
winches are in operation, they may likewise be running in freezing -weather, 
which impairs their lubrication, or in extremes of tropical heat, -which may 



STEERING UAGHINEBY 


1469 


of the torque required to put the rudder hard over. It requires little or no 
power to return the rudder amidships when ^ing ahead as the water pressure 
tends to^ldo this. Table 4 shows how the steering en^o of a largo tanker was 
loaded during various trial-run manouvcrs. 

When running astern, any movement of the rudder away from the center- 
line is aided by the pressure of the water; in fact, the eteering gear is then 
under negative torque and the steering engine actually retards the speed o( 
movement. However, when putting the rudder amidships from its hnrdover 
position, it tlien requires the most torque when running astern. 

For equal conditions oi draft and speed it is obvious that the rudder torque 
when going astern is the greater, particulaHy where unbalanced rudders are 
used. The rudder may not be dcagned by the designer of the steering engine, 
but it is mentioned hero that its type has a large part in determining the size 
of the steering engine required. Snee balanced 'rudders will turn with 
much less power, the degree of balance and the pattern of the rudder will thus 



inauence the power required and hence directly influence the size of the steor- 
'nrg cii^nc’itseh. 

The calculation of rudder torque from the hull and rudder dimensions is a 
very uncertain operation as most methods have been found to be unreliable— 
sometimes to the extent of 300 percent. Modol tests furnish the only data 
on which any dependence can be placed and, for that reason, no formulas 
covering rudder torque are included here. 

When the maximum rudder torque has been determined from model 
tests, the design can proceed. 

A con^rvative figure for maximum shearing stress in the rudder stock is 
5,000 psi. Commercial applications of machine steel for shafting will nor- 
mally allow about 8,000 psi, bat for the critical duty imposed on the rudder 
stock no greater than 4,500 to 5,000 psi should be allowed. The diameter of 
stock required can be calculated thus: 
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overheat resistance gride and motors. They generally receive a minimum 
of care and maintenance and indeed are subjected to very severe duty. 

Winoli Motor Power. The powff of winch motors is, of course, governed 
by the load to be lifted and the desired hoisting speed. In practice, however, 
cargo winches in the mcrchm.t service generally have 50-hp motors. Cargo 
lifts or drafts are measured in terms of long tons of 2,240 lb. 

, , line speed X line pull 
Winch hp - ^ ^ efficiency 

where line speed is in feet p«- minute and Une pull in pounds. Winch 
efficiency is about 75 to 80 percent. 

Percent 



Company.) 

Tile relationship between line pull and the load being hoisted depends 
upon the purchase of tho tackle, for in multiple purchases much power is 
consumed in overcoming friction. The actual applied line pull at the winch 
is increased by an amount depending on the condition of tho rope, the friction 
of the block, and the number of sheaves, A practical rule for calculating 
the actual pull requiral to hoist a load is to add 10 percent to the nominal 
load for every sheave over which the line passes; using this sum and the 
number of parts, calculate the power. This rule may be used safely in winch 
design. 

Winch motors are customarily designed for 230 volts direct current, meet- 
ing the general requirements of the A.I.E.&. and tJ.S. Coast Guard, Merchant 
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where fl‘= diameter of solid stock, in. 

/, = marimum allowable shearing stress 
T = torque, lb-in. 

The formula for determining the torque or moment the stock will withstand , 
becomes ’ • 


/? 



The working pressure in the rams can be chosen from the rated delivery 
pressure of the manufacturer’s pump, usual^r 1,000 to 1,500 psi. Then the 
ram diameters can he calculated to mve the desired torque at the rudder stock. 


P X A XR Xfi 

cos* n 


(See Fig. 10} 


whore T = torque on rudder stock, lb-in. 

A = ram cross-sectional area, sq in. 

R = normal tiller radius, in. 

E = efficiency of ram, estimated at 80 percent 
a = rudder angle 
P = oil pressure acting on ram 

Note: cos 35® = 0.819; cos* 35® = 0.671. 

Some steering installations have two rams. In such cases, of course, only 
half the force is produced by a an^e ram and the formula must be modified. 
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Marinelnspection’Division. Windiesnuiintermittently while handling cargo 
yet remain in general service many hours a day. Motors in this service heat 
to the same degree that they would if tiie winch were steadily operated at its 
fastest cargo cycle for 5 continuous hours. Winch motors should be of the 
waterproof, split-frame type, for locations on deck. Since winches nearly 
always operate gypsy heads as well, the motors should be compound-wound 
and rated at full load for ^ hr. They should have roller bearings, protected 
byspring-loadedreUefvalvesftOTnunintentionalgrGasingto excess. Particular- 
emphasis is laid upon accessibility of the motor and its sealing against the 
weather. Frequently trouble arises in service after the motor inspection 
plates are opened a few times because of failure of the gasketed joint to reseat 
absolutely waterproof. 

Heccnt practice bas been to build the entire winch and its control equip- 
ment in a single unit. The control panel, resistors, brake, and wiring are 
all enclosed, yet readily accesable. This arrangement saves deck space, 
eliminates deckhouses for winch controllers, and greatly simplifies the wiring 
necessary in the shipyard. Such winches on tho average cargo ship have a 
50-hp, 230-volt, d-c, compound motor turning COO rpm and fitted with a 
vertical-type brake. 

Control. Deck winches have magnetic, rovorsiblo control, very close 
acceleration and speed control, dynamic braWng for lowering, and a magnetic 
brake on the motor ah&it capable of controlUng the load under any tondltlons. 
Small utility hoists below 15 hp may have manual control. The master 
controller and foot brake should bo arranged for easy operation, but the 
master controller should not be located farther than approximately 24 in. 
from the hatch coaming. The effort for operating the motor brake is sup- 
plied by a helical spring which forces the shoes against the wheel when the 
magnet coil is deenergized. This coil is normally across the line and is rated 
for continuous service. When the brake is released, tho pull rod pulls the 
shoes away from tho wheel. Torque adjustments aro made by changing 
spring compression by the spring support. Tim pull-rod assembly carries 
adjusting nuts to compensate for brake lining wear. All such fittings should 
be corrosion-resistant. 

Construction. As in windlass design, normal stresses in gearing, shaft- 
ing, etc., siiould not exceed 40 percent of Iho elastic limit of the material, and 
maximum stresses should not exceed SO percent of tho yield point. All parts 
of the winch should bo strong enough to withstand stalling under maximum 
overload. Winches operate under severe duty, suEtain shock loads,- and must 
be ruggedly built. Material is commercial quality, following S.A.E. or 
A.8.T,M. specifications. The general requltomente for winch gears, bear- 
ings, forgings, and castings may follow those ^ven previously for windlass 
desip. Winches may have spur gears, although most designers employ 
herringbone gears for greater smoothness and quietness. Single-geared 
winches have a gear ratio approximately 6:1. Compound-geared winclies 
have a ratio of 10: 1 or 15: 1. Tho winches on passenger vessels in particular 
should receive most careful design to ensure quietness. Double-geared 
winches must have a positive steel jaw clutch, suitably enclosed. The gears 
must run in oil, in a casing properly vented and fitted with drain plug, filling 
plug,^ and oil-teet plug for determining the oil level inside. 

Winch drums vary from appioximatdy 16 to 22 in. diam, from 18 to 30 in. 
in length, and are flanged. It is important to note in drum design that all 
the wire-rope hoisting cable must be able to be wound in not more than one 
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Tile Rapson slide has an interesting characteristic. The farther the rudder 
is put over, the greater the torque developed at the rudder stock by the 
mechanism of tlie slide (see Fig. 11). This figure shows the force diagram 
of a Rapson slide, and the abovemoationed characteriatic is explained as 
follows: 

Case(fl). Rudder amidships: 

Torque = ram force X normid tiller radius 
or = Ft X jIC 


Case (6). Rudder put over at angle a: 


Torque = perpendicular force on tiller jaw 

X distance between rudder stock and force 


or ^FjXOC 


The relation between Ft and Fi and the torque is further shown thus, for 
any rudder angle o: 

Torque » Fj X OC 


F, 


Ft 

cos a 


As the rudder is put over, the cffccUvo tiller arm increases thus: 

AC 
cos a 

COS a cos 0 
Fi^C 
cos* a 

The net effect of the iuureased effective tiller arm and multiplication of the 
force applied by the ram is an mcreasc in rudder torque governed in amount 
5y the square of tho cosine of the rudder angle. Those steering gears employ- 
ing two rams and four cylinders simply divide the total torque between' two 
rams. The basic design, of course, remains tho same. 

The stroke of the ram tvill be suffident to turn the rudder slightly more 
than 35 deg. Designers specify from 36 to 40 d^ as the maximum possible 
movement of tho tiller before the rams meet mechanical interference. ' 

Stroke of ram = R tan o 


OC = 
Torque = 


where stroke = in. 

R = normal tiller radiue . 
a * rudder angle from tho centerline 
Total stroke, from hardover to hardover, is twice this value. 

■ To calculate the ram horsepower, it ia necessary to, know the marimum 
load and the number of seconds deared for the ram to make the stroke 'from 
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"lay” or layer OE-the dram. The only exceptioa to this is the much used 
for the heavy-lift gear where not more than five lays should be wound upon 
the drum. Brums should have a suitable clip for securing the cable, which 
is led through a 1-in. hole or slot at the end of the drum, either radially 
through the drum at the flange or else tangentially through the flange itself. 
They should have well-designed wirMope guards to prevent accident to 
winchmen or fouling of the cable. The drum must have sufficient wire 
capacity to lower the hook to the bottom of the vessel’s cargo' hold and still 
have one complete turn holding on the drum. Drums should have a strong 
foot brake of sufficient capad^ to stop and hold the loads under all conditions 
of operation. Winch heads for warping duty should be made of cast steel or 
alloy cast iron, without the projections or whelps formerly used for greater 
friction, and be made of a grade of material with maximum properties for 
resisting the abrasion inddental to long service.' Drums should be made of 
cast steel or good-grade alloy cast iron. Bearings on the drum shaft are 
usually bronse-hushed. Drums are not grooved for the rope but are left 
smooth. The design of the winch must ensure that its acceleration and brak- 
ing will not he great enough to overstrain the cable or any parts. Wire rope 
used on cargo winclies varies generally from to % in. in diameter. It is 
nearly always specified as ungalvanijcd, slT-straad, 19-wiTe improved plow- 
ateel wire rope. The designer's factor of safety should be 6. 

'Winch Spares. Ample spares for the winches should be specified. 
Cargo ships carry from 10 to 20 winches of similar design, all working on a 
strenuous schedule. Winch breakdowns occur when the winches are working 
cargo at a time when they can least afford to be out of service. Breakdowns 
may occur in remote parts far from any source of extra parts. Such occur- 
rences cause serious delay in cargo handling and entail attendant confusion 
and loss of earning power for the vessel. Specifications of the vessel's 
design should call for enough spares for the winches to be adequately serviood, 
Spare-parts lists should be specified from consultation with rules of the same 
societies previously hated under windlass design. A specimen list is sub- 
mitted below. The designer may find that the owner prefers fewer spares 
to be included in the original contract for the vessel, desiring instead to put 
more spares aboard after delivery of the vessel. 

1 only Armature, for each ux motors of same rise 

IsH Coils, field, fee mhm motors of same me 

1 only Coil, motor brake, for earii six motors of aamo rise 

1 set AssemblieB, bearing, complete, for each six motors of same size 

1 only Holder, brush, for each siz motors of same sise 

1 set Brushes, motor, for each three motom 

1 set Gride, resistance, for control panel comprising 1 grid of each size and kind for 

each six costroRers 

1 only Element, heater, for confeol and resotor enclosure heater 

2 sets Contacts, for controller, both fixed and moving, for each four controllers of same 

design 

1 set Springs, for controller contacts, for each four controllers ' 

1 set Springs, brake, for each four winches 

1 set Linings, brake, for each foot winches; with, spare shoes for each eight winches 

2 only Fuses, .for each fuse installed np to maximum of 30 spares, for each rating. 

Benewable links, where used, should include five renewals for each fuse and 

10 percent of each size of fuse cue 

Further additions or deletions to the above list may he made accordmg 
to owner's desires, manufacturer’s' recommendations, special trade-route 
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hardover to hardover. A minimum of 30 sec for this is allowable, and the 
ram should actually be able to accomplish this stroke in somewhat less time. 


Hp 


A XPXD 
S50XIXS 


where A cross-scdional area of ram, sq in. 

P => working pressure, psi 
D => distance moved by ram, ft 
I = time, sec 

A = efficiency of ram, estimated at 80 tHsrcent 
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requirements, and changes in the requirements of the ' classification 
societies. 

Wiring;. Winches should he wired with varnished, cambric-insulated, 
leaded, basket-weave, bronze-armored cable, well protected by kick pipes, 
thimbles,' and stuffing boxes on deck, and mechanical protective .guards as 
necessary. As specified for the windlass controUer, the winch houses for 
the controller should he provided with thermostatically controlled electric 
heaters to keep the panels, coils, and' contacts dry in damp weather. A 
further source of trouble is the extreme heat reached in these enclosures when 
cargo is handled in the tropics. The overheating or “sagging” of resistance 
grids is not at ail uncommon, and tiio ship's electrician must make repairs by 
jumping the'grid or fitting a spare one under adverse conditions. The house 
should have an electric blower of from 800 to lOOO ctm capacity, or sufficient 
to create an air change at least once a minute in the compartment. 

Practice may specify mounting several control panels in the house together, 
or on a common' panel. Winches of unit-type design have all necessary 
controller parts and wiring inside their own individual casings. Exceptional 
provisions for waterproofing should be made in the entire installation in any 
event. 

Weight of Cargo Winches. Electric cargo'winchcs may vary in weight 
from approximately 5,8bb to 10,000 lb. For general examples, an open-type, 
60-hp, compound-geared, two-speed winch will weigli about 9,000 lb. One 
design of heavy-duty, electric, two-speed, single-drum winch used for handling 
extra-heavy deck loads, such as locomotives, weiglis 12,000 lb. 

MOORING WINCHES AND CAPSTANS 
Mooring Winches 

Definition. Mooring winches, eometimes called warping winches, are 
essentially cargo winches with no drum and long extensions on the main 



shaft which carry warping heads. Also fitted hear the, ends of the shaft,' 
inboard of the pedestal bearings,' £ire 'smaller grooved drums for winding 
wire rope. ■ - • 

^ The purpose’of the warping -winch is primarily for watping'.the ship during' 
docHng and undocking, It is also occaaohally used for hoisting boats and 
handling cargo 'booms. The '^ch is usually' located well 'aft, so' that its 
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Motor hp = 


ramhp 


Emergency Provisions. Each motor must be capable of operating the 
rudder -when the ship is going ahead at maximum shp and full-load draft, or 
astern at full astern power and full-load draft. The motor should not be 
overloaded more than 25 percent during any maneuvering astern, The 
design of the selector valve should enable both pumps to be run at once when 
desired, since when the vessel is maneuvering this enables the rudder to bo 
swung mucli more rapidly and contributes much to tho maneuverability 



Flo. 13,— -Eicctrohydraulic steering gear on the tanker, ‘'Pennsylvania Sun." 
{Courtesy of American EnoineerinQ Comjiany,) 


of tile ship. Tliosc installations having duplex rams need have no separate 
relieving tackle or separate auxiliary gear, and one ram alone should be able 
to handle the rudder up to half the ship's designed full-ahead speed. In 
case the system becomes inoperative, there should be a hand-operated rudder, 
brake strong enough to hold the rudder in position. On many occasions the 
rains will put the rudder hard over and the “hardover stops" for limiting' 
the ram movement should be able to withstand the full load on them. These 
stops will be set at 35 deg but mil allow ovcrtravcl to a 37- or SS-deg positive 
stop location. Some designers make them adjustable. Usual design limits 
tho maximum working oil pressure during ah^d or astern maneuvering to 
1,500 psi. The separate oil-storage and drain tank should have a capacity 
at least 120 to 130 percent of the syeton’s caparity. It is provided with its 
own pump and piping. • The unit should have a trick wheel for each pnmp 
and control unit directly connected to its control differential. 
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■wile-rope drums can be used for emergency steering. As tbo shaft turns, one 
■drum winds tho Btcermg-gear emergeiwy rdieving tackle while the other drum 
unwinds on the other side. Control of the winch will thus steer the ship hy 
power when other meana fail if the ateering is designed to permit this. 
A warping winch is generally preferred to a capstan if there is sufficient room. 
Its shaft hea in an athwartship direction. 

Design. A warping winch should hare a light line speed of from 75 to 
^0 fpm, for taking in slack lines. The pnll may be taken at not over 2,600 lb 
under this condition. When warping, tho winch should develop a puU on the 
lines equal to at least half the breaking strength of the hawsers and warps 
required to be carried on the vessel It should be able to withstand full 
breaking strength of this line, without damage. Working pull is about one- 
third the breaking strength of the line. 

The warping winch may be single- or doubJe-geared. In general, its design 
follows requirements already discussed under windlasses and winches. Its 
outboard shaft pedestal bearings, of the sleeve type, must withstand tho 
full pull of a breaking hawser. Warping beads are smooth. No brakes 
need be fitted. The control must be reversible, and its design is more or less 
similar to cargo winch derign. 

Its power may bo calculated on the basis of the required warping line speed 
and the rated pull. The winch efficiency is about 70 to 76 percent, 

. line speed X line puU 
^ " 33,000 X efficiency 

Capstans 

Definition. A capstan is a motor-operated vertical drum used prinoipaily 
for warping the ship while docking or undocking. In warping ship, a line is 
sent ashore and made fast at the dock or pier. The capstan is then used to 
put sufficient strain on the line to draw the ship slowly toward the dock. 

Design. A capstan must be well and carefully designed. In service, 
it is subjected to heavy loads created by the movement or inertia of the entire 
vessel. Its chief requirements are that it mi^t accomplish the following; 

1, Run in either direction. 

2, Have provision for hand operation in event of power failure. 

3. Have a light line speed from 70 to 80 fpm. 

4. Have a loaded line speed of approiimatcly 30 fpm. 

6. Have a motor brake suffident to control full load. 

6. Develop rated pull equal to 75 percent of the breaking strength of the 
hawsers specified for the vessel. 

Eequirements. Capstan detign is based upon the key requirements of 
reliability, ruggedness, and weatherproofing. Economy, quietness, weight, 
etc., are of much loss importance. The capstan is not run for long periods 
at a time, being altogether different in this respect from cargo winches. In 
general, the proportioning of parts and the selection of material follow the 
previously discussed material (pven under windlass design. 

Capstan power is determined from the rated line puli and rated lino 
speed under load, in tho same mumer as the calculations given for determin- 
ing the power of mooring rrinches. Motors and controls follow windlass and 
winch design rather cbsely, with the escoption that a-c wound-rotor motors 
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Materials and Construction. The bedplate must be very strong and 
rigid for transmitting the heavy forces safely to the sWp's framing. Gen- 
erally this is of wclded-sted constmctioiL The cylinders are of cast steel 
fitted with bronze guide bashings and oil-resistant outside packing for the 
rams. The rams may he solid, hoUow-foi^ed steel with a plugged end or 
built up from welded steel and machined. Long service causes the packing 
to wear a neck in the rams at the prant of their most frequent travel, when the 
rudder is more or less amidships. To avoid this, the ram surface in that 
location should he caschardened or flame-hardened before the final finish.is 
ground. The crosshead or tiller should be of cast steel, heavily keyed to the 
stock. Guide blocks, guide rods, tie rods, pins, and other stressed parts 
should be of forged steel. Ali parts of the storage motion control should be 



casehardeued or heat-treated to resist wear. All heavy parts should be 
provided with one or more bosses tapped for oversize eyebolts for lifting 
during overhaul. Heavy bearings should be provided with wick-feed or 
automatic lubricators. 

Piping. The piping in the high-pressure system must be of seamless 
steel, with bolted flanged joints, tested at maximum relief valve pressure 
of the system. The relief is set about 15 percent above working pressure. 
Screwed, or screwed and welded, joints are not allowed. Relief valves and 
vent cooks are fitted as required. High-pressure pipbg should be sized to 
permit velocity of oil flow not in excess of 18 or 20 fps. Low-pressure tubing 
should be of annealed copper with coned joints. Brazed joints should be 
avoided as they tend to produce foreign matter in the form of bits of spelter 
or flux, which get in the system. Ilie oil-supply tank should be located not 
less than 3 or 4 ft above the hi^st part of the piping. All oil-tank-fiHing 
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ma? bo used for capstans though they vouW not be dosirable in winch wort 
owing to the marked superiority of direct current for the latter ser^^ce. 

The capstan is built up from a substoatiBl cast^teel or welded-stcel base 
provided with exceptionally rugged means of bang secured to the deck. 
The drum is of cast steel or alloy cast iron, 8raooth*barreIed and driven by 
an extension shaft through the weather deck from the worm wheel inside the 
base. The worm is sometimes 
driven by a spur gear reduction 
from the motor; otherwise by direct 
coupling to the motor shait. If 
both spur and worm gearing are 
embodied in the design, separate 
oil enclosures should be provided in 
a common, rigid housing because 
they require different grades of oil. 

The Avorm is carried on ball bearings 
designed for both thrust and annulaT 
bods. 

Proportioning of shafting and 
gearing is done on a basis of trans- 
mitting maximum motor torque 
and, further, resisting safely the 
strain brought by a breaking haw- 
ser, Capstan drive must be self- 
overhauling and, since worm drive 
is employed, the hawser's pull on 
the drum cannot overliaul or turn 
the motor under this condition 
unless the helix angle of worm and 
wheel is at least 16 deg. The ver- 
tical capstan shaft is oi two-piece 
design and arranged with a slip ioint 
to provide adequate lift and allow 
for to % in. deflection of the deck 
above the motor when the unit » 
working under heavy strain. 

Tile motor, usually 230 volts, 
compound-wound, is 30 min rated 
after 1 hr at no load. It is the heavy-duty marine type, with roller bearivAga, 
Its maximum speed should not be exceeded if load is thrown off the capstan. 
Motor control is usually tho magnetic reversing tjqje, with a torque limiting 
relay positively limiting line pull on the drum of 75 percent of the warping 
hawser’s breaking strength. No overload relay is required. In general, the 
motor and control equipment should provide 5-point control, automatic 
acceleration, adequate torque to rorintain sperifiod line pulls, and protection 
against stalling an.d low voltage. 

STEERING MACHINERY 

Introduction. The importance of the steering machinery has been pre- 
viously mentioned. This discimon leaves out entholy all mention of 
various mechanical hand gears, drum and cablo-oontrolled tillers or small 
chain- or screw-type gears fitted on smaU ships. The only kinds of steering 



Fiq. 8.— Capstan with extension 
shaft 80 that the drive may bo mounted 
biAtjw tiin wmAbur dec's. 
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opBiiings 8\iou\d be designed for locking to .prcTent sabotage from emery or 
carborundum dust being thrown in the oil. .The entire steering engine room 
should, in fact, be kept locked, if sabotage is thought possible. 

Motor Selection. On hydraulic sj^ems the commonly used motor is 
230 volts, shunt-wound, dripproof, constant-speed, 1 hr rated, fitted with 
ball bearings. On directrdrive systems the motor is compound-wound. The 
duty imposed offers no problem in control and the common across-the-line 
starter is used. Motor-starting push buttons should be located near the 
trick wheels and the six-way valve controls, to minimize the time necessary 
for emergency changeover. The A.I.E.E. requires a spare set of bearings, a 
brush holder, and a set of brushes to he carried as spares for each motor. 



Fig. 15.— Hydraulic telemotor steering stand. {Courtesy of Amencan 
Engineering Company.) 


The designer or owner may dcrire more, however. 440-volt, three-phase, 
60-cycle alternating current is gaimng rapidly on merchant and naval vessels 
and a-c steering engine motors are adapted to this service. Motors have 
overload relays, and a-c installations should have alarm lamps indicating open 
phases or reversed phase sequence. 

The undervoltage release for each steering motor is located in the steering 
engine room and should provide automatic restarting upon restoration of the 
ship’s voltage. Motor feeders should run to each motor from two separate 
cables, with transfer switches, from the man switchboard, one being on each 
side of the ship. The overload protection should be located on the ship’s 
main switchboard, provided with audio and visual signals to tell when either 
motor loses its current supply. Each motor requires an indicator light 
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nisfWncrj' considered suitablc'for ocesngmag vessels are direct-drive electric 
and tho'm'OTe popular -electrohydraulio ram-type gear. Steam steer- 
ing machinery is considered olaolete'ia'ao'far as progressive now design is 
Mncerned. ' ■ ' i- ■ ■ ■ 

.'The electrohydiftulic -g^ is by faT'tfae meet efficient. Unlike the direct 
motor drive, its motor need not be stopped and-reversed to reverse the rudder 
but may run continuously at all times, its load being varied according to the 
tcleinotor control. Its charaoterisUcs permit low headroom, relatively light 
weight, and many various methods of locatmg the rams, pumps, and controls 
to suit the vessel's design. 

Societies governing design of steering machinery are the American Bureau of 
Shipping, U.S. Coast Guard, Merohant Marine Inspection Division, A.I.E.E., 
and also Senate Report 184. To these must be added the owner’s special 
requirements and, of course, any and aU special national defense features 
required to be embodied in the design by the Navy, The scope of steering 
machinery in this discussion extends from the calculation of rudder torque from 
the rudder shape and area as determined by the naval architoct, through the 
entire design of the steering machinery itself, the elements of telemotor 
design, and in general all detail work necessary to design the installation 
including the steering stand and telemotor control 
Basic Bequirements. Steering machinery should be designed to carry 
out the foUowing functions on any oceangoing vessel over 250 ft long; 

1. Move the rudder smoothly to any derired position within limits of 
35 dog left or 35 deg tight of the ship’s centerline. 

2. Move rudder from hardover to liardover through a total of 70 deg 
in not more than 30 sec when vessel is going ahead ot a spoed corresponding 
to maximum shp at full-load draft. 

3. Move rudder from hardover to hardover through a total of 70 deg 
in not more than 00 see when the ship is going astern, at a speed correspond- 
ing to maximum astern hp at fuQ-load draft. 

4. Move rudder by means of an emergency source of power from 16 deg 
left to 15 deg right through a total of 30 deg in not more tlian 60 sec when the 
vessel is going ahead at hall the maximum designed sea speed or 7 knots, 
whichever is greater. 

, , 5. Have a brake on the rudder stock, or have a hand oil pump on the rams 
capable of producirg a torque equal to one-fourth the maximum ahead torque. 

6. Hold the rudder in any desired position against all stresses imposed upon 
the rudder during normal operation of the ship. 

7. Yield under influence of extreme stresses imposed upon the rudder in 
heavy seas, and return automatically to the set position when the overload 
lias passed. 

8. Operate with 100 percent reliabiUty by designing with main, auriliary 
or stand-by, and emergency power. 

9. Operate quietly, accurately, and economically. 

General Qualifleations. The steenng machinery , should be designed 
from the general consideration of the following essential characteristics: 

1. Reliability 6. Ease of nmintcnance and repair 

2. Strength 7. Ease of changeover to emergency gear 

3. Economy 8. Positiveness of telemotor control 

4. Accessibility of parts 9. Protection from sabotage 

5. Quietness of operation 
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in the engine room. Audio alanns hare a silencing and reset button in the 
engine' room to he used after the alarm is noted by those on watch. 

Pump Selection. The Hdc-Shaw and the Waterbury pumps are most 
frequently used. These are the popular radial piston or axial piston designs, 
much used lor hydiauho-prcssure service. They etand up excellently under 
long operation, and no excess capacity need be allowed for them in design of 
the steering machinery as they imuntain nearly constant effidency throughout 
their life. They should be selected at a rating equal to 90 percent of their 
full stroke capacity. A flexible coupling should be provided between the 
motor and the pump. Those pumps of parallel-piston design need adequate 
provisions for recirculating the ofl. Radial pumps need a motor-driven leak- 
off pump and tank for each pump to return the maximum possible amount 
of leakage oil to the replenishing tank A 10-gal capacity will sufHce for the 
overhead replenishing tanks. The oil for the system is a high-grade mineral 
oil, like turbine oil, of “heavy-medium” viscosity, although sometimes an 
“extra-heavy" oil may be used. 

Telemotor Control. The tdemotor is the control whereby the helmsman 
at the wheel transmits mechanical motion to the steering engine itself to 
set the power meclianism of the latter in operation. Formerly wire or steel 
shafting was used, running directly from the wheelhouse, but this is now 
obsolete. Only the hydraulic telemotor and the electrical control are now 
used. Figure 15 shows a hydraulic telemotor steering stand. Telcmotors 
use medium-grade pure mineral oil. Of course glycerin and water can be 
used, but oil is preferred. The oil should have a cold pour point 40 deg 
below 0 P. All large modem vessels have a Sperry gyro-control unit for 
automatic steering, which also actuates the steering engine control when so 
desired. The telemotor and the Sperry unit both control the stroking of the 
oil pumps, hence the steering itself. All steering machinery should have 
suitable follow-up gear. Ships generally may be steered from three locations: 
pilot house, ait steering station, and steering-gear room. Some may he 
steered from the top wheelhouse if so constructed. 

Requirements of tdemotor design are 

1. Reliability 

2. Simplicity 

2. Tightness of connections 

4. Protection frora 1 ms of control tor (rewing 

6. Absence of excessive number of connections between wheel and steering 
engine 

6. Freedom from disturbing mE^ctic influences near compasses 

7. Automatic equalizing when wheel is amidshipB 

Hydraulic Telemotors. These follow coaventional design throughout. 
Telemotor tubing requires care in imtallation., however. It is copper tubing, 
to % in. in diameter, led as strmght as possible. It should ^wayslead 
forward on a constantly rising level, avoiding all dips and excessive bends. 
Care should be taken to keep it dear of boiler tops, the fiddley, steam lines, 
etc, It should be designed for a 500-lb test pressure, although working 
pressure is much lower. The chargiiig tank wiU generally be 7 or 8 gal; the 
forward replenishing tanks hold about 3 gal as part of the telemotor housing. 
Air cocks should be provided for venting. 

Electric Telemotors. Those vessels having alternating current for 
auxiliary use, as well as mmn propuldon, are suited for a "synchro-tie" or 
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aceofa; « Bins = ppp/hyp = 7l?/0Pj . 
cosine of x = cos ® = adj/byp ' » 0M/0P\ 
tangent of i = tanx = opp/adj •= MP/OM] 
cotangent of s = cot* « adj/opp = OM/hlP] 
eecant of x = eeo * ='liyp/a«ij' = OP/OM', 
cosecant of x = cao * “ Iw/opp = OP/MP. 

The last three are best romemberod as the reciprocals of the first throe: 

cot X = 1/tan x; Bcc * = l/coa *; esc x = l/sin x. 

' Other functions in use nre tho versed rine, the coversed sine, and the ex- 
terior secant: 

vers X = 1 — cos x; covers i = 1- — sin *; cxscc x == sec x - 1. 

■ For graphs, Beep. 174; scries, p. 161. 

Signs of the Trigonometric Functions 



V^=U142; Hv^«o.7071: V3 =U321; J4v^=0.86G0: JSv's =0.6774; 55V^'=I.1547 
Trigonometrical Tables. The tables on pp. 46-50 give tho values of tho 
principal tripnometrio functions and of their logarithms, correct to four 
P ac 63 of decimals, the angle advancing either by tenths of a degree (p. 46) 
r by 10 mb (p. 62). Those tables will bo found adequate for moat 
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compufationB in which ftO accuraty of 1 part in 1000 is sufficient. It much 
computing is to ba done, it is advisabio to use a eeparete volume of tables, 
containing more facilities for iot^mlation, and printed in larger type, 
such as the four-place tables of E. V. Huntington (Houghton Mifflin Com- 
pany, Boston, Mass.), wth convenient mnrfflrin.l tabs; the five-place tables 
published by Macmillan or many others; the six-place tables of Bremiker: 
the standard seven-place tables of Schroa, Vega, or Bruins (angles advanc- 
ing by 10 eecV. or the great d^t-place of Bauschvnger and Peters (angles 
advancing at intervals of 1 sec from 0 to SO deg). The larger tables give 
only the logarithms of the functions, not the natural values. 

To Find Any Function of a. Given Angle. (Reduction to the first 
quadrant.) It is often required to find the functions of any angle z from a 
table that includes only angles between 0 and flO deg. If * is not already 
between 0 and 360 deg, first “reduce to the first revolution" by simply 
adding or subtracting tie proper multiple of 360 deg [for any function of 
(i) « the same function of (* ± n X 360®}]. Next reduce to the first 
quadrant as follows: 


n a is between 

90® aod 180® 

180® and 270® 

270® and 360® 

Subtract 

90* from* 

180® from s 

270® from a 


- +co» (x-W) 







B (x-90*) 


»+8ln (X-27D® 

■ -i-oac (*-270®) 
--cot (x-270* 
--tan (a-270') 



tan I 

--cot (i-wn 
- -tan (*-90“) 

B+ton (x-lSO^) 
-+cct (r-180®) 








-1+008 (s-270®) 


The “ reduced angle" (i - 90®, on - 180®, on - 270*) will in each case 
be an angle between 0® and 90®, whoso {unctions can then be found is the 
tabic, 


INotb. The formula fotaiaenod cosine are but remembered by aid of the unit circle,] 
To Find the Angle When One of Ita Functions is Given. In, general, 
there will be two angles between 0 end 360 deg corresponding to any given 
function, The following tabulated ridce show how to find those angles. 


Give. 

first find fion (he tables 
an ocute ancle Msueh that 

1 Then the required angles zi 

1 and Si will be 

Bin S-+0 
C08*-=+O 
tans- +8 
cot iB+a 

sin n-a 

CDS xt— a 
tanxg-o 
cotn-e 

*B and 180*-*!) 

Si and [3GO”-so) 

Zb and I80°+*o] 

IB and [IBO’+tBl 

cos*- -a 
tans-— a 
cots- -a 1 

un £e=a 

eos»-a 1 

tUft-tl 1 

eol*|Bo 

Il80®+z«]and 
I8a®-*B and I 
!80“-*o and 1 
180®-S8 and 

360”-m 
180“+ic' 
360®- 10 ' 
360°-s»! 



The angles enclosed in bnwkete He ontade the taage 0 to 180 deg, and honce cannot 
occur aa angles in a triasgle. 

For solution of trigonometric equarione, see p. 118. 
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■Sclsyn telemotor. These units have both transmitter and receiver alike for 
interchangeability of spares, an^e-plmse stators, and thtee-phase rotors, nith 
a minimum of cables between stations. The primary runs at 440 volts, and 
the rotor windings are interconnected. Any movement oi the transmitter 
rotor is duplicated exactly hack ait in the steering cn^ne-rooni receiver. 
The unit must have sufficient torque to prevent the units from pulling out of 
step when the helmsman turns the wheel quiokly. Ten turns of the wheel 
vdll be normally required for putting the niddor hardover to hardover throuch 



Fig. 16 .— Schematic control diagram for electric tclemotor. 


70 deg. Figure 16 shows a apedmen schematic wiring diagram for one of 
these units. The transmitter is located vortically in the case of each BkeriuE 
riand, and the receiver is located in the steering engine room, near the strok- 
ing control of the pumps. Follow-up motion from the rudder movement 
itself governs the system. An ovorioad hue contactor and line selector 
switch are necessary, there being duplicate cables run between stations. As 
the selector switch in the {Hlolhouse, with its indicating lamps, is duplicated 
aft, the cable selection can be controlled from the steering engine room as well. 

Design and Layout. The top wheelhouBe steering stand, a nonmagnetic 
design, is connected mechanically to the wheelhouae telemotor transmitter 
by shaft, clutch, and gears. The aft steering station has a nonmagnetic 




U78 


DECK MACBINERT 


stand also, mechanically connected to the trick stations are required by the 
TJ-S. Coast Guard, Merchant &{arine Inspection Division. 

The Sperry gyro-pilot system, 'if fitted, embodies the following: steering 
stand in ■whcelhousc; servo-power unit; transfer switches; and motor-control 
panel all in the steering en^ne room, and two d-c-a-c, llO-volt, 60-oycle, 
motor generator sets. Thegyropilot also has a repealer for the helmsman, a 
rudder-angle indicator graduated in degrees, adequate lighting provisions, and 
adjustments for various weather and rudder conditions. The control should 
be able to disconnect the system oitirely, put it on automatic steering, or put 
it on hand steering. The rudder-angde inificator should bo accurate to within 
deg from the indicated setting. The gyro-pilot power unit should not 
need any means of supplementary torque amplification but should stroke .either 
or both the main pumps directly, limit switches should be provided to 
control the hardover rudder settings at nominal 35 deg settings. "When 
steering by gyro, the hydraulic ^rstem should be completely by-passed. 

Control. The steering whed, usually between 36 to 42 in, in diameter, 
must turn to the right to turn the vessel’s rudder and the how to the right; 
conversely, it turns left to turn ship to the left- The words port and 
starboard are no longer used in ^ving steering directions owing to the 
possibility of confusion of intent in emergencies, such ns the collision between 
the "Mohawk" and the "Talisman," which resulted when the tekniotor 
liquid frose and the emergency signals were misunderstood on the “ Mohawk.” 
The rudder indicator must have an adjustable pointer and graduations 
35 deg left and right. No more than 10 or 15 luins should be necessary to 
put the rudder through 70 deg. 

' The specifications should clearly include complete operating and lubrica- 
tion instructions for the entire storing system to bo posted in the steering 
room. These should be clearly posted and should include complete directions 
for all conditions of operation, especially those movements required to shift 
over to emergency steering. 
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attained -whoa the counterlorquo applied does not cause propeilor cavita- 
tion. In reversing a gjmehronouB motor on its induction motor winding, 
the opposing torque gradually brings the propeller to rest ivitliout causing 
undue stresses in the line drafting. 

In one of the first synchronous motor applications, an experiment was made 
in which the genei'alor and motor fields were removed, the mmn lino con- 
tactors reversed, the rings of tiie generator short-circuited, and the field 
current then applied to the motor only. This operation was performed with 
the turbine-speed lever in the maneuvering portion. Tliis caused the motor 
to act as a generator and the generator as an impedance, thereby occasioning 
a dynamic braking action, A more effective method of dynamic braking is 
attained by temporarily inserting resistors across the motor terminals until 
the high peak of propeller torque caused by the ship’s driving action is 
overcome. 


loo; 

|60 

1 60 

I 



k 






fp-^Posl 

'ive SI 



n 




B 

i 


I 


l 7 

K 

■ 


i 


1 

B 

[i 

J . 


1 

II 

a 

i 


R 

B 

i 

i 


H 

■ 

II 

■ 

■ 

■ 

■ 

i 

B 




B 

II 

■ 

■ 

■ 

■ 

■ 

i 

1 


■ 

fl 


20 10 0 10 20 30 40 50 60 10 60 90 ‘ 100 

A5f6rn-4'Aheiil(l.^ Revolutions, percent 

Fio. 10. — Propeller-torque during reversal of propeller with ship 

mainiuni^cofistont-dicad speed. 

Fbwer fi'eqTixrsu' utong" iDfrwraW. Wilen a ship jk deihg unVen adearf 
and the power to the propeller is disconncctod, aero torque on the propeller 
will take place when the propeller sUp decreases to zero. Tho exact speed 
con'espondlng to zero torque hang a funqUon of actual slip, it will differ on 
vessels having different propellers and wmko factors. Usually, this point 
corresponds to approximately 70 percent ofithe ahead revolutions correspond- 
ing to the ship’s speed. \ 

In applying power to reverse the propeller, tho ship’s coasting speed has 
a tendency to keep the propcUer.rovolvinfe in tho ahead direction and, if 
sufficient retarding torque is appfied to create a negative slip equal to the 
positive slip corresponding to that attained when driving the ship in the 
ahead direction, the torque will bo approximately equal. 

The percentage of the ahead revolutidus at which maximum negative 
torque is attained when dynamically brakii^ the forward movement of the 
propeller varies widely; on different classes of vessels, and also on identical 
vessels operating at differmit' drafts. The , factors that influence the brak- 
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TURBINE-ELECTRIC DRIVE 

Classification of System. The term “turbine-clcctric drive" designates 
a iotm of ship-propukion. apparatus in -which, a stcam-turbine-drivea gen- 
erator is used to furnish power to a propcIUne motor. In installations using 
a-c generators and motors, propeller reversals are accomplished hy a irvvitch- 
ing of electrical connections l»twecn the generator and the motor; speed 
changes are effected by altering the speed of the prime mover. In instal- 
lations using d-c generators and motors, speed changes are made by altering 
the voltage, and reversals are made by changing the direttion oi cunent flow. 
Both of these functions are controlled by the generator field, 

With iew exceptions, a-o generators and motors hnve been used in turbinc- 
clectric-drive installations — the few d-c installations being mainly of historical 
interest. 

Type of Electrical Apparatus Used. During the deveiopmentnl stages 
of turbine-elcotric drive, induction motors of the squirrcl-cage typo were 
used. Notable examples of this tjrpc were found on tho U-S.S. "Jupitor" 
(latcfi renaraed the ‘'Langlo^")— the first large ship to bo cleolricaliy pro- 
pelled; the U.S. Ka-vy battleship "Now Mexico"; and tho U.S. Navy airplane 
carriers, the "Saratoga" and “Lexington." 

In modotn practice, the synchronous type of a-e motor is almost universally 
used because of its lighter -weight, higher efficiency, and unity power-factor 
characteristics. 

The complete apparatus, conadcred from the standpoint of a Blnele pro- 
pelling unit, consists of 

1. Steam turtane of the condenang type directly connected to a threo-phaso 
a-c generator. 

2. Propelling motor of the synchronous tj-pe mechanically constructed 
for direct connection to the propeller shaft. 

3. Control panel upon which are mounted the levers for operating tho 
reversing contactors; generator end motor field contactors; and turbine speed 
control. 

4. Exciter generator for furnishing direct current to tho generator and 
motor Sold circuits. 

Primary Purpose and Inherent Advanteffos. Turbine-electric drive 
is used primarily to effect a reduction in speed between a high-speed prime 
mover and a slo-w-speed propeller. 'Within certidn limitations turbine-electric 
drive permits a satisfactory fixed speed-reduction ratio between the two ior 
the attainment of a high over-all propulsive efficiency. 

The inherent advantages are as follo-ws: 

1. The turbine generator on cettean types of ships can be used ns a uni- 
versal power plant, thereby eliminating the duplication of powering equip- 
ment for loading and unloading operations and for special power purposes. 

2. ^ gWps having multiple generating eqvapmferits and propeller shafts, 
electrical connections can be provided that permit the paralleling of motors 
on a single generator under reduced power conditions. 
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ing torque (luring the deceleration period are (1) the stem design of the hull 
and (2) the tendency of the propeller to caivitate. Both of these items 
change with the draft and trim of the vessel. 

When a ship is operated in the astern direction, the thrust column of water 
from the propeller flows forward against the hull of the vessel thereby partly 
canceling the effectiveness of the astern thrust caused by tlie propeller. 
The rate of revolutions at which normal rated propeller torque in the astern 



direction is attained varies on different types of vessels and differs appre- 
(dably between single-sorow vesseb and ve^ls with wing screws. 

'A typical propeller-torque (rurve during reversal based on the assumption 
that the ship’s speed remains constant at 100 percent in tho forward (direc- 
tion is shown in Fig. 10. In practice a ship decelerates very rapidly from its 
top speed, and as its speed is reduced the negative -torque that must be 
applied to the 'propeller to cause its reversal also decreases very- -rapidly. 
If it is assumed that propeller slip is as effective in producing torque on ono 
Bide of the propeller blading as the-other, then the'retarding t()rquo'required 
to reverse the propeller, is a function of the ship’s speed. at the time of reversal, 
Actually, the back of the blade is not so ^eotive as is the face. ■ t. , 






1490 


BLECTBTC SHIP PROPULSION 


To drive a ship ahead at 100 percent speed requires 100 percent torque 
on the propeller, Assuming torque to vary as the square of the revolutions, 
approximately 81 percent torque is required at 90 percent speed; 64 percent, 
at 80 percent speed; and 49 percent at 70 percent speed. 

In reversing a propeller by means of a motor, the designer is interested in 
knowing the time element involved in a ship's deceleration as well as the 
peak of the torque curves during reversal. Very few ships have the same- 
reversing torque characteristics, and it is general practice when ships go 
into commission to take extenave osdllograph records during crash reversals, 
and all other conditions of operation. 
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3. Flexibility of potrer arrangement. The turbine*generfltor location In 
the sliip can be made independently of the locatioQ of the propelling motor. 

4. Ease and rapidity of maneuvering electric^ connections can be quickly 
switched for propeller reversal trithout altiering the direction of rotation 
of the prime mover. 

6. Maximunr power avmlablo for astern operation. 

6. Improved relation between propeller speed and, torque. Torsional 
■vibrations that emanate from the propeller are not transmitted to the prime 
mover, or are reduced. 



Fiq . 2.~Goner&l Electric tuibine lor turUno-electno drive. 

7. ContiQuous check on power output. 

8. EUmination of rapid temperate changes within the turbine during 
maneuvering operations. 

Economies of Turbine-electric Drive. A comparison of the relative 
economy of turbine-electric drive with other fonns of propulsion can be 
evaluated only by an analysis that reduces the many factors involved to a 
common denominator. The factors to be considered in such an analysis 
consist of the specific type of ship, its proposed trade route, speeds between 
ports of call, space and weight factora, auiUiory power needs, first cost nnd 
resultant capital charges, depremation, operating charges, and fuel costs at 
ports of call. 

The foregoing type of analyas is made by computing a complete heat 
balance for a specific type of ship, taking into consideration the extraneous 
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1. Turbmc-generator speed control 

2. Switching of power leads lor propeller reversal. _ ■ 

3. Means lor closing smtehes in generator and motor field circuits in 

proper sequence. . ■ ■ _ 

4. Means for varying generator raid motor field current to suit the power, 
and speed conditions. 

la modern marine practice functions (1), (2), nnd (3) are controlled by 
two levers situated on the control pnnd. Function (4) may be either man- 
ually or automatically controlled. One lewr called, the reversing and 
field lever combines functions (2) and (3) and is supplied with three posi- 



Fig. 13. — Amplidync seberaatie wiring dingrara. 


tions in both the alicad and the astern position. Position one on this lover 
closes the main-line contactors for the ahead or reverse operation as desired; 
position 2 closes the generator field switdi; and position 3 closes the motor 
field switch. The second lever controls tho speed of the turbine, and inter- 
boHtig arrangements are provided which' make it necessary to return the 
speed lever to a predetermined maneuvering position before moving tha 
field and reversing lever. 

In the earlier turbine-electric-drive installations functions. (1), (2), and (3) 
were controlled by separate levers. Interlocldng arrangements were pro- 
■vided which made it necessary to open the field circuits prior to opening or 
closirig the main-line switches. ■ ' ■ 

The motor and generator field current -was manually controlled by means 
of rheostats in the earlier installations. Power-factor meters and excitation 


I 
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apparatus found necessary with each form of drive. This shows the fuel 
rates per shaft horsepower per hour for all purposes, which can be quickly 
interpreted into terms Of nauticri miles per ton of fuel if the propulsive 
efBciency is known (sec p. 1267). 

The fuel rate on a ship is dependent upon the design factors of the power 
plant, such as boiler effidenty, steam pressuro and superheat, vacuum obtain- 
able with sea temperatures 'easting 'ou a pven trade route, typo of heat- 
recovery apparatus installed, type and efficiency of auxiliary apparatus, and 
magnitude of auxiliary power needs. 

Because of the unidirectional rotation characteristics of the turbine on 
clectrio-drive ships, such turbines are especially adapted for making use of 
high-pressure, high-temperaturo-Bteam, and also for the inclusion of steam- 
extraction systems for multiple-Btagc feed-water heating. 

The transmisaion efficiency between the turbine and the propeller shaft 
is a function of the deagned horsepower output of the equipment. In the 
smaller powers an average of 92 to 93 percent is generally obtainable, increas- 
ing to aa high as 96.2 percent in. tlio larger powers. The transmission effi- 
ciency has an almost flat characteristic over a very wide range of loads. This 
is due to the core and 'windage losses being reduced approximately in pro- 
portion to the square of the frequency. 

• Turbine efficiency is the function of its speed, number of stages, steam con- 
ditions, and power output. In cases where it has not been necessary to com- 
promise any of these factors, the maximum efficiency is obtained. Whether 
it pays to design for minimum steam consumption, however, depends upon a 
correct evaluation of the many other pieces of apparatus that operate within 
the power cycle. 

Types of Ships to Which Adapted. High-powered passenger ships 
and combination passengcr-cargo ships of the twin-screw and quadruplo-sorew 
type offer the most advantageous field for turbine-electric drive. It is in 
tMa field that the turbine generator designere and motor-designing engineers 
can cooperate freely with naval architects in obtaining the moat economic 
results. There are no detign limitations to the amount of power that can 
be applied, and by using motors in tandem (if necessary) on a propeller 
shaft 50,000 hp per shaft and above can be ^ readily applied as motors of 
lesser rating. 

Cargo ships and tankers lie within the natural province of turbine-electric 
drive provided the special features of the system so warrant, and the nominal 
horsepower range is 5,000 bp or above, to tankers, use can be mode of the 
main generating equipment to drive motor-driven cargo oil pumps of large 
capacity, without dupUcation of powering equiprnent. Many types of 
self-unloading bulk-freight carriers can also make use of the main power plant 
in port under special conditions. 

•Naval vessels can best meet special manwvormg requirements by means 
■of turbine-clectric drive. 

'The turbine speed should be selected with reference to the generator speed 
after a satisfactory speed-reduction, ratio between the generator and the 
motor speed has been selected. In installations that make use of the mniTi 
.propulsion generators for auxiliary purposes in port, 60-cycle current is 
generally preferable, whidi with a t'wo-pole generator gives a resultant speed 
of 3,600 rpm. This does not restrict tho turbine generator from operating 
.on a variable-frequency baas when driving the propelling motor alone, but 
it may influence the, normal deagned operating speed, especially if the aux- 
iliary power requirements in port are of sufficient magnitude. 
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indicators were furnished^on the control panel for the operator's guidance. 
In the modern installations, this fnnetion is automatically controlled by 
means of an' amplidyne geh^tor vhdse power output controls the field of 
the exciter generator. The fields of the ampMyne are controlled by means 
of a voltage regulator tliat functions to maintain the proper relationship 
between the voltage end the frequency, thereby providing a sufficient margin 
of motor torque to keep the qrnchrcajotis ptopdling motor in step even under 
pulsating load conditions. 

' The amplidyne genetatof is rimilar in appearance to a d-c generator except 
that it has one pair of brumes short-dreuitod. The amplification factor 
between the field and the armature circuit is extremely high, being in the 
order of 10,000: 1. The small amount of current needed for the amplidyne 



fields is furnished by a small transformer from the mmn power circuit and 
converted to direct current by means of small rectifiers. Tho general sys- 
tem in use is shown in Figs. 13 to 14. 


DlESEL-EtECTRIC DRIVE 
DSING DIRECTrCTJRRENT MACHINERY 
' Classification, Diesel-electric 'drive is a form of propulsion in which a 
generator and a motor are interposed between the prime mover and propeller 
shaft for purposes of'speed leductidn and maneuverability, Direct^current 
generators and motors have been' almost universally used in connection 
with diesel-electric drive, because' of the variable-speed-roduction charac- 
teristic that can bo obtiuned. This characteristic permits the operation 
of the diesel' en^ne at its most advantageous speed considered fj'om; the 
standpoint' of torque and exbaukt temperatures irrespective of .the pro- 





Fig. 4.— Top-mounted surface air cooler for turbine generator. {Oourksy of 
Generof Bfectric Company.) 


sludge deposit on the windings. In this type of construction mr coolers are 
provided'on either the upper or the lower section of the casing, and tiie air is 
recirculated thr'ohgh the generator and cooler by moans of a fan directly 
connected to the generator rotor; The coolers use circulating water as the 
medium for carrying away the heat. • • ' 
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pellor speed, and the inclusion of ono.or.a multiple. number of diosel-en^ne- 
driven generators .•mthin the power loop to, satisfy a specific. power demand. 

, Type of Electrical' Apparatus. Used;.. Direct-current generators of 
the separately excited shunt-field type' are .almost universally used with 
diesel-electrio drive in. coniunetion iwith> the variable voltage' system of 
control. In a few instances the constant-voltage system has been adopted 
on special types of ships but they have been- few in number and are of minor 
importance. • 

The complete electrical apparatus considered from, the standpoint'.of a 
single unit consists of the following: • , ■ ■ ■ ] ■ 

1, Direct-current generator arranged for direct coupling to a diesel engine. 

2, Direct-current motor for direct coupling'to the propeller shaft. • In the 
high-power range, two direct-drive motors mounted in tandem on a common 
shaft {called a double-armature motor), or two motors driving the shaft 
through gearing are used. 

3. Exciter-generator; There are several methods of furnishing exciting 
current for tlie generator and motor field poles; -among those fulfilling the 
majority of applications arc the following: 

a. From the ship's auxiliary power bus. 

5. From an overhung type of d-c generator driven from an extension of the 
main generator shaft. ... . . 

B. From a motor-generator set. , 

Nora, Types (6) and (e) are adapted to main generator voltage control throug^H' coht 
tiol of the exciter field. This results in ft eysiem of control Ih&l uses n very small ambunt 
of ouirent in the speed controllers but docs require ft separate source of excitation for the 
motor field. , • , ■ 

4. Main-control panel upon, which are mounted the switches, .speed con- 
trollers, meters, rheostats, and instruments for maldng operation^ checks. 

. 6. Speed controllers for mounting on the bridge. This iteih is optional. ^ 

Claimed Advantages of Diesel-clectric Drive, , 

1. Flexibility with relation to placement of powering units in ship. , 

2. Main propulsion units can he used,, for .dual. purposes.'. . 'When tho 

constant-voltage system is used, the jinits can be, employed aimultanepusly 
to furnish power for propulsion and the ship's auxiliaries. When the variable- 
voltage .system is used, units can be vrithdrawn from the .propulsidn-pov^er 
loop, for special power purposes at sea or used to furnish, power for large 
auxiliary-power loads in port. , , , . . , . , 

. 3. The installation of a multiple number^ of powering units permits a 
machine to be taken out of service at sea for repair or oycrhaul.^ 

,4. Rapidity and ease of control from any location desired., . , , „ 

6. Increase of propulave effiden^ bccauso.ot independent selection of 
engine speed and propeller speed. ,, ,j 

6. Adjustment of propeller speed-to^ue 'rclationsliip for, absorption of 
normal rated horsopower.of engines under varying load.condiliona. - , i ’ 

7. , Low stand-by losses. . ■ ,, ,, i,,.,. , 

8. Elimination of, excessive torque,, on. .en^nes, during surging povyer 
loads, thereby preventing high exhaust temperatures. , ,, 

_.,9. Smooth deceleration and acceleration. durbig. reversal, .without alter- 
uig direction of rotation, of engines. ,. , ^ 

10.. , Engines can, be properly wanned .up'pnor. to, ship’s operation. 
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The devices that protect agiunst dectrical faults on such generators con- 
sist of unbalanced phase relays Mid ground relays. Each of these devices 
removes the field from the goierator and motor in case of faults on the 
system. 

The instruments used for observation of the operating conditions consist 
of ammeters, voltmeters, Mid temperature indicators. The temperature 
measurement of the stator 'windings is made by means of temperature detect- 
ors embedded among the 'windii^ in each phase. It is also tho accepted 
practice to install heaters in the casing so that the temperature within it 
can be maintained above room temperature ■when the machine is stationary 
and thus avoid condensation on the winding. 

Propelling Motors. The synchronous type of polyphase motor is in 
general use on modern ships. During the developmental stages of turbine- 



■ i 

AlRCOOLERMOUNTEQONTOPOffiENERATOR AIRCOOLERIWSTALLED6ELOWTHEFLOOR 

Fig. 5.— Air cooler in operation. 


electric drive induction motors with pole-changing characteristics were used 
to attain different speed ratios between the generator and the motor, but 
these are now of only slight interest. The higher efficiency and lighter 
weight of the synchronous motor, in comparison to either the squirrel-cage 
or wound-rotor type of iiidnction motor, and its unity power-factor char- 
acteristic, -which greatly lessens the physical dimensions of the generator, 
more than offset the advantages of correction in turbine speed at low powers. 

The speed-reduction ratio that can be accomplished, when the propelling 
motor is directly connected to the propeller shaft, is a function of its number 
of poles, and this in turn is restricted by the diameter of tho motor that can 
be installed in a ^ven ship. 

The synchronous type of motor as developed for ship propulsion utilizes 
a heavy squirrol-caga winding for starting and reversing operations. This 
winding is embedded in the faces of the rotor field poles and becomes inactive 
after the motor is brought into syntduxrnism. In &st accelerating the motor 



U94 


ELECTRIC SHIP PROPULSION 


Operating Principle. Wiih constant Sold excitation the speed of a 
shunt motor varies almost directly with the applied voltage, and tho direction 
of rotation with the direction of the current through the armature. As the 
armature current is a (unction of the applied voltage and counter emf pro- 
duced by the field, the torque-speed relationship of this type of motor can be 
closely adjusted by regulating rather the line voltage or the field excitation. 

The voltage produced by a generator ia a function of its speed,, and the 
magnetic intensity of its field poles. Wth constant field excitation, the 
armature voltage varies directly mth the revolutions, and at a constant rate 
of revolutions the voltage varies almost directly with the field current. The 
polarity at the armature terminals depends upon the direction of current flow 
through the generator field coils. 

In applying diesel-dectric drive, the designer has two systems of control 
from which to choose: U) the variable-voltage system and (2) tho constant- 
voltage system. The rfioice between the two is dependent upon the use of 
the generator at sea. 

In installations that use the main propulsion generators exclusively for 
propulsive power at sea, the variable-voltage system is preferable because it 
permits both the rate of propeller revolutions and the direction of rotation 
to be controlled by the generator field excitation, This does not prevent 
Euoh a generator, however, from being removed from the propulsion circuit 
at sea for special power purposes or from being used in port as a constant 
potential unit. Several ingenious methods have been used in modern 
installations to vary the field current to tho main generators efficiently with 
minimum loss in the field resistors. This has been accomplished by installing 
a small generator for furnishing exdtation to the main generator or generators 
only and by varying the field of this smaller generator. 

In the constant-voltage system of control, speed variations are obtained 
by means of resistors in the armature circuit, and reversals by a switching 
of the armature leads. This system results in an appreciable power loss 
if the motor is to be operated at reduced speed continuously and is therefore 
applicable only to sliips that operate at thrar designed speed tho greater part 
of the time. 

Application of Variable-voltage System of Control, Because of the 
ease with which diesel-clcctric drive can be controlled through tho generator 
held alone, the system raadaptaUetiobtidgBCtmtToV, engine-room control, or 
from any location desired. The apparatus used to control this function 
consists of a variable resistor and reversing contactors, which can be easily 
operated by means of a rin^e wheel or lover. 

In the earlier installations it was the general practice to operate the diesel 
engine at a constant speed throughout the power range and to vary tho gen- 
erator field strength to effect speed changes. In view of the fact that a ship's 
power varies as the cube and greater exponents of the speed and the propeller 
torque approximately as the square of the revolutions, the high engine speeds 
are not compatible with good effiraency in the low power range. 

In the modern types of installations it is gener^ practice to operate the 
engines at half speed, at propeller speeds below 50 percent speed, and to 
effect speed changes in this rai^ l^ means of the generator field excitation. 
At speeds above 50 percent the excitatioa is held constant, and the voltage 
that affects the motor speed is regulated by means of the diesel-engine speed. 
This type of control has a very benefiraal effect on the engines. If a heavy 
surging power load is imposed on the propeller, the additional current required 
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up to its slip speed as an induction motor prior to synchronization, the 
system voltage is increased fey temporarily increasing the generator field 
excitation. 



In reversing a ship’s propeller the main objective is to bring the ship to 
rest in the shortest length of time, rather than the propeller. This is usually 


-Governing system for General Slectric steam-turbine ship-propul 
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unloading bulk-freigH carriers, 'refrigwator ships, and many special types of 
ships all lie within the natund province of diesel-electnc-drive application. 

Tugboats. The variahl&4pced-roduclaon characteristic of diesel-electric 
drive makes it esperially adaptable to tug boats. The ability to utilize the 
full rated power output of the endues from st^dstill to full-speed running 
light, without imposing above-normal torque on the diesel engines, results 
in the maximum towing efGciency. The propeller can also be designed 
especially for towing, thereby resulting in an appreciable gain in propulsion 
efficiency. 



The extremes met with in tugboat service range from the condition existing 
when first accelerating a tow, in which the propeller apparent slip is 100 per- 
cent and all of the power is expended in exerting a dead pull on the hawser, to 
the running-light condition in which all of the power is expended in propelling 
the boat. Knowledge concerning the torque-speed relationship of the pro- 
peller, between the two extremes of powim expenditure, is of vital concern 
to the designer, as it enables him to predict with a degree of certainty the 
division of power availablo for.tovfing and to calculate the value of towing 
efficiency. 

A'aeries of tests made on the diesel dectriediy propelled tugboat “Van 
Dyke 1'.“ shbwing the complete ’characteristics over the entire power range. 
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E«lfttlon8 Between the Functions of a Single Anglo. (See Fig. 5.) 

1 coa z 

tan X an X 

1 1 


Bln z 

tin’i + cos’s « 1; tnns = ■ ;cot i 

COB X 


* Vl - cos’ 3 ' 


tnn s 


? * s= 
1 


em- : 


Vl + tan* X 
1 


Vl + cot’ s' 
cots 


Vl+tan*i Vl + cot* X 
lunctiona of Negative Angles, sin (-i) = - 
: 09 (-i) » coss; tan (—i) = —tans. 

Functions of the Sum and Difference of Two Angles. 1 
= sintcoay + cosxsiny; 
cos (a + y) = cos X cos y - ein x sin y; 
taiv{i + y) » Itan x + tan y}/ll - tan x tan y); 
cot (® + v) = [cot X cot 1/ - lI/(cot X + col yj; 

Bin (x - y) » sin x cos y - cos x Bin y; 

cos (a - y) = cos i cos y + sin i sin y; 

tan (x - y) = [tan x - tan vl/U + tan x tan yl; 
cot (» - y) a [cot X col y + ll/(cot y - cot x); 
sinx + sin y = 2 sin }t(x + y) cos H{x - y); 
sin X - sin y » 2 cos H(i + y) ein y:(x - y); 

cos X + cos y = 2 cos + y) cos ii(x - y); 

COB X - DOS y = - 2 sin >4(* + v) cin H(x - y); 

sin (i + y) . , . sin (x 4- y) 

cos X cos V Bin X sin y’ 

an (x - y) ein (y - x) 



tan X + tan y a - 
tan X - tan y * 


cOt X — coty = 


cos X cos y Bin x sm y 

sin* X ~ sin* y = cos* y — cos’ x = sin (i + y) sin (x - y) ; 
cos’x “ sin* y = cos* y — sin* x = cos (x + y) cos (x - y) ; 
sin (45° +x) = cos (45° - x); tan (45® +x) =* cot (45° - x); 
sin (45° - i) = cos (45° + x); tan (45° — i) := cot (45° + x). 

In t he iollc wing tTansiormatioM, o and b ate eupposed to be positive, 
: = Vo* +6*, A = tlio positive acute angle for which tan A « a/h, and 
5 = the positive acute angle for which ton 5 *= b/a: 
a cosx + bsinx = csin (A + x) = ccos(B - x)j 
0 cos X - 6 sin X = c sin (A — x) = c cos (B + x). 

Functions of Multiple Angles ftnd Hal! Angles, 
sin 2x = 2 sin x cos x; sin x « 2 sin H® cos ]ix; 
cos 2i = cos* X - sin* X = 1 - 2 sin* I = 2 cos* x - 1; 

2 tan X cot* x — 1 ; 

• cot 2x : 


tan 2x = - 


1 - tan* x' 
sin 3x = 3 sin X — 4 sin* x; tan 3x 
cos 3x = 4 cos* X - 3 cosx; 


2 cot X I 
3 tan X - 


tan* X 



132 


TmiOmMBTRY ■ 


sin (_nx) » n sin a cos x — (n)s sin*'® cos”"*® 

+ (»)i sin^ ® cos ®— . . 

cog (nx) = cos" x — (n)j sin? x cos "-®i a — . , • 

where (n):, (n)}, ... are the binomial co^cients (seep. 39). 
sin ® = + y /nQ. - CQsg); 1 - cos® =2 sin* Vtx\ 
coa ^® = ± ViiCI +COS i); 1 + cos® = 2 cos* H®; 




tan U "I" 


J’ + 

VI — M 


Here tiie+ or - sign is to be used according to the sign of tie left-hand 
side of the equation. 


Selationa Between Three Angles Whose Sum is 180^. 
sin A + sin B + sin C “ 4 cos cos J4B cos iiC; 

COB A -i- cos B + cos C = 48mMsinl4BsmHC' + 1;' 
Bin A -)-sin B - sin C » dein MA sin HB «» hC; 
cos A d-cosB - cos C *4 cos HA.cos HB sin-^O- 1} 
fiin’ A + ain^B + ain»C - 2003^ coaBcosC + 2; 
sin* A -t* sln’B - sia*C = 2 sin A sin B cos C; 
tan A +taaB + tanC = tan A tan B ton C; 
cotHA+ cot J4B cot ® cot fiA cot }iB cot mC\ 
cot A cot B + cot A cot C + cotB cot C ® 1: 
sin 2A sin 2B + sin 20 >4 sin A einB sinO; 
sinSA -i-sinSB - sinSO * 4 ooe A cosBsiaO. 


InTcrse Tiisonotnetrlc Functions. The notation ein~*® (read! anti- 
sine of z, or inverse sine of ®; sometimes written arc sin z) means the prin- 
cipal angle whose sine is®. Similarly for cos"'®, tan"'®, etc. (The prin- 
cipal angle means an angle between -90® and •j-90® in case of sin"' and 
tan"*, and between 0® and 180® in the case of cos"'.) For graphs, see p. 174. 


SOLUTION OF PLANE TRIANGLES 

The "parts” of a plane triangle are its three sides, o, t, c, and its three 
angles A, B, C (A being opposite a, B opposite h, C opposite c, and A + 
B + C = 180®). A triangle ie, in general, determined by any throe parts 
(not ali angles). To "solve” a triangle meane to find the nnlinown parts 
from the known. The fundamental formula are: 

Law of sines: 7 = Law of co^es: e* = 0* + - 2ah cos C. 

b em B 

Right Triangles. Use the definitions of the trigonom- 
etric functions, selecting for each unknown part a relation 
which connects that unknown with known quantities; then 
solve the resulting equations. Thus, in Fig. 6, if U = 90®, 
then A -}- B s 90®, c* « o» -h 6*. 

sin A = a/c, cos A = h/e, tan A - afb, c ot A = b/a. 

1! A is very small, use ton JfA = '^7^'+^ 

Oblique Triangles. There are four cases. It is highly desirable in all 
these cases to draw a sketch of the triangle approximately to scale before 
commencing the computation, so that any large numerical error may be 
readily detected. 

Case 1. Givin Two ANaiaa (provided their sum is < 180 deg), and One 



Fiq. 6. 
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usually present in the field of a ssmchronous^inotor. This element is pro- 
•vided ■with icmovaUe end Wls wlodi serve to make the entire unit drip- 
proof, and it also supports the brush rigging associated -with the collector 
lings of tlie engine element. 



Operation. The Bowes drive is operated in the follo'wing manner: With 
the engine running at its idling speed, exdtatbn is supplied to the engine 
element, This sets up a rotating magnetic field which moves past the 
winding on the inner periphery ol the shaft element and generates a voltage 
in this winding exactly as in the case of the conventional generator. As 
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are shown in Figs. 16 to 20.. This boat is rated 375 shp at HO rpm running 
light. 

Figure 16 shows the pounds pull on the hawser at standstill of the boat. 
With the propeller operating at 100 pereait apparent slip, rated full power 
was expended at 107 rpm, or 76.5 percent rated revolutions. 

Figure 17 shows the shaft horsepower, revolutions, and observed propeller 
slip, under a heavy towing condition, light towing condition, and under 
free-Tunning condition. Figure 18 shows the percentage of power available 
for towing under light- and 
heavy-towing conditions. 

As the “Van Dyke 2,” 
which constituted the light 
tow, was similar in every 
respect to the “Van Dyke 
I," it is possible to deduce 
from this test the actual 
bull resistance or thrust 
required to drive this ship, 
and ascertain with a fair 
degree of accuracy the pro- 
pulsive efficiency of either 
boat. Running free, the 
“Van Dyke 1’’ required 
200 hp to obtain a speed 
of 10.5 mph, whereas the 
“Van Dyico 2" required 
160 tow-rope lip to attain 
a similar speed. The test 
was made with the power 
disconnected and propeller 
free to turn on the “Van 
Dyke 2." Figure 19 shows 
the torque and pounds 
pull plotted against the 
revolutions squared. Fig- 
ure 20 shows a composite 
curve of all tests. 

Ships for Special Sernee. 

In this classification may 
he included all types of 
ships which because of 
their duty require speciid 
maneuvering qualities or 
ships that can use the main power plant for other purposes than propulsion. 
Cutters and salvage boats which may be called upon to operate near reefs or 
which may bo pressed into towing service are especially benefited by diesel- 
cloctrie drive. In installations u^g two or more main generating units, a 
switcliing arrangement is provided whereby a gjven generator can bo dis- 
connected from the propulsive-power loop while underway and diverted to 
other purposes. 

Double-ended ferryboats offer an exc^ent field for diesel-electric drive 
as the motor driving the forward propdier may be cither electrically dis- 



Miles per hour 

Fig. 20. — ^Torque, speed, and towing force curves 
of “Van Dyke 1.’’ 
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soon as power is developed ia this windhig, a reaction torque is developed 
which causes the shaft element to start to revolve in the same direction as the 
engine element. (This reaction torque is also present in the conventional 
generator, but the armature cannot turn because it is held stationary by 
its supports.) The power that is bmng generated is fed directly into the 
winding on the outer periphery of the shaft element and, since this is the 
armature of a synchronoua motor, an additional torque is developed to accele- 
rate the shaft element. During this acceleration the field winding of the sta- 
tionary element is short-circuited through an external resistance. "When 
the shaft element is rev<dving at dose to the synchronous speed of the drive, 
excitation is applied to the stationary field and the shaft element is pulled 
into sjmehronism. Since the engine element continues to run at a higher 
speed than the shaft element as determined Iqr the speed ratio, there is power 
developed in the generator triiiding to operate the motor side of the drive. 
After the drive has been synchronized, the engine speed may be adjusted 
to any speed from idling to full load, and the speed of the shaft element will 
be varied in the same ratio. 

In shutting down the Bowes drive, exwtation is removed from both the 
engine element and the stationaiy clement. This deenergizes the drive. If 
a reversal is required, the drive is deenergized, the engine brought to e stand- 
still, reversed, and brought up to idling speed in the reversed direction. The 
excitation is then applied to the drive as before. 

The Bowes drive is ventilated by means of an exterDal-lnoto^driven fan 
arranged to foroe ait into one end of the drive. This air discharges through 
openings in the end bell on the other sido of the drive. 

If desired, leads from the generator winding on the shaft element can be 
brought out to collector rings and a small amount of auxiliary power provided 
when the unit is running. It b also possible to lock the driven shaft with a 
brake, open the connections between the two shaft element windings and, by 
running the engine at the proper speed, generate power for other uses. 

Control. The control for the Bowes drive consists of apparatus properly 
to apply excitation to the field windings in. the correct sequenco and also to 
protect the drive. The required relays, contacts, circuit breakers, field 
discharge, and starting resistors are supplied. 

Excitation for the Bowes drive may be supplied from a constant-potential 
d-c generator driven by the engiiie or from an auxiliary power supply. 

• Maintenance. The Bowes drive requires that maintenanoo which is 
usually required for proper protection of the conventional a>c motor and 
generator. Repmrs may be made when necessary in the same manner as 
those reqmred by the conventional synchronous motor or generator. 

. In cases of emergency it is postible to bolt the engine and shaft elements 
together so that they net as a solid coupling. The driven shaft may then be 
operated at engine speed, this speed bring set eo that overloads on tho engine 
do not occur. 
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connected or operated at a speed corresponding to zero torque when uiuler 
way. This permits tlie power to be applied to the after propeller whore it is 
more effective in producing a net thrust. 

Design Characteristics. In all problems dealing with power application, 
a complete understanding oS the charactcTistics ol the driven apparatus should 
l)c obtained before starting the design of the driver. In tlje case of ship- 
propulsion machinery these items are the hull and propeller. 

Motors and generators are designed for a norma! power output when 
operating at a given speed wiUrout exceeding a definite temperature, and for 
temporary operation at a given maximum power without dangerous over- 
heating. As tlie speed of the diescl-engine-drivcn generator is independent 
of the propeller speed, the main concern ol the designer is the duty cycle 
of the motor. 

As the most extreme conditions prevail in a tugboat, this application will be 
considered first. Tests have shown tliat a propeller wlmn operating at 
100 percent apparent slip, the condition ensuing at standstill of boat, absorbs 
full rated power at approximately 75 percent speed. The torque correspond- 
ing to this condition is 133 percent and, current being proportional to the 
torque produced, the motor must necessarily be designed for this condition. 
As the conditions existing during acceleration of a tow arc of a temporary 
nature, it is necessary to consider the time element involved and tiro effect 
that this excessive current will have on the gradual overheating of the motor. 

The heaviest towing condition, which is a continuous operation, dictates 
the design of the motor and may be considered tlie basic design factor. 
Speeds above the heavy towing condition are not of great concern if the 
macliine has been adequately designed for t))c heaviest operating condition. 
Motors, horvever, must bo designed for opci'ation between definite current 
and voltage relationships for, if the speed of a shunt motor is suppressed Iry 
increasing the field current, the healing of the field may become a factor. 

The accompanying table slmws the speed, voltage, and current relation- 
ships on a typical basis, for a propelling motor deigned for a towboat and 
opei’ating under towing and running-freo conditions. 


Propeller, rpm 

Volts ' 

Amperes 

Towing 

Henning free 

150 

200 

2« 

2,000 

135 1 

180 1 

216 

1,620 

120 

160 ' 

192 

1,280 

105 1 

uo 1 

168 

980 

90 

1 

120 1 

1 

144 

720 


It will be noted from the table that the motor under the towing condition 
has the most strenuous duty and produces the same power output at but 
75 percent of the speed attained under the light running condition. The 
towing condition obviously dictates the motor design. 

In actual design practice the engineer has three methods at his disposal for 
meeting the powering requirements of a ship and in designing the motors to 
give the highest over-all propulaon effideacy*. (1) the Bingle-armature type 
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of motor, (2) the doublo-annature motor, and (3) the use of two or more 
high-speed motors with gearing. Eadr of the foregoing types should be 
studied with relation to the weight, dimensional, and first-cost factors. 
For shallow craft that limit the motor diameter, the geared arrangement 
often proves to be the best airangement from the standpoint of space. The 
double-armature type of motor is also used for similar purposes. 

Ships differ with respect to adequate ventilation in the engine and motor 
room, andthisisasubjectofprimaryimportancetothedesigner. If theheat 
losses of the en^nes, gencratOTB, and motors are allowed to become cumu- 
lative, thereby creating high ambumt temperatures, the safe output of the 
electrical apparatus is limited. 



Auxiliary 

powerbus 

connecHon 


Fio. 21. — ^Elements of diesel-electric drive system. 

In cases where open-type generators and motors are used with integral 
fans on the rotors, adequate cn^e-room ventilation must be provided to 
ehminate the continuous redrculation of the heated air. In installations 
using a relatively large amount of power, it has been tbo general practice to 
enclose the motors and furnish the cooling air by means of separately driven 
blowers. In the higher power installations the general trend is toward the 
use of air coolers that use water as tiie circulating medium for carrying away 
the heat. This prevents the depodt of dust or grease on the windings and 
at the same time results in an accurate means of temperature control. 

A number of methods arc presented to the designer for obtaming the excit- 
ing current for the fields of the generators: (1) from an exciter generator driven 
by the main prcpulaon unit, (2) from a motor-generator set, and (3) directly 
from the elnp's auxiBary-power bus. 
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GENERAL 

Purpose. The purpose of ventilation and heating is the maintenance of 
satisfactory standards of comfort for the passengers and crew and the estab- 
lishment. of proper atmospheric conditions for protection of the sliip's equip- 
ment and cargo. Atmospheric conditions tlirough which a ship passes 
vary more widely and more rapidly than for a fixed location ashore, yet the 
ship and its contents must be mmntaincd at reasonably constant conditions 
throughout all weathers. 

Until recent years, ventilation and heating were considered as separate 
problems and were bo handled. In modern practice, however, they are 
treated as two closely allied phases of the same problem. Older siiips were 
heated by a system of direct radiation, generally employing steam-heated 
radiators; and were ventilated by an entirely separate system of ventilators, 
ducts, and fans. Recent practice combine the two into a single system, 
using unheated or cooled air in wavro weather and heated air in cold weather . 

Marine Conditions. Maintenance of a satisfactory standard of con- 
ditions afloat is more difficult than ashore. The wide and rapid temperature 
fluctuations require an adaptable system; in addition, a marine installation 
is subjected to many inherent problems. The watertight integrity of all 
watertight decks and bulkheads must be maintained, where ducts and pipes 
pierce them. The structural integrl^ of strength decks and bulkheads 
must also be maintmned. Weather openings are subjected to unusual 
and severe service. The necessity of recognizing and designing for these 
conditions is shown by the rules of marine classification societies such as the 
American Bureau of Shipping and Lloyd’s Register of Shipping, which are 
established to ensure watertight and strucLurid integrity of the weather deck. 

Fire hazards must be recognized and reduced to a minimum. The 
regulations of government agencies such as the U.S, Coast Guard Marine 
Inspection Service, and agreements such as the rules established by the 
1929 International Convention for Safety of lafe at Sea and U.S. Senate Report 
184 must be met. Adequate closures and emergency stops to prevent spread 
of fire; fireproof or fire-reaslant insulation; isolation of inflammable or danger- 
ous materials, etc., should be provided. 

Ratpiooflug of ventilating aynbems is necessary. Owing to the nature 
of a ship’s structure and the prevalence of rats in many ports, they are a 
greater problem afloat than ashore. Precautions should be taken to prevent 
not only establishment of rat homes in ventilating ducts but also migration 
of rats from one compartment to another by way of the ducts. The U.S. 
Public Health Service has established regulations dealing with this problem. 

Weather conditions vary widely. For vessels designed to operate 
generally in all parts of the world, air temperatures ranging from 90 to 10 F 
should bo considered for derign. For ships in North Atlantic service during 
the winter, the heating system ^ould be designed for an outside air terapera- 
ISIO 
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Tho control panel upon ■which are mormted the disconnecting switches, 
speed controller, motor field rJieostat, and meters for observation of power 
output can be made quite simply as the fonctions are ,of an elementary 
'nature. As the main power circuits are switched only when the main power 
circuits are deenergized, tho switches are generally operated manually by 
means of awheel. A speed controller is generally; mounted on the panel, and. 



Fiq.' 23.— Typical method of installation of dicsel-clectrio ’drive. 


,a'transfer switch supplied for transferring tho control to either the bridge 
or the engine room as desired. ' ' 

. Powering Combinations. It is the general tendency in marine practice 
tomstaUiWo^diesel-engine-driven ^nerators per .propeller shaft, and oho 
or a .multiple .number of motors per shaft depend!^ upon the. power output 
required. This combination permits a generating unit to be disconnected 
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ture of 0 F. The humidity of sea air is generally high and, la passing from 
warm to cool weather, the moisture in the air wiH condense on cool surfaces 
and cause "sweat.” For this reason, cargo holds should be provided with 
suitable means for ventilation, to protect the cargo from “sweat damage.” 
Ventilating systems afloat must be able to operate under other adverse 
conditions, with the ship pitching and rollingj and equipment should operate 
satisfactorily when tilted as much ns 15 deg in any direction and with the 
usual weather openings closed in rough weather. 

Space and weight are invariably limited. This fact must be considered 
for ducts as well as healers, fans, and ancillary units. As a result, higher air 
velocities in the ducts are acceptable, as long as the noise created thereby is 
not objectionable. The relatively lower ceilings of living quarters require 
special attention in order to obtain proper diffusion of ait. The camber and 
sheer of ship structure .require tliat ducts follow closely tliese irregular 
contours. As linng and working quarters arc frequently located adjacent 
to machinery spaces and heatrprodumg areas, their boundaries require 
insulation therefrom. Drainage of ducts and equipment should take into 
account the ship's forward motion as well as rolling and pitching. Corrosion 
due to salt air is an important factor, and all materials must be safeguarded. 
Steel should be protected by galvanising, painting, or both. Tiie corrosion 
resistance of aluminum is increased by anodising, painting, or both. 

As the trade routes and operating personnel ore frequently changed, 
informative labeling and operating instructions are very important and 
desirable. Ventilating systems rmc generally labeled in accordance with the 
following numbering system. 

Designation. Owing to the multiplicity of ventilating systems on many 
large ships, both merchant and naval, the following method of designation is 
used for numbering the fans and their atUehed systems. Each system is 
designated by a series of numbers: the first indicates tlic deck immediately 
below the fan; the second indicates the ship-framo number immediately 
forward of the fan; the third indicates the alhwartelup location of the fan 
Tolative to other fans at the same deck and frame location. For the third 
number, odd numbers arc used for starboard and even numbers for port 
fans, starting from the ship’s centerline 

Deck numbers are as follows: 

03. 'Ih'irS deck above weaVner deck 
02. Second deck above weather deck 
01. First deck above weather deck 

1. Weatiier deck 

2. First deck below weather deck 

3. Second deck below weather deck, etc. 

Thus, a system numbered 1-47-2 ie supplied by a fan on the weather deck; the fan is 
inuaediately aba!t ship {tame 47 ; the Ian is on the port side oi the ship. 'Ilie presence 
of the third number indicates that more than one fan is at location 1-47. 

Special Navy Conditions. Naval ships involve special problems, owing 
to the following: (1) incrcaaed subdiviaon of compartments; (2) adequate 
veutilatiou of ammunition storage spaces, gun turrets, congested living and 
workmg quarters, etc.; (3) possible failure of equipment due to combat 
Casualty; (4) fewer permissible weather openings; (5) special restrictions 
imposed by Navy Bpecifications, The last-named should always be carefully 
reviewed prior to designing a heating and ventilating system. ' 
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from the line under reduced-power conditions, or for overhaul if occasion 
demands. 

Figure 21 shows the elementary, main, md field circuits of a single generator 
and motor, and Fig. 22 a typic^ method of electrically connecting two gen- 
erators and Wo propelling motors in a series loop. The set-up switches are 
so arranged that the power may be used for propulsion, cut out of the power 
loop entirely, or diverted to aimliary uses. When the generator units 
are used for special power purposes, the field-excitation circuit is generally 
connected to the ship's d-c auxiliary-power bus. 

The most satisfactory method of driving the exciter generator can bo 
determined only after a study of the auxiliary-power needs and the preferred 
engine-room arrangement. 

Power Limitations When Using Direct Current. Direct-current 
machinery is used primarily in a low voltage system; consequently the current 
becomes quite high when large powers arc involved. The voltage of the 
generators generally used k 250. Commutation and the current-carrying 
capacity of the armature cmls become limiting factors in such installations. 
At the present time the practical field of application lies within a power 
range of a few hundred horsepower pet shaft, up to 2.COO slip when using two 
generators and two motors per shaft. 

DIESEL-ELECTRIC DRIVE USING 
ALTERNATING CURRENT MACHINERY 

Operating Principles and Purpose. In the dicscUelectric-drive system 
of ship propulsion using a-c generators and motore, the operating character- 
istics arc similar in some respects to those obtained with turbine-cleotrio 
drive. The prime movers operate in one direction of rotation, and tho 
propeller reversals are accomplished by switching the electrical connections 
between the generator and the motor. 

The primary purpose of diesel-electric a-c drive is to adapt tho high-speed 
diesel engine to ships that require powers above those normally obtainable 
with d-c apparatus. High powers are obtained by paralleling a multiple 
number of diesel-cngine-driven generators on a single power bus. The power 
that can be applied by this method is limited only by the number of units 
that can be conveniently located in a ship. Individual generating units can 
be cither connected or disconnected from the power bus as the power demands 
warrant while the ship is tmder way. 

The speed-reduction ratio between the prime mover and the propeller 
shaft is a fixed value when the synchronous type of propelling motor is used, 
and propeller-speed variations arc obtmned by altornating the speed of tlie 
diesel engines. 

The torque limitations on the engines when operating at reduced speed 
arc deciding factors in deterndning the fractional number of units to use for a 
given power and speed. Figure 24 has been plotted on the assumption 
that four diesel-engine-drivcn generators supply the power to an individual 
propeller shaft at 100 percent propeller revolutions and 100 percent engine 
torque. It has beep further assumed that the minimum safe speed of the 
engines is 25 percent of rated full speed, and that an engine torque of 60 
percent should not be exceeded at this point under continuous operating con- 
ditions. Both of these items, however, are subject to the specific recom- 
mendations of the engine manufacturer. In thk arrangement and assuming 
that the torque can be safely increased proportionately with the engino speed, 
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LIVING AND RBLATED SPACES 

General. In living spaces, tiie personal comfort of the occupants is the 
primary coDsideration. These spaces iucludc pubh’c rooms and staterooms 
ior officers and passengers, crew’s quarters, and hospital spaces. Also 
included are spaces in which proper worldng conditions must be maintained, 
such as galleys, pantries, bakeries, butcher shop, laundry, radio room, chart- 
room, whcfilhouse, and workshops. Hus latter group is segregated from the 
iormer because it requires speml treatment omng to unusual heating and 
cooling conditions. In all, however, personal comfort is paramount as to 
both air requirements and distribution. 

Miscellaneous spaces such as dry stores, linen lockers, boatswain's stores, 
COs bottle rooms, deck lockers, gyro rooms, paint and lamp rooms, slop 
chest, and other infrequently occupied spaces are ventilated for protection 
of their contents, as well as to ensure safe condiUons for personnel who enter 
the compartment. 

Conditions. Table 1 fists desired air changes and temperature conditions 
for various living and rdated spaces. 


Table 1. Air Changes 


Space 

Air change, minr 

Smmet 
max rUe^ 
deg F 

Winter 
design 
temp 
deg F and 
type oi 
hasting 

Supply 

Exhaust 




ID 




io 

4 



Hospital spaces 

4 



Dinine and messrooms. lounges, etc 

4-5 



70* 

Theater and dance hall 





Barber shop 

Toilets and vashrootns 

5 

5 

iO 










Galley and bakery. 

4-6 

1-2 

is 


Pantry 

4-6 

1-2 



Butcher shop 


4 



lAUudvv and tailor shop 

4-d 

1 

IS 


tVorkshops 

6-10 



Wheelhouse 





Chartroom 

5 




Hadio room 

5 




Gyro room 



J5 

50* 


15 


50* 

Boatswain's stores and deck lockers 




Slop chest ... 


. 

10 

6Q* 

Lockers, clean linen 



Lockers, soiled linen and mlskins 


15 



Paint and lamp rooms 





GOj bottle room 


10 




‘Bcihlsst Of convector. » Based oa anuumum desigaed quantity 

‘ Convector. supplied. 

‘ Tempered air, ot unit healer. s Quantity determined by factors otter 

^Tempered air. .than air change. 

' Natural ventilation. • 

/Maximum difierenee between. air in 
space and outside air tempenttnre. 




DmEh-BLSGTRIC DRIVE 


1503 


approximately 40 percent ship's spe^ can be obtained witli one engine, 
60 percent with two engines, and 81 percent with three engines, assuming 
the shaft horsepower varies aa the cube of the speed over the entire operating 
langc- the higher speeds, the eiponcnt is greater than three. 

Paralleling: of Alternating-current Generators. The paralleling 
of an a-c generator is quite a ample process. This tj-pe of generator, when 
connected to the line with its field dreuit estcrnally short-circuited, has a 
similar characteristic to that of an induction motor. This feature permits the 
second and succccdiug diesel-en©ne-driveu generators to be started without 



Percent propeller revolutions 

Fiq. 24.— Enpne torque at varying propeller revolutions. 

load, brought up to an approximate speed approaching that of tlio generator 
or generators in operation, before being connected across the lino. As soon 
_as the generator has attained its slip speed as an induction motor, excitation 
18 applied to the field which brings toe generator into synchronism with those 
in operation. From this point on, toe divirion in load between the generators 
in operation is controlled by toe engine fuel-oil ^verning system. ' 
MaoeuverlDg Characteristics. Boring maneuvering operations a 
propelling motor of the synchronous type is brought up to its slip speed as an 
induction motor before applying exritalioD to its field for synchronization. 
The starting current during this period of operation is several times normal 
current and, in order to sustrin toe fine voltage, it becomes necessary to 



LIVING AND RELATED SPACES 


1513 


Air changes as given in Table 1 are based on usual minimum air require- 
ments for breathing comfort and on air movement required for removal of 
odors and body cooling. They do not take into consideration heating and 
cooling loads and should, therefore, be modified to suit these factors. 

Another closely related criterion for ^ supply to a living space is the 
minimum air requirement per occupant, accepted values for which are as 
follows: 


Cfm per Man 


Quarters 40-50 

Group berthing 30 

Mess spaces 2S-30 


Air volumes based on these requirements will generally exceed those 
based on air charge for a crowded berthing or mess space, while air change, 
heating load, or cooling load wiD generally be the determining factor in less 
densely occupied spaces. 

Air supplied to living spaces should be delivered without creating objection- 
able drafts and as evenly distributed as possible. For private and semi- 
private spaces, means for controlling the volume of air delivered sliould be 
accessible to the occupant. For public and bertUiug spaces the individual 
outlet controls sliouid be accessible to the ship’s personnel. For working 
spaces, air should ho supplied at high velocity from terminals with directional 
adjustment to permit “spot cooling.” Both directional and volume control 
should be accessible to tho occupants of the space. For storerooms and 
similar unoccupied spaces, a continuous air change should bo provided witli 
no means of closing of! the air, except by moans of a fire damper. 

Certain spaces that require special treatment in connection with the 
foregoing air changes are as follows: 

hining and mmrooms should have exhaust slightly in excess of supply to 
prevent spread of odors to adjacent spaces. If tho supply is mechanical, tho 
total exhaust should also be mechanical. The excess of exhaust over supply 
in adjoining galleys or pantries can be utilized for tliis purpose by moans of 
door louvers or bulkiicad ^illcs. This may take care of the entire exhaust 
for small messrooms but, for large spaces, additional direct outlets are required 
to give better distribution and prevent drafts. 

Lounpes and other public rooms should have exhaust approximately equal 
to the supply, either direct from the space or from adjoining service rooms and 
passages. Smoking rooms and bars should have an excess of direct e.xhaust. 

Hospild spaces require special care to assure uniform distribution and 
freedom from drafts. Individual rooms, or groups of rooms on the same 
passage, should be individually balanced for supply and cxiiaust to prevent 
the spread of odors, Isolation spaces should have a separate mechanical 
exhaust fan or, if included in a larger system, should havo a separate exhaust 
duct run directly to the exliaust fan inlet. 

GaUej/s, pantries, and other spaces containing heat-producing equipment 
should havo exhaust inlets locat^ directly over such equipment. Canopies 
should be provided over any equipment from which vapors or fumes are 
emitted. Local exhausts of this type should alwaj^ be located on the far 
side of the equipment, so as to draw heat and fumes away from operating 
personnel. 

Paint and lamp rooms should have but one opening, located in the deck- 
head or high in the bulkhead and provided with a means of closure. 
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overexcite tbe field of the generatw. Because of the limited torque character- 
istics of a diesel engine at slow speed and because above-normal torque is 
required during periods of acceleration and retardation, it is not feasible to 
maneuver with only one of a group of en^« in operation. In determining 
the maximum rated motor that can be safely connected to a power line with- 
out causing undue line disturbance, the rating of the generating plant must 
be considered. In. normal practice, the generator rating is many times the 
rating of the motor, whereas in tlie problem under consideration, the total 
power of the generating units just equals tho power of the motor. Discon- 
necting power units from the line further decreases the power available. 



Fig. 25. — Diesel-electric a-c drive with fout generating units. 


In a turbine-drive ship the power is usually provided by a single large unit 
in which the torque capacity raindly increases as the rate of revolutions is 
forcefully decreased, whereas the opposite is the case when a diesel enpne is 
used. ; 

'In reversing a prcqieller a countertorque must be applied to oppose that 
produced by the ship’s coasting speed which tends to keepHhe propeller 
rotating in the forward direction. As the propeller torqueis directly reflected 
on the prime mover in the a-c system of propulsion, tho time element involved 
in getting posseseion of the propter willrbo. of longer, duration -with' diescl- 
eleotric .drive than wilh.turbine'^ectric drive. . , ' . . , 

• A-aecond consideration in ^p^ii^ diesel-electric, .drive with a-o generators 
and: motors is the problem ;Of obtmning propeller; speeds below those cor- 
responding to the lowest. rafe speed .of the enpnes. The recommended 
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COj bottle room exhaust should be taken from a point about 6 in. above the 
dock, vith natural supply into the upper part of the space. 

Temperatures as shown should be nuuntained in the living zone of all 
spaces. Heat, whether by hot blast or convector, should be distributed 
generally but with particular attention to the cold boundaries— usually 
outside bulkheads. Insulation should be provided on all boundaries where 
a high temperature difference exists, to reduce the heating requirements. 
Attention should be given to the location of exhaust inlets in relation to 
heating soiuces, to aid and not hinder the heating operation. 

A unit lieater sei'ving a space with natural ventilation should, if possible, 
be located in front of tlie supply outlet so as to heat the incoming air. 

The usual practice of heating toilets and Washrooms by convector 
should be modified in cases where there are no adjacent heated spaces from 
which to draw natural supply. In such cases the outside air supply should 
he at least tempered. It is then more practical to supply all tho heat witli 
a single heater instead of a preheater and convector. In this case the heated 
supply air should be introduced at low velocity close to the deck, with the 
exhaust of equal volume taken, as usual, from high in the space, In such 
eases and provided the sise of the space warrants it, it is good practice to use 
two fans with the systems intercounecled. Then, in case one fan fails, the 
other can supply sulRcient mr to the etiUro space to prevent the freezing of 
piping. 

The allowable temperature-rise figures ai'e used to determine the volumes 
of outside air required for cooling. A definite temperature figure cannot bo 
given since the outadc air temperature is tho ultimate limit that can be 
approached by this method of cooling. The amount of outside air inti'oduced 
into the space should, however, be siifBcieut to keep the inside air temperature 
from rising above these limits. The relative amounts of positive exhaust 
and positive supply required are dependent on the nature of the particular 
space as regards equipment contained and the degree of occupancy. Inas- 
much as air movement i« an important factor in body comfort, this factor 
as well as heat removal should be given due consideration in the design of a 
system for cooling and, since vessels in mo.st services operate well over half 
the time under cooling load conditions, its importance should be recognized. 

The other method of cooling is by distributing cooled air. This is one 
function of air conditioning. Since this involves a number of other 
factors, this method will be conadered under tliat heading. It may be said, 
however, that the temperature to bo maintained depends upon the conditions 
under wliich the ship operates. In general, 70 to 80 deg effeetivo temperature 
provides personal comfort in mr-conditioned spaces. 

Purity and humidity are considered only in living spaces unless liberated 
fumes, smoke, or gases are present; in which case they must be removed by 
exhaust. Air supplied to hospital spaces should be filtered, as should also 
the air supplied to other living spaces if feasible. Space limitations may make 
the installation of filters impractical. Filters are particularly desirable, how- 
ever, on vessels in service where people live aboard ship during long stays 
in port. 

Insect screens should always be provided for natund supply and exhaust 
openings to living spaces, and on mechmiical supply intakes to living spaces 
where filters are not installed. 

The problems of oxygen and COj content of air are covered by the air 
changes recommended and need no further consideration. Warnings should 
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minimtim speeds vary from 26 to 33^ percent of normal rated speed among 
different, engine manufacturera. . 

In many types of ships the miniinuin propdier speeds obtainable by engine- 
speed regulation are sufficient. For ships requiring lower speeds, the same 
must be accomplished .electrically. Two methods have been proposed to 
meet this problem: (1) by means of a small a-c motor attached to the end 
of the main motor shaft and (2) by operating the main motor on its squirrel- 
cage starting winding at reduc^ voltage, thereby iticrcasing its slip. 

The type of motor usually recommeaded for the first solution is the wound- 
rotor type of induction motor, in which speed control is obtained by means 
of variable external resistors. Assuming the minimum propeller speed 
obtainable by en^nc-speed control to be 25 percent, the corresponding torque 
is D.25 percent, and the corresponding horsepower 1.5625 percent. The motor 
rating must be adequate to provide breakaway torque at the start and bo 
designed for continuous operation at the maximum speed and power for which 
intended. 

The second method entails the incorportUou of a special type of generator 
cscUatiou coutcol with automatic cWgerOvec when the speed lever is 
moved below that corresponding to the lowest safe speed of the engines. 

The problems associated with diescl-elcctric drive which concern the 
application engineer arc (1) a satisfactory method of providing a dynamic 
braking action on the propeller during maneuvering operations without 
reflecting this action back to the cn^ncs in the form of excessive torque and 
(2) a satisfactory governing system for parallel operation of the powering 
units over a wide speed range. 
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be posted, bo-wever, against personnel entering an unoccupied compartment 
alone without first making sure that the Mr within is fit for breathing. Portr 
able fan units should be supplied for blowing out tanks and other spaces not 
provided pith installed ventilation. 

Humidity control is a phase of air conditioning and will be discussed 
under that subject. In general, however, 45 to 65 percent relative humidity 
is the comfort range; tho preferred value for aparticular case depends on other 
conditions, both inside and outside. 

Methods. Ventilation is the supplying and exhausting of air. Natural 
Tentilation accomplishes this object -without the uso of a fan. Mechanical 
veatilation utilizes a fan for propelling the air either directly into or out of 
a space or througli ductwork. A self-evident but often neglected fact is 
that, in order to accomplish any air change, means for both supply and 
exhaust must be provided. Since eqoal mechanical supply and exhaust are 
seldom provided in a given ^ace, a balancing air quantity must be able to 
pass into or out of tho space under nil operating conditions. This may equal 
the full amount of mechanical air change, and, in such a case, the size and 
location of the opaninga are of great importance. Door louvers, undercut 
doors, or bulkhead openings are the usual means pro-vidod for this air move- 
ment. Infiltration should be neglected in all shipwork. Thus it is evident 
that most mechanical systems involve some natural ventilation. 

Natural ventilation may he either positive supply, positive exhaust, or 
neutral, depending on the type of weather opening used. Cowls, porthole 
wnd scoops, and some patented intake heads are gcnoially used for positive 
supply. Torpedo-type vents, porthole exhausters, and various patented 
aspirator-type exhausters are used for positive exhaust. Soino of the pat- 
ented exhausters have an advantage over other positive ventilators, la that 
they do not require Irinuning into the wind and are practically rain- and spray- 
proof. Neutral openings— those having no positive action and used for 
either natural supply or natural exhaust— iucludo mushrooms, goosenecks, 
and bulkhead openings covered with louvers or \vire mesh. Tho disad- 
vantages of these natural vents, particularly the positive types, are that 
their performance is dependent on wind conditions; unless of very large 
size, they handle comparatively small quantities of air against low static 
pressures; they cannot be operated in bad weather; and their performance 
cannot be -well controlled. A angle natural vent head of the positive type 
will Serve a limited number of spaces, since lack of static pressure makes it 
necessary to keep ductwork to a minimum. 'When there is more than one 
outlet on a positive system, regulating dampers should be provided to assure 
proper distribution, even though it is very difficult to get a close adjustment. 
It is not practicable to heat natural supply me by duct heaters, owing to the 
constantly varying volume. 

Natural ventilation in li-ving spaces is generally supplemented by bracket 
fans. Unless such a fan can be located close to a natural vent opening, it 
vrili merely circulate the air but, in so ddng, will add considerably to body 
comfort. Porthole fans may also be used for cither supply or exhaust. 
Strictly speaking, they provide mechanical ventilation; but they are generally 
used in conjunction wth naturd ventilation, in lieu of an installed mechanical 
system. 

Mechanical ventilation is more expenave to install and operate than 
natural ventilation. In all other respects, however, it is to be preferred for 
living-space ventilation, as it is more positive and controllable, requires fewer 
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STAFF CONTEIBtnriON BASED ON DATA FEOM THE ELLIOTT 
COMPANY 

AN ELECTRICAL SPEED-REDUCING 
TORQUE-MULTIPLYING DEVICE 

The Bowes drive is an electrical device for the reduction of speed between 
high-speed prime movers and driven shafts for mechanical applications 
where gear and coupling are ordinarily necessary. The immediate applica- 
tion Ib in ship propulsion where it will be used to reduce the speed of the 
prime mover, particularly the Mgh-speod diesel engine, to the lower speed 
reqmred for most efficient operation of the propeUer. It may also be used 
for other applications where speed redneers are required. 

Sizes and Types. The Bowes drive covers a range of SOO to 3,000 hp 
and is built in speed ratios up to 6: 1. Any desired speed-reduction ratio 
up to this value is obtainable, either exactly or very nearly so. The drive 
is so constructed that the speed ratio once selected is the same for all speeds 
of the engine and is not adjustable. The drives in operation are of the non- 
reversiag type; t.e., in order to cause a reversal of the driven shaft it is neces- 
sary to stop and reverse the drive en^e. It can aUo be built as a reversing 
drive which will drive the load in either direction without the necessity of 
reversing the engine. 

Description. The following description is for a nonreversing Bowes 
drive. There are three main elements: 

1. An engine element, which is solidly bolted to the shaft of the prime 
mover and which revolves at the same spe^ as the prime mover. This struc- 
ture is very similar to the rotating field of a conventional a-c generator. It oon- 
sistsofaspiderwheeluponwhich field polesare mounted. The number of poles 
is selected so that in conjunction with the other elements of the drive the 
desired speed ratio is obtained. A field winding b mounted on these poles, 
and leads from this winding are brought out to oolieetoi rings which ate 
moimted on the engine side of tins element. Direct current for exciting the 
field b supplied to this winding through brushes and the collector rings. 

2. A shaft element, which is solidly attached to the driven shaft. This 
structure is larger in diameter than the en^ne element and b mounted con- 
centric with it. This element contains the laminated core and windings 
usuaUy associated with the armature of an a-« generator. A set of windings 
on the inner periphery is selected to match the poics on the en^e momher 
so that, with the engine running and the generator field poles excited, a-c 
voltage is generated in thb winding. The ternunaU of this winding are con- 
nected directly to the terminals of a second nunding which b located on the 
outside periphery of this member. Thb winding, since it receives power 
from the generator winding, becomes the armature of an a-c motor. 

3. A stationary element, which b mounted concentric with the other 
two elements and on the ouimde. It b supported by feet bolted to the sup- 
porting foundation. Thb element conssts of a steel ring, inside of which 
are field poles similar to those on the en^ne element but of a number selected 
to produce the desired speed ratio. These poles are also supplied with a 
field winding and, in conjunction vrith the winding on the outer periphery of 
the shaft element, complete a synchronous motor. In addition, a special 
starting winding b embedded in the pole faces in a luaimer similar to that 

1S06 
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ventilators on the open deck, and is capable, by the use of ductwork, of 
reaching all parts of the vessel with wr taken in through protected inlets 
located high in the ship. Furthermore, because it is constant and con- 
trollable, it can be used for heating and mr conditioning. 

Mecbanical ventilation air is drawn from or discharged to the weather 
through louvered openings, mushrooms, or goosenecks located as high in the 
ship as possible. Supply intakes should be located so that there is no chance 
of drawing in gases discharged from the stack, exhaust vent openings, or 
open skylights. A desiraWo arrangement for toilet or galley exhausts is to 
discharge thorn into the outer ca^g surrounding the live stack. Tliis 
removes the ventOator from the open deck and carries the foul air clear of 
the ship. 

Three principal types of fan arc all used for mechanical ventilation: pro- 
peller, centrifugal, and axiid. Each has individual characteristics that 
recommend it for a pai'ticular application. Since theso characteristics will bo 
discussed under Equipment (p. 1542), only the fan applications will be men- 
tioned here. 

pTopdkrfans, generally exhaust, may be mounted directly on. the bulkhead 
with no duct work on either side of the fan. Wire mesh should be installed 
over the bulkhead opening. If the fan is within a man's reach, a mesh 
guard should be installed on the motor side as well. The cover over tho bulk- 
head opening serves as a fire closure for such systems. If ductwork is con- 
nected to the intake side of the fan, easy access must be provided for motor 
servicing and repair. Ductwork should be kept to a minimurn and careftilly 
designed, since the' performance of a propeller fan is adversely affected by 
resistance to the air flow. 

Centrifugal fans almost invariably are fitted with ducts connected to both 
intake and outlet. Large utdts are generally located in fan rooms, owing 
to the large amount of deck space they require. SmaD centrifugal fans 
may, however, be bulkhead or deckhead mounted in working or even living 
spaces. 

Axial fans are generally located close to their weather opening, either 
in a fan room or on the open deck. Being of large capacity and with a 
relatively higher noise level, there should be a I'casonable distance between a 
fan and the first outlet of the system. Their use for living spaces is prin- 
cipally on systems requiring large air volume at fairly high staric pressures. 

Mechamcal supply ventilation to Kvii^ spaces is generally handled by 
large systems serving a number of rooms. The systems vary in size from a 
smaU fan serving isolated compartments to a group of fans handling large 
sections of quarters. The arrangement of the vessel must, of course, deter- 
mine the size of system to be used, but fans of from 5,000 to 8,000 cfm. capacity 
and serving 20 to 40 outlets are commonly used. The upper limit is gen- 
erally determined by the space limitations of the fan room and the size of 
duct that may be run. 'Wherever possible, main ducts should be run in 
passageways, with branches running outboard between transverse deck 
beams to the individual spaces. This ^ves a maximum of headroom below 
the ducts. Steel structure, piping, and wireways are the principal inter- 
ferences to be avoided in such a layout. Each mdn branch should be 
provided with a splitter damper, and eaek individual branch with a splitter, 
regulating damper, or other type of volume control, so that the air delivery 
from each outlet may be controlled. Each outlet should have, in addition, a 
shutoff damper. Diffusers aud wall renters are most commonly used as 
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Side (say a, Kg. 7). The third angle is known, sinco + B + C = 180®. 

, , . . . , , a sin B o sin C 

To find the remEuning Bides, use I *= — ; — c *= — ; — r- 
an A sm A 

Or, drop a perpendicular from either B or C on tiie opposite 
side, and solve by right triangles. 

Chock: c cos B + i> cos C = a. 

OaBB2. Given Two Sides (say o and 6), and Tiin Included Angle 
(C) : and suppose 0 > i). Fig. 8. 

First Method: Find c irom c* = a* + h’ — 2fl5 cos C [or c’ «= (o — 5)’ 

2o6 vers C); then find the smnilcr angle, B, from sin B = (6/c) aiu G\ and 
finally, find A from A » 180® — (B + C). Check: a cos B + h cog A = c. 

Second Method: Find ^{A — B) irom tho law oi tangents: 
tan yt{A - B) = [(a - h)/(a + h)l cot )iC, 
and H(A + B) from >i(A -f B) = 00®— C/2; hcnco A = 

H(A+B) + 14(A -B) and B = }6(A +B) - }i(A - B). 

Then find c from e » a sin C/sin A or e = i sin C/sin B. Pio. g. 
Check: a cos B + h cos A - c. 

Third Method: Drop a perpendicular from A to the opposito side, and 
solve by right triangles. 

Casa 3. Given the Tbbbb Sides (provided the largest b less than the 
Bum of the other two), Fig. 9. 

First Method: Find the largest angle A (which may bo acute or obtuse) 
from cos A = (6* + c* “ a‘)/26c (or vers A « (n* - (b - c)’l/2!)fl) and 
than find B and C (which wili always bo acute) from sin B « 6 sin A/a and 
sin C = c sin A/o, Check: A+B+C = 1S0*. 

Second Method: Find A, B, and C from tan 14A = r/(8 - a), 
tan HB “ r/(8 - h), tan HC * r/{s - c), where s « iS(o + 6 + c), and 
r aV(8-rt)(8-b)(8-c)/8. Chcck: A + B + (7 « 180®. 

Third Method: If only oso angle, eay A, is required, uso 
sin YiA as V (8 - 5)(e -~ cV6c or 
cos YiA « Vs(s - a)/hc, 
according as Y-A is nearer 0* or nearer 90®. 

Case 4. Given Two Sides (say b and c) and TnE Angle 
Opposite One of Them (B). This is the "ambiguous 
case" in which there may be two solutions, or one, or none (see Fig. 10). 


A 



Fig. 9. 



J 



Fig. 7. 


Cl Cl 

(UoSthtlon) (OneSehtisB) 


fOneStfufien) (OneSsluHen) 


ik. A 


(•hSelution) (NaSslufion) (NoSolvHonJ 

Fig. 10. 



(OneSeIvthn) 


First, try to find C from sin <7= csinB/b. IfainO 1, there is no solution. 
If sin C = 1, C = 90® and the triangle is a right triangle. If sin C <•!, 
this determines, two angles C, namely, an acute angle (/i, and an obtuse angle 
“ ISO® - Cl. Then Ci will.yWd a. Solution when,: and only when 
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Cl + £ < 180® (see Case 1); and amflarly Ci will yield s solution when 
and only when Cs + B < 180® (see Case 1). 

Other Properties of Triangles. (See also p. 99 and p. 105.) 

Area = sin C =» y/ais — a)(« — 5)(a - c) = rs, where s- H(a+ 5+ c), 
and T =radiu8 of inscribed mrcle = V(s — a){* - 5)(fi - c)/8. 

Radius of circuinscribcd circle = R, where 

2R = a/ain A = t/ain B = c/smC; r=4Bsm-Biii — sin- = 

The length of the bisector of the angle C ia 

2Vol>s(« — c) _ - c*] 

0 + 5 0 +b ’ 

The median from C to the middle point of c is m = J5\/ 2(fl’ + V) - c’. 

SOLUTION OF SPHERICAL TRIANGLES 

For the occasional solution of a spherical triangle the following formulff 
wUl be sufEcient. For a detailed discussion, see any test-book on spherical 
trigonometry. 

Let a, 5, c be the sides of the q>herical triangle, that is, portions of arcs of 
groat circles of the sphere; and let A, B, C bo the angles of the triangle, that is, 
the angles made by tangents drawn to the sides at their points of interseotion 
on the sphere. The sum of the angles will always be greater than two right 
angles, and may be nearly six r^t angles. The aDgle£=: A +B +C ** 180® 
is colled the spherical excess of the triangle. (See also p. 100.) 
sip 0 sm5 _ slat sinC ' sin e sin a 

sin A sinB' sinR einC’ sinC sin A 

cos a » cos 5 cos c + rin 5 an c cos A, 
with similar formula lor cos 5 and cos c. 

cos A = - cos B cos C + sin B sin C oos a, 
with similar formula for cos B and cos C. Other formulas are: 

sin a cos B » cos b sin c - sin b cos c cos A, etc.; 
sin A cos b = cos B sin C + sin B cos C cos a, etc. 

If s - iiifi + b + cl and S ® Kf A + ■B + Cl and if 
tan T = Vein (» — o) sin (s — ^) sin (s — c) /sin s, and 
tanR = V { -cos 5) /[cos (B - A) tob (S - B) cos (S - 01: then 

tan }^A = (tan r)/sm (s - o), and tan Ha = tan R cos (S - A), 

with similar formula for trai HB, tan HC, and for tan Hb, tan He- (Here 
r and B are the r.adii, on the spherical euiface, of the inscribed and circum- 
sc ribed circles, respectively.) It B = A + B + C ~ 180®, tan HE = 
Vtan Hs tan >f(s — a) tan H(» “ b) tan Jl(s — c). If B Is small, then 
approximately, sin B = BZ-N*, where K *= radius of sphere, and F » area 
of triangle, regarded as a plane triai^e. In any case, 

The area of a spherical triangle _ spherical excese 
area of a great drde 180®. 

In the special case of s ri^t spherical triangle, in which C ^ 90®, 

C09C= ooa 0 oosb = cotA cotB; coao = coa A/sinB; coab= coaB/sIn A; 
sin A ='ein a/ain c; cos A = tan b/tan c; tan A = tan a/sin b. 
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terminals in living spaces. The punkah louver, a high-velocity outlet 
with both directional and volume control, should also be mentioned since 
it is widely used on foreign vessels and on some American ships. Registers 
are generally mounted in a cut in the passage bulkhead at the end of a short 
branch duet, blowing across the space just below ceiling height. If the duct 
is within a room, the branch (which should be not less than 6 in. long) can 
be taken off the side, and the re^er mounted in the vertical ceiling Wed 
in around the duct. A register, particularly wiien delivering heated or 
conditioned air, should blow toward an exposed bulkhead and should bo 
designed with sufficient “throw" and dispersion to cover this area. The 
passage bulkhead location for a repslcr has an additional advantage in tiio 
fact that, with mechanical supply ventilation, the exhaust is frequently 
through a louver set low in the passage door, thus giving the air a full circuit 
of the room. 

Diffusers are mounted either in the ccOing or in the underside of a duct. 
They should be connected to the duct by a collar at least equal in length to 
the neck diameter of the diffuser, to prevent too much air ffischorge on the 
far side of the terminal. Some diffuser manufacturers supplJ^ adjustable 
grids for this purpose, but the collar is to bo preferred for sliipwork. It is 
nevertheless safe practice to have the duct serving a diffuser run toward the 
exposed side of the room so that any overbalance of air on tbo far side of tbo 
diffuser will discharge toward the point of principal heating and cooling load. 
The diffuser should be as centrally located as possible so as to reach all ports 
of the space ventilated. Even when using a combination diffuser and light- 
ing fixture, the location should be dictated cssentioHy by ventilation consider- 
ations. Lining up with paneling or light fixtures is desirable for appearance, 
but such considerations should not jeopardise tite ventilation. Where drop 
ceilings are installed, dampers may be either part of the diffuser or a duct 
damper with remote control. The punkah may be cither bulkhead or ceiling 
mounted. 

Mechanical exhaust may be accomplished either by small individual 
fans generally located in or adjacent to the space served or by a large fan 
with ductwork. The latter » the preferred arrangement. Food-handling' 
spaces should be ventilated by a separate sj-stem. An exception may be 
made for a small isolated food space, in which case u separate duct should 
be run to tlie fan intake. Toilet systems also should be kept separate, 
although lockers and other uriscellaneouB spaces may be incorporated. 
Exhaust systems are usually smaller than living space supply systems, owing 
to the fact that exhaust is generally drawn from small widely separated 
spaces. Ducts are run similar to supply ducts. Outlets sliould draw from . 
the top of tlie space, with the exception of tiiose located in spaces where heavy 
gases such as CO 2 or gasoline may be emitted. Splitter or regulating dampers 
should be provided for every outlet and main branch. Openings with 
H*in. wire-mesh screens are generally used for exhaust. Louvers or :eom- 
merciat grilles should, however, be emifioyed in dining rooms, lounges,, and 
other spaces where appearance is a consideration. , Exhaust openings should 
be located as close us possible to a heat source-and at sufficient distance 
from the supply so as not to short-circuit the air. As in the case of supply, 
spaces having an excess of exhaust should have door louvers, undercut doors, 
or bulkhead openings to permit passage of air. Shutoff dampers need not 
be provided for, exhaust terminals, except those whose operation can directly 
affect the heating of the space in which they arc located,., such 'as hospital, 
radio room, or lounge. 
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To Bolve for inlet air temperature, transpoac the formula as follows: 


1.08 X 224 cfm 

Inlet air temperature = 70 + 17 


17 F 
= 87F 


The Eone system of hot-blast heating require? balancing temperature 
and air volume as illustrated by the following example based on 8 spaces 
on one reheateri 


Example. 


1 




5 

6 




10 



Summer 



Est 

Cfm 

Final 

Final 

Final 



air 



winter 

cat for 

winter 

summei 

air 



change 



air. 65 tc 

02.6* 

cfm 

cfm 

change 


1156 


70’ 

4.141 

146 

170 

170 

260 

4.3 


960 


70’ 

2.610 

128 

112 

126 

195 

5.0 

c 

960 


70’ 

3.055 

126 

126 

126 

195 

5.0 

fl 



70“ 

i746 

105 

113 

113 

175 

4.6 

R 

ifl^n 

5 

70* 

3.390 

135 

140 

HH 

215 

4.8 

y 

1316 

5 

70’ 

3.425 

173 

141 

173 

270 

4.9 

0 

llfiO 

i 

mBM 

3.940 

150 

162 

162 

250 

4.6 

H 

1,020 

4 

75’ 

3.980 

166 

211 

211 

325 

3.2 

Totals 

27.461 

I.I3I 


Ii23 

1,665 



A preliminary inlet sir temperature is figured from the obovc totals (item 11 included 

asTOF). 


U = 
ii = 


27,481 „„ 

1.08 X 1.131 " 
fr + t(i = 92.5F 


Using 17.5 F 88 fj for item II nnd 22.5 P ss U for all other items, the cfm for each apace 
1 b calculated by the aamc formula and recorded in column 7. 

Since four of the eight items in column 7 are reasonably close for the temperature 
chosen, and two are slightly high, the cfm of items B and P will be increased to give the 
final values shown in columns 8, 9, and 10. 

The heater lor such a system will be as follows: Preheater 0 to CO F temperature range. 


Btu = 1,08 X 1.223 cfm X 60 F = 79,000 Btu 

Pounds of 35 lb steam lefiuired = *= 86 lb condensate per hr. Rehcater CO 

to S2.5 F temperature range. 


Btu = 


60 X 1,223 cfm X 32.fi F 
55.6 


43.000 Btu 


bounds of 36 lb steam required 


47 lb condensate per hr. 
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Meclianical suppl; and exhaust is the generally accepted standard 
arrangeracnt lor living spaces. In such an arrangement the two should be 
.balanced for any enclosed section of the ship. The smaller the group of 
spaces that can be balanced among themselves the bettor, for this cuts 
down the movement of large air Toluraca and the consequent danger of 
unpleasant draffs. It also ensures better distribution of the exhaust, since 
the spaces affected will be more equally distant from the exhaust and, there- 
fore, more equally benefited by it. The unit may be a deck, part of a deck, 
or a vortical section throngh several decks. 

It can be seen from Table 1 that the spaces having excess supply pre- 
dominate in both number and si*e, the excess air flowing info the passages. 
Sometimes this extra supply air can be balanced by increasing the volume 
of exhaust from adjacent toilets, pantries, etc., above the specified air change. 
It is generally necessary, however, to provide a direct exhaust from the 
passage equal in volume to tiie excess supply. This may be by means of a 
separate system, usually a propcdler fan, disebarging directly to the weather 
or into the machinery casing, or by means of an outlet from an easting system. 
If the supply ^stem is run at reduced capacity for winter operation, the 
exhaust should likewise be reduced to maintain the balance. This can ba 
done either by reducing the speed of the exhaust fans (this should not be done 
with a propeller fan) or by Cutting down some of the passage exhaust fans. 
If the fan is run at reduced speed, it is advisable to close some of the passage 
and other less imporlnot outlets ao as to maintain the higher air change in 
toilets or heat-producing spaces. A tiigbt excess of supply is desirablo to 
prevent infiltration. 

Heating on shipboard is generally accomplished by one of three methods: 
direct radiation, hot blast, or unit heater. Steam is by far the most widely 
used heating medium for shipwork, being generally available and easily 
handled. Hot-water beating is capable of closer control wheio small 
quantities of heat are involved, but it requires a special hot-water generator, as 
well as larger, and therefore heavier, heaters and piping. Electricity for 
heating is more eotily handled and controlled than either steam or hot water 
but is too valuable a commodity on slupboard for general heating use. Its 
principal application at present is for heating isolated spaces which would 
otherwise require a specif steam line. 

Steam for heating is taken through a reducing valve from an auxiliary 
steam line or, on motor vessels, from the waste-heat boiler. Gage pressures 
ranging from 5 to 501b at the heater are used, 30 or 35 lb being the most widely 
accepted. A two-jnpe s>’8tem is used, with returns run to an atmospheric 
drain tank from which it is pumped to the deaerating heater and back into 
the system, All parts of the system must be pitched to drain under normal 
conditions of triru, drmnage forward or aft being better than transverse. 

The purpose of providing heat is to maintmn a predetermined temperature 
within a space for the personal comfort of the occupants or the protection of 
equipment. The heat supplied must bo auflicient to replace that lost by 
transmission through the boundaries of the spaces and to raise the temperature 
of incoming air to that bring maintained in the space. Wherever there is a 
temperature difference between the afr on the two sides of a partition, there 
is a flow of heat from the warmer to the colder side, the rate of flow depending 
on the conductivity of the material or materials making up the partition. 
For bare steel tins figure is very high. It is, therefore, necessary to insulate 
exposed steel boimdaries if the amount of heat to be supplied is to be kept 
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Cooling calcnlationa to deternune the quantity of outside air required for cooling toa 
10 deg temperature rise ean be illustnted by further reference to room A in Fig. 2. 
Assume the heat load in the room to be as foUowe: 


Electrical equipment 1 kw input X 3413 3413 

4 lights at 60 watts each = M hw X 3413 683 

2 men at 200 Btu each ^60 

Solar heat gain (calculated abewe)..., 

Total heat load in Btu <1461 


5401 Btu 

‘‘“■'‘“""-usYwF 


506 cfm 


This amount ol air would be proyided as mechanical exhaust, the excess over meohan- 
ioah supply (506 - 260 or 246 cfm) being taken m through door louvers or bulkhead 
opening. If properly located over the main heat source, this amount of exhaust will 
undoubtedly limit the temperature rise to less than the calculated 10 deg. 


Special Features. GoWey panfry and bakery ventilation is primarily a 
cooling problem, although, if tempered air is not supplied, some radiotiou 
should be prowded lor an exposed space to l»eep equipment irom freezing 
when not in use. Air should bo supplied from directional terminals located 
at the working stations preferably about midway between heat-producing 
areas. Exhaust should be taken from as high as possible over all heat- 
producing equipment, n wire-iaesh coveted opening on either the top oi 
bottom of the duct being customary. An intake velocity of about 760 fpm 
based on gross area of opening should be used. 

Canopies should bo install^ over all equipment emitting largo amounts 
of heat, steam, smoke, or odors. These indude ranges, friers, steam kettles, 
baking or roasting ovens, griddles, dishwashers, etc. A simple and effective 
canopy consists of a braced sheet-mclal curtain plate extending from the 
deckhead to a point about 6 ft C in. from tise deck. Around steam kettles, 
a small gutter to catch condensation should be provided on tho inside of the 
curtain plate. Piping, wirewnys, etc., should be kept out of the canopy. 
If this is not possible, a full hood should be built under all obstructions that 
Kught collect dirt. Ibom 50 to 75 percent of the galley exhaust should be 
taken from the canopies, the balance being from over sinks, garbage grinders, 
etc., or from pointe necessary for good distribution. Grease filters and a 
fusible-link fire damper should be installed in the canopies over ranges, friers, 
and large griddles. Edaust from a galley should average about 60 cfm per 
few input for dectrical equipment and about 12 cfm per gal steam-kettlo 
capacity, and figuring appioximately 66 percent usage factor for the galley 
as a whole. 

Laundries and laUer shops should be treated in a manner similar to galleys, 
but canopies are seldom required. 

Wheelhouse radiation calculations should include about 25 percent excess 
to take care of possible open windows. 

' The constructioa of living-^paco ventilatioii systems differs'from other 
systems in a few features owing to the special coaditions encountered. . 

The magnetic circle, i.e., all space within 6 ft of a magnetic compass, 
should be kept clear of ductwork. Any equipment within this area should 
be of nonferroua material 

Cuts for ducts pasang tbrou^ joiner bulkheads and ceilings should 
be slightly oversiaed and finished wi& a collar. A flanged connection U 
unnecessary. ^ . " ■ • « : 
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■mtliin reasonable limits and if the space is to be heated uniformly. Heat 
supply and insulation of living spaces are parts of the same problem, and the 
two should be worked out together to determine tiie most practical combina- 
tion. The amount of outside air introduced during the heating season 
should be kept to the minimum veatilation requiremonts, to keep down the 
steam load. Since steam is a valuable commodity on shipboard, any heating 
system should be designed to keep its consumption to a minimum. 

Hired radiation denotes heating by radiator, pipe coil, convector, or panel. 
Cast-iron radiators and bare pipe coils have largely been supplanted by the 
more cfBcient convector, although pipes hung on an exposed bulkhead are 
still used in places such as dry stores when a little heat is needed to prevent 
freezing. For a given heating area, convectors arc considerably smaller 
and lighter than cast-iron laihators wad, thcrciore, are preierred ior most 
applications. Tliey are best installed on a bulkhead, close to the heating 
load, with the bottom 8 to 12 in. above the deck A cutoff valve should be 
provided in the supply, with a thermostatic steam trap and cutoff valve in 
fie drain line. Most direct radiation systems are manually controlled. 

Radiant or panel heoiing is mentioned here only as a principle that may. 
play a part in future ship heating. The human body experiences the feeling 
of cold owing to loss of heat (toco it by radiaUon. Tho usual heating methoda 
raise the temperature of the surrounding air and thus cut down to a comfort- 
able point the best loss from the body. In radiant heating, however, the 
surrounding surfaces are heated so that heat radiation from them cuts down 
the radiation heat loss from the body and thus creates a comfortable condition. 
This is accomplished by heating coils set inside the structure of the room 
boundaries. Since few’ living spaces on a ship have more than one or two 
exposed boundaries and since the ccilcd-in air space between structural 
frames could be easily adapted for healing panels, radiant boating would seem 
well suited for shipwork. For any jpven application, however, its feasibility 
should be determined by weighing the possible saving in heat against the 
axtra weight of piping that panel heating would entail. 

ifoNhlcsf heating is a combination of heating and mechanical ventilation. 
Under this system the heat required to maintain a specified temperature is 
supplied in the ventilation air by beaters installed in tho ductwork. Its 
pnndpal advantages are that tbe introduction of heated air permits a higher 
winter ventilation air change than is otherwiBo possible; it requires far less 
steam piping than does direct radiation; it takes up no cabin space; and it 
can be controlled automatically. 

With hot-blast heating, the fan speed should be reduced during the winter 
heating period to save heat required to raise the temperature of the full 
amount of outside air. Between 60 and 75 percent of the total summer 
capacity ^ves a satisfactory mr change and a reasonable entering air temper- 
ature for most applications. ducts carrying heated air should be 

wsulated and kept as short as possible, to maintain the air temperature to 
the most remote outlet, Heated air ducts within tho space served need not 
be insulated. Although some recirculation can be used with this system, it 
has not^ been -widely used, owng to the extra ductwork it would require. 
Qteam lines for blast heaters should have a stop valve in the supply, with a 
cutoff valve and fioat-operated thermostatic or inverted bucket trap on the 
dram. 

^ There are several hot-blast heating MTangements in common use. The 
simplest is the central system, in which all the air supplied by a given fan is 
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0-rae to tiinited deck heights sad dropped ceaKnES, d^cts ii liTing spsces 
s.-e geoerdly cl Sat Tectans^at ctos seegos. The rstio ol ^dth to depth 
^odd he kept below 2:1 where jn^aWe. HitisBecesiarr to exceed 4:1, a 
Btidiag diaphragm shorild be inserted to pve stiErmss as well as to aid the 
^ Sow. 

InsoIatiotL is mentiQBed here only in ife rdatioa to ventilatioa. The 
fciulatioa of outside bonndaries agtnnst heat gain and loss should be balanced 
•gainst tbs heatiDg and renrilatioa to deieraune the optimunj aaoimt of 
web. Shetohffi of the common tj-pes of outside boundariO'— bulkhead, 
tldl, or dwk— are shown Tcitb both welded and rireted siiffening indicated. 

Usaal insulating materials for boundaries of firing spaces are rock-wool 
Grdsss-wool insulation with marine-board sheathing. Sheet-metal sheathing 
iaread of marine board is used in washrooms, storerooms, etc. Cork paint is 
frequently used in washrooms: but this is primarily to stop sweating, and its 
itrahdng xaiue can be neclKtcd, 

ITT mm 

Ks'wjbiicn K’& ipwlspcn 
Cr shjolh'mg Shsslhir,^ tp^ifv5r.£r5 

Em 

Insubiion enti Insublion on 

sWriiRg onsleei; shaSiingcnsfif^nsrs 
siiffsrxrs co'.tftd 

Fig. 3.—Typical outride boundaries. 

Ibcts carrying cooling air should be insulated wherever they pass through 
the aichinerj- caring or other hot spaces. Ducts, heaters, and fans carrying 
heated air should be insulated except within the space they serve. .\n excep- 
tieais a sbgle fan and heater sj'stem in a fan room, used as an intake plenum, 
tawhich esse any heat ifisripated is drawn back into the sj’stem. Insulation 
iould be blocks ol nnnersl wool, or its equtd, gsneraily I in. tidek, secardy 
tsrieaed by adhesive and metal bands, spaced not ovei IS in. apart. VThere 
dneu aK exposed, a canvas cover shovdd be sewed on over lag^g. Insub- 
uoa over access holes shovsld be portable. 

Koise problems ate freciuently very complex, and so belong to the sound 
Kgme^ and not to the veatflation derignet. There are, however, certmn 
tnla of good desgn that can reduce noise in a ventilation sj-stem. 

inere is no general rule as to nmse Hmits. rince each location has its own 
csmable sound level. Althou^ the general sound level on shipboard is 
•ssparatively high, allowing more libertj' in ventilation noise, ship construc- 
uoi materials are better sound conductors than most building materials. 
^ in shore work, however, noise is carried in the air stream, throu^ the' 
^P structure, or can be caused by the air in the feraiina]. .Also, as in shore 
’;‘p ^ remedies for eieesave ventilation noises; dimmatlon 

source and cutting down the transnussion of existing noise, 
iae fan is the prinupal source of ventSation ntrise. The Sjst- step in 
peienting noise sho\dd therefore be the sdection ol the proper fan ior a 
P-racalar application, Aiatiagcd Sodecibdsisacceptabltiot a machinerj- 


InS’ji^licn iir/dshgtrihr^ 
ns^lSliffenerseitpsssd 


Ir.$=ji?ti:nonstseipnd 
itiff*psrs;$h&crihing 
c.t siiffensrs 
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heated to the predetermined temperature neceesary to maintain the specified 
temperature in the space or spaces served. This may be accomplished by a 
single heater covering the to^ range or by a preheater to temper the cold 
outside air, and a reheater to raise the air to the required temperature. The 
two-heater arrangement is capable of closer control. Either room thermo- 
stats or compensated duct thermostats may be used for control. If only one 
heater is used, the control should be such that, when the desired temperature 
is reached in the space, the heater can deliver tempered air only. Such a 
system has the advantage of ^plicity bnt can be used only for a group of 
spaces wth comparable heal loss and specified air change and with outlets 
within a fairly limited area. 

The moat widely used hot-Wast heating arrangement is the zone system 
which differs from the central system in tliat it consists of one preheater 
and several reheaters, eadi serving a hcadug zone. The thermostat-con- 
trolled preheater on the intake ade of tho fan delivers tempered air at a 
constant temperature, generally 50 to 60 F. The latter is desirable if there 
are spaces to receive tempered air from the system. Tlie duct supplying 
such spaces is taken off directly after the fan. Other main branches each 
contain a rehcater controlled by either room thermostat or compensated 
duet thermostat. Each rcheater is sized to provide air at the calculated 
temperature required to mmntun the spedfied condition in the spaces served. 
The reheater should be located so that the distance to the most remote outlet 
is not too great. There are frequently spaces in a given section of the ship, 
inside rooms for example, which require the same air change as near-by 
spaces but which have far less heating load. These spaces should receive 
ail tempered air; or have two outlets, one supplying heated air and one 
tempered air; or should have the air change provided by exhaust with tiio 
supply of 70-dcg air drawn in from the possa^. Tho choice of method will 
depend on the conditions in each case. The zone arrangement gives gi'cater 
flexibility than the central system, dnee it can serve groups of spaces requiring 
different entering dr temperatures and also deliver tempered air, A typical 
zone layout is shown in Fig. 16. 

The individual system differs from the zone system only in that there are 
separate reheaters for each individual space, controlled manually or by a room 
thermostat. Since the beat required from each reheater under this arrange- 
ment is small, hot-water or clcctrie heat has advantages over steam. Indi- 
vidual control is tho great asset of this system, but its use is not often feasible 
owing to difficultinstaUalioD and expense of tlie piping and numerous heaters. 

Another arrangement giving individud control is the dual-duct system by 
which two ducts, one carrying heated air and one tempered air, are run 
together into each space, where they meet in a mixing chamber at the ter- 
minal. By adjusting the tenninid, the room occupant can regulate the' 
temperature of the entering air mixture. The punkah louver is frequently 
used with this system. The disadvantage of the dual-duct system is tho 
difficulty and expense ofinstalUngthe two ducts thi'oughout a ship. 

Unit healers are used in workshops and miscellaneous spaces which have 
no installed mechanical ventilation but which need both heat and air change 
at times when men are worldly themn. Bang easily located and installed, 
unit heaters are well suited to take care of these special cases. They are 
generally steam-lie.'vted but can be electric- or hot-water-heated. Steam 
lines should have a stop valve in the supply and a cutoff valve and float 
thermostatic or inverted 'bucket trap preceded by a dirt trap or drain. 
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space faabut is far toohi^ for a hospital system. Axial fans are in general 
noisier than centrifugal fans and therefore should not be used 'where noise is 
objectionable. Tip speed is a rou^ inda of fan noise and should be kept 
low if possible. A limit of 8,000 to 10,000 fpm is desirable and should be 
exceeded only after conaderation of the noise problem. Also, care should be 
taken to see that a large fan is running in its range of greatest efficiency since 
axial fans and forward-curved-Uade centrifugal faos in particular become 
noisier if run otherwise. In cases such as en©ne rooms where shutting off 
several terminals 'will greatly aSect the fan performance, mstructions should 
be given to reduce tire fan q>eed 'when more than about one-third of the 
terminals are closed. Also, the air 
entering a fan should be evenly supplied 
over the entire inlet, ance uneven, 
supply creates an unbalance that in- 
creases noise. All fans should be rigidly 
mounted and the surrounding structure 
stiffened if necessary sotlralihey cannot 
■\’ibrate. Canvas connections between 
centrifugal blo'wors and ductwork, com- 
monly used in shove work, are not rat- 
proof and cannot be used. Since ratproofing such a connection is not 
satisfactory, the profeived connection, with no metal-to-metal contact, is 
by means of a 1-in. rubber gasket with fiber ferrules and washers as shomi in 
Fig. 4, 

Air noise in terminals can be prevented only by keeping the outlet v^ocity 
within proper limits for the type of outlet in question. In ducts, air noise 
can be prevented by using proper velocities and being sure that the inside 
surfaces of the ducts are smooth and free from projections and bad fittings. 

In regard to noise carried in the air stream, it is popular faUacy that 
sound does not travel against the air flow. Since sound travels in air at the 
rate of around 65,000 fpra, the effect of the air velocity — under 3,000 fpm— is 
negligible. The noise level of a system should be considered not only for 
the space ventilated but also in the vicinity of the intake, which may be near 
a navigating station or sleeping space. If the source of the excessive noise 
cannot he eliminated, the installation of a sound-absorbing material is 
necessary. If the problem is in an existing instsdlaUoa, the system should be 
tested with a decibel meter vrith analyzer, and a sound en^neer should be 
consulted as to the proper keatment, ance sounds of different frequencies 
should be treated in differmit ways. In deagning sound treatment for a new 
system, it should be remembered that kie penetrating whine which comes 
from a lugh-speed fan is mostly ahigh-frequency sound which is best removed 
by closely spaced sound-insulation units. A general rule for the amount of 
insulation required is 10 to 15 diametem of duct or its equivalent. Since 
lining this length of duct is seldom fearible in shipwork, a sound trap is usually 
more practical and, for equal area, more effective, particularly to minitnize 
high-frequoncy sound. 

The sound-absorbing matoial ^ould bo noninflamraable, imaffeoted by 
dampness and, if of the rainerd-wool type, about 1 in. thick and held in 
place by 'unre screen or perforated sheet metal. A practical and effective 
sound trap can bo made by uring panels with materia! exposed on both sides, 
spaced on about 6 in. centers, extending the mdth of the trunk, and running 
parallel to the air stream. If space and the static pressure of the fan permit, 
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Fig. 4.— -Fan connection. 
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Air conditioning is the process of maintaining, within fixed limits, the 
temperature, humidity, movement, and quality of air in a space. In its 
purpose, it differs from straight mechanical ventilation only in the degree of 
treatment and control, but practically the cooling of air for temperature 
and humidity control introduces so many new factors that air conditioning 
must be regarded as a separate subject. In the following, an attempt is 
made, not to describe the subject thoroughly, but merely to bring out a few 
points in connection with its use on shipboard. 

Complete air conditioning requii’cs a large installation, the cost of w'hich 
is not justified in most cases on shipboard. There arc few large passenger 
vessels, however, which arc not equipped with some form of cooling and 
humidity control for the public spaces for passengers and crow. How many 
additional spaces should be conditioned and the extent of tho treatment 
depend on the service for which the vessel is intended. It seems likely, 
hon'ever, tliat passenger ships in many services will have at least some 
cooling in all staterooms, eitlicr for comfort or for its advertising value. 

The index of air conditioning is the “effective tempernturo" or so-called 
comfort scale. This is an experimentally established scale of comfort 
which takes into consideration dry- and wct-bulb temperature and air move- 
ment. On this basis, different combinations of the three factors can produce 
the same effective temperature aud tlio same degree of comfort. What 
exact values should be maintmned depends on the outside conditions, since 
extreme contrasts ate unpleasant, even though tho inside effoctivo tempera- 
ture may be well within the comfort range. In oilier words, no one tempera- 
ture is tho optimum under all conditions. For example, a ship operating 
in the Caribbean with 95 deg temperature has an air-conditioning plant to 
pve 80 F and 70 to 75 dog effective temperature: a sMp in Ued Son trade, 
where 100 F and 80 percent relative humidity arc wot, has a plant to give 
00 F and about 80 deg effective temperature; one in the Pacific with 90 deg 
and 75 percent relative humidity has a plant designed for 86 F and 70 to 
76 deg effective temperature. Thus, although tho effective temperatures 
generally fall between 70 and 80 dog, the plant roust bo chosen on the basis 
of the outside conditions to be encountered. 

The required refrigeration can be estimated as follows: From tho desired 
iaaide temperature, the expected outside temperature, and number of occu- 
pants, the lieat gain in the space can be calculated (see p, 1523) . The amount 
of outside air to be brought in and the amount of dehumidification having 
been decided upon (this being affected by the amount of recirculated air), 
the temperature and total beat of air leaving the cooling surface can be 
determined (see p. 375). The heat gain in the space, plus the dohumidifica- 
tion, plus the sensible cooling of the outside air to space temperature are the 
refrigeration required. 

The question of purity is not so vital in average shipwork as it is in land 
work, owing to the relatively high purity of tho air encountered by ships in 
roost services. As a consequence and because of tho importance of saving 
space and weight, filters may be used with installations that would warrant 
fro ail Washer ashore. The proper amounts of oxj'gen and CO 2 in the space 
tire assured by the constant introduction of about 25 percent of outside air. 

Heating is handled by a hot-blast system, wmiUr to straight mechanical 
fupply ventilation: plus provision for Kusing tho humidity as necessary by 
rojection of steam or a water spray into the air stream. 

_ A duct layout for air conditioning is very amilar to that used with mechan- 
ical supply ventilation and heating, plus a return duct system to pick up and 
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the tra.p can- be made more effeutivoby agsagging ihfc panels, using 9- to 12-in. 
sti^ght sections and suffident angle to dose the direct line of air flow through 
the trap. Panels siiould be removable for repairs and should be evenly 
spaced with their leading and trailing edges formed so as to disturb tluj air 
Btreain as little as possible. Another type of sound trap applicable to iveather 
openings is obtidnod by lining the intake chamber or mushroom and vanes 
toeeu the fan and the ■weather. This atcangemeni is simpler than the 
panel type b'at is less effective, ovdng to the sroallei area of absoTbing material. 
The fan room is fclio heart of a ventilfttion system and, as such, its design 
U important to the operation of the matjre unit. Although fan rooms may 
be of any rise and ceutain any number of fens and other pieces of ventilating 
equipment, there are general features tiiat ^ould apply to all. They should 
be located close to the spaces ventilated and thus keep ducts short. The 
intake should be in. as protected and •weatherproof a location as possible, to 
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minimize chance of forced shutdown. In a fan. room for living-space supply 
either the room intake or the fan iitiet must have filters or insect screen, A 
angle fan may bo direct-oonnected to Uio weather opening. In cases of more 
than one fan of tiio same typo— supply units poiticularly— the fan room 
lisrif is generally used as a plenum chamber. Filttas should bo connected to 
the fan inlet but; if space requires that they be oonneetod to the room intake, 
there should be at least 18 in. between the weather opening and tiic filters to 
cut down, the chance of water (Teoaingon the Sltevs. Washing and recharging 
^'upmont should be located close to filters luid provided with permanent 
wain and water connections. If the room is used as a plenum, the gaslight 
door to.the-compaTtment should be 'dosed at all limes. Preheaters 
shedd be mounted on the fan suction, ■rnih sufficient space between filters 
sad heaters and between heater and fan intake, to assure good air distribu- 
tion. Heaters should be firmly supported from oitber deck or deekhead with 
^oipie space allowed for piping connectionB. Fans should be li^dly mounted 
foundations or blocb set on deck, ■mttj, shafts either vortical or fore and 
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recirculate about 75 percent of the supply sir. The remaining 25 percent 
must be exhausted by regulffi* means. Ductwork should be insulated. Dis- 
tribution is a feature of the utmost importance in any mr-conditioning 
system but, with the low ceOii^ encountered on shipboard, it requires even 
greater attention. Outlet and intake velocities must be kept low to prevent 



drafts, and terminals must be more acemately adjusted and balanced than 
is required with strmght ventilation. Owing to the larger number of ter- 
minals I'equired with air conditiazuDg, greater care should be taken to have 
re^sters, grilles, and diiTusers harmonise with the room decorations. 

_ Control is generally by thermostats, located in the return line handling 
air from all spaces served. If, however, ocij' one space is involved or if a 
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aft, to reduce wear on bearings. Figure S shows some general tjiies of fan 
foundations. Space must be allowed to permit easy ser\iciciB of fans and 
for the unshipping of the, motor if this nhoiild be necessarj’. If it is desirable 
to isolate the fan for noise reduction, fiber ferrules nnd washers can be used in 
addition to' the pads shown to prevent metal-to-metal contact. 

Axial fans with duct connections ou both sides must have a spacer ring 
above the fan, to permit makingup the flange connection to the fan. An asial 
fan drawing or diachar^ng wi^ut ductwork should have a sheet-metal bell 
to ease the air flow. 

.Wash and Spare c^l 



Fio. 6. — ^Typical fan-room layout. 

Electrical controls should be located on a bulkhead dose to the fans and 
out of the intake tdr stream. Compensating thermostatic bulbs must be 
located directly in the intake ^ stream so that they will register true outside 
air temperature. Eeheaters should be located in the fan room if doing so 
does not make the duct mn b^ond the heater too long. Reheaters should 
always be pitched 1 in. for drainage. lire dampers should bo located in fan 
rooms where they arc ea^y confroUed from the one place. 

A. layout for a fan room contuidng three living-space centrifugal fans — 
two supply and one exhaustr^s shown in 'fig. 6. 

MACHIKE&T SPACES 

General.' Machinery spaces indnde those spaces housing boilers, main 
and auxiliary enpnes and eqiuipment, emergency generators, steering gear, 
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partic^sIftT space leqvdi'es especially dose coutrol, a rocia thermostat should 
be used, Automatic humidity controls are aTsilable, but more oiten manual 
toutrol based on a. luunidity indicator is provided. 

Air-con<Utiomng equipment can be oi the regular commercial type, rrith 
necessary marine features incorporated to adapt it for marine use. Freon 
is the most generally .accepted lefrigerant. Central systems, in v,'hich all 
the. ciquipmcut U located io a machine room, are preferred. There are also, 
hae-cver, scK-eontained units in •winch the Ian, comptessot, condenser, etc., 
m in a self-contained cabinet and unit coolers nith independent fan and 
coils. Certain installations, frcquentiy tlvose on conversions, necessitate 
the uss of self-contained units, owing to ^plicity of installation, Par- 
ticulaily for vessels that encounter extreme variati^ in cooling load, it is 
good practice to pro-vide two compressor units which together have peak-bad 
capacity I and either one of which can Imndbtiic average bad, with the other 
ss a stand-by. In all such conaderations it should bo remembered that air 
mditionina is a luxury and not a viUl service , as arc ventilation and heating. 
Economy of instoilation and operation is therefore of great importance. 

Gabulations. Heat gain oi loss from any space equals the algebraic 
sum of the heat transferred tUrougli its various boundaries. 

The heat transmitted through a boundary mny be dclernuned as follovr's; 

= A X 1/ X fd 


irfiero // a total heat transmitted. Btu per Ur 
A = area of the boundary, sq ft 

V « ove^all coefficient of heat transfer, Btu/'(hr)/(sq ft) /(dag diff) 

(i = diffeteuee in tmpeniturc between the two rides of the boundarj*, 
« £i - ij, in deg F 

The value of U is determined by the following formula; 


Xi 1 X* 

A o-li: 4.; xti: a . . 
/« iCv 




where /« « outside svafacc conductance, Btu/(hi)/(Bqft)/(deg F) 
fi =s inside surface conductance, Btu/(,hr)/(sq It)/(deg F) 

A » conductivity of the material, Btu/(hr)/(sq ft)/ldeg F)/fin. 
thickness) 

A as thickness of the mateiml, in. 

a = conduclanoe of the air space between the materials, Btu/lhr) /(sq 
ffc)/(degF) 


All of the foregoing are definite valnes, but they vary somewhat with the 
temperature at -wliich the heat transit takes place. Also, tiie surface 
conductances vary greatly witti the velority of the air moving over it and 
vhether or not the surface is wetted. TaHe 2 lists values for typical ship 
I’OMaaries as generally used for average eemditaons. These do not iieces- 
samy agree with the simple formula, owing to the fin effect of stiffeners and 
contingent factors. 
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cargos'll pumps, and special elaetrical eq^uptneat sttch ea electrical atorogo 
tatteries aad resistors. Wtcre'tbfc eqnipniwit is in continual use and is 
constantly'radlating at least suffiwent heat to ensure comfortable working 
conditions, ventilntion alone is reauired; the chirf purpose of ilio ventilating 
sistero in these spaces is to supply sufficient iresh air to limit the temperature 
to a masiinum coDsistCDt witli comfort Mma and auxiilary boiler and engine 
rooms generally are in this categorj'- Where operation of equipment is 
intennittent or where the oqiupment is not giviBg off sufficient heat to ensure 
proper conditions, both heating and ventilation may bo required. Compart- 
ments housing emergency genorators and steering gear are typical spaces that 
should have both ventilation, and heating. For spaces bousing special 
electrical equipment such as largo storage batteries, which ^ve off objection- 
aUe vapors and which must be kept from extremes of heat and cold, both heat- 
iag and ventilation should be pro^ddcd. Electrical equipment is adversely 
aSected by very moist jur, patticulatly salt mt; tod deciTical controls and 
reastors tor interrnittent-aerficb an2ili.ants, such ns deck winches and 
capstans, should be protected Irom moisluro and condensation during 
inoperative periods by proper heating equipment. When such auxiliaries 
are in use, the heat raffia^d therefrom must be removed by ventilation, 
Emergency generators are frequently located in inside rooms, without direct 
doors or openings to the weather. Unless proper pro^^sion is made for the 
supply and e^aust of ventilating air to such spam, satisfactory operation is 
impoasible, ns the heat given off by their radiators is very considerable and 
the cooling medium will soon re.ach boiling temperature. 

• Cargo-oil pump rooms on tankers require adequate ventilation to remove 
esplotivQ, uQidous, and toxic Nmpors emitted by the oil. On tankers carrying 
light pettoleum products such as gasoline or naphtlm, the vapor released in 
cargo pump rooms, particularly in warm weather, is consideraUe.' The 
vapor, beins heavier than air, settles In the bilges and should be removed to 
reduce the fire hazard and ohminate the toxic effect on the operatinB crew. 

Seftigerating-inachiacry rooms require, generally, the sarne consideration 
as other rnactunery spaces, Whero ammonia is the refrigerant, ventilation 
Bhouid be adequate and positive, as ammonia is toxic and corrosive to copper 
and cuprous alloys. It has been largely superseded for marine use by the 
hslidft -sf, mbit'?, ’gt’i/nn&j ks/atin la 

Freon, ig the most common. Freon is nonloric and aoninflammable, and 
hence the ventilation of Freon refrigerating rooms fe not so critical. 

Conditions. Main, roachinery spaces do not generally require any 
heating, as the heat radiated from the machinery is suffioient to ensuis 
comfort, even in cold weather. Ventilation, however, is most important, 
patlnsulacly for operation in warn water and ■weather. All the heat losses 
m the tnatidnery spaces must be carried away by, the ventilating air and, to 
ensure reasonable comfort for tho operators, the teraperaturo rise of tho 
ventilating mrshouid not exceed 30 deg F. A marimum rise of ,25 deg F is 
ptefeiable. ’Vith outside air at a temperature of 90 F and na fur temperaturB 
086 0125 deg, the temperature of mr leaving the space ■will be 115 deg, wliioh 
desirable for comfort of the operators. i , 
the system should permit regulation of the quantity of ventilating air, 
the spaces will be unduly. cold in ■winter weather. If natural 
^entilation ig used, control dampers in the supply ducts should be installed. 

or mechanical ventilation,' gpe<rf variation of the fans of at least 25 percent 
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Table 2. 07er-»ll Haat-tiansfer Coefficients 

{For various ^ea of boundary constnictian) 


CoDStraction U 

Painted steel; 

Inside bulkhead = 300) 1-00 

Outside shell (12-knot irind) 1-10 

Outside steel — airspace — J^-in. marine board O.iS 

Steel: 

S-in. rock Tvool— sheet-metal fadns 0-20 

2-m. rock wool— Jit-w- marine board 0.19 

2-ra. rock wool — sir spsee— ^-in. mame board 0.15 

2-m. cork, pa nted 0.25 

2-iri. glass wool— glass doth 0.19 

Steel deck; 

Painted— magnesite covering 0.65 

12-in. cork (refrigerated spaces) 0.04 

17ood deck — steel, painted 0,31 

Ji-in. marine board bulkhead 0.48 

Airport light— 14 in. diam (closed) 0.60 

In Table 2. the foUetiing values of conducUvity and conductances were 
used: 

Steel, coaductivity iC » 300 

Marine board, cooduettvi^ K = 0.8ft 

Beck wool, conductivity » 0.27 

Cork, conductmty Ju ■* 0.30 

Glass wool, conductivity K *» 0.25 

Outside surfaces, film conductance /i « 6.00 

Inside surface, film conductance ft ^ 1.65 

Air space, over % in. thickness, conductance o b i . iQ 


Heat-transfer calculations should be based od the estreme outside temper* 
atures, in order to determine tbe peak heating or cooling load. These vary 
with the service for which tbe ves«l is intended. The following may, how- 
ever, be used as designed extreme temperatures, in degrees Fahrenheit, for 
general cases; 



Temperature, deg F 


Winter 

Summer 










Deck: 

' ! 





Vertical bulkhead, steel 


m 

1 


In determining cooKng loads, the heat from human occupants should 
be based on 200 Btu per man per hour, based on total occupancy; the heat 
from electric lighting or resistance heat = 3413 Btu per kwhr. In public 
spaces, the electric-hgbting load is about 2 watts per sq ft deck area. Those 
should nnt be considered as a source of heat vriien determining the heating 
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is advisable, and the outlet terminals should also have control dampers for 
further reduction of air supply in cold weather. 

Steering engine rooms do not generally have an operator in constant 
attendance and do not, thereforo, reqmre so close temperature regulation. 
As the heat liberated is generally bidbU, natural ventilation, either by supply 
or exhaust, is sufficient, fibwever, some degree of heating is advisahfe, 
particularly if the steering gear is electric, and may be provided by electric 
or steam heaters, of eitlier convector, unit heater, or radiator type. 

Emergency generator rooms should have sufficient ventilation to ensure 
adequate cooling air for the air-cooled radiator and for combustion. 

Methods. Ventilating systems may be either supply, exhaust, or a com- 
bination of supply and exhsnst; and the air may be handled by either natural 
or mechanical moans. Natural ventilation, by the use of supply and 
exhaust cowls and their attendant ducts, has been much used in the past 
and is farly satisfactory if wdl laid ont, but it requires large ducts to ensure 
low friction loss. Natural ventilation depends on the velocity of the air 
relative to the ship for its efficiency, and the supply cowls must be trimmed 
in the direction of the relative jur velodty. Whenever the ship changes 
course or the wind direction changes, the position of the cowls should be 
changed accordin^y. If there is a following wind, the ventilating effect 
•wU be very small and the space excessively hot. The prevalent trend to 
machinery casings of small area also restrict the possible sectional areas of 
vent ducts for main machinery spaces. Mechanical ventilation, with 
either supply or exhaust fans or a combination of both, ensures a positive 
and controllable supply of air for all operating conditions and also permits 
use of ducts of moderate dimensions. Owing to the larger pci'missible friodon 
losses, the ducts may be more estenrive and a better distribution of air 
obtained, resultiug in a more equable temperature of the spaces. 

Mechanical supply ventl^Uon comprises one or more supply fans, 
taking outside air from fixed intake heads and discbaiging it through a duct 
system to the various outlets, properly located to scavenge any hot zones. 
The heated air rises up the machinery caring and is discharged to the outside 
through either a skylight or other exhaust opening. 

Mechanical exhaust ventilation comprisea one or more exhaust fans, 
collecting heated or vitiated air from various locations through a duct system 
and discharging it through a suitable exhaust opening to the outside air. 
The air is naturally supplied to the lower part of the space either through 
large ducts or down the machinery casing itself. This type of system is not 
generally used by itself. 

Combined mechanical system is a combination of mechanical supply 
and mechanical exhaust. Exhaust inlets are properly located to withdraw 
vitiated air from “hot spots” or zones where conriderable heat is liberated. 

Of the above systems, the mechanical supply system is probably the moat 
efficient and economical for the main machinery spaces, The ability to 
provide effective distribution of cool air and ttie utilization of the machinery 
casing as a natural draft “flue” for the heated air are desirable factors. In 
steamsliips, where a large supply of ail is required for combustion of fuel in 
the boilers, the forced-draft fans frequently take their suction from the upper 
machinery space, where Ure air is warm, and draw it down through an air 
casing surrounding the stack, thus furthw asrisriug in the ventilation. 

Frequently a large outer stack is fitted around the live stack, for the sake 
of ship appearance, If the »hau8t ventilaUng air is permitted to rise to 
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Oufs/i^e jBmpJegf. ~ Winkr=0;Summer=8^ 


1 ' 

mk i 

p- 10-0’— 

1 

iSbkroon. 

i 

Hospital 



tr-lS’ 


ROOM-A" $ 


1 

§ i? 


1 

L 

1 


Passage, t/60‘‘ 
beck height~8’Q'’ 

Oeck above, to-O^i U‘0.IB 
Deck below, tf,^tO'‘;U’Q20 
Fig. 2. — Typical space. 

Figure 2 represents a typical space, for which the winter heat loss would be 
calculated as fdllows: 


Bouadaiy 

Dimensions 

1 Area. 
A 

I Hcftt- 
1 transfer 
cocf U 

Temp 

diflcrcnce, 

U 

1 Heat transmitted, 
// - J X K X (i 

Outboard side.... 

10' X 8' 

80 

1 0.15 

(70-0) =70 

840 

Forward sids 

WXi' 

112 

1 0.48 

(70 - 75) = '5 

(-) 369 

Inboard side..;.. 

■ lO'XS' 

80 

1 1.0 

(70 - 60)= 10 

800 

Aft side 

14' X 8' 

112 

1 0.48 

(70 - 70) =0 

0 

Uftk over 

14'X10' 

140 

[ 0.15 

(70-0) =70 

1470 

Deck under 

14' X 10' 

140 

1 0.20 

(70 - 20) =50 

1400 

Total heat loss, Dtu per hr • • 

4MI 


The summer heat gain, based on 10 deg temperature rise (i.c., 05 F in all 
spaces) and bare steel decli overhead would bo calculated ns follows: 


Boundarj’ 

Dimensions 

.Area, 

A 

Heat- 
transfer 
coef 17 

Temp 

difference 

U 

Heat (mnsmittod 
i/ = A X (/ X td 

Outboard side 

Other 3 sides 

Deck over 

Deck under... ^ 

10’ X 8' ■ 

14'X10' 

14'XIO' 

60 

140 

140 

0.15 

6!i5 

0.20 

(120 - 95) = 25 
(95 - 95) =0 
(140-95) =43 
(85 - 95) =--10 

3C0 

0 

915 

(-) 2(0 


965- 








Cubic volume (always based on empty volume) = 1,120 cu ft. 








MACmiiSBr SPACES 


1535 


ttic top of the outer stack and then discharged through openings around its 
aftoperiraeter.ndditional natural-draft “flue effect" wifi ^isfc tho ventilation, 

Cargo-oil pump rooms ou bulk-ofl tankers require special consideration. 
The explosive and toxic vapors seltling in the bilges and lower zones should 
be effectively removed by an exhaust duct gyatem, extending from the space 
below the floor plates to oullela located well above the deck. A small 
steam jet eductor or an exhaust fan, in the duct, induces the upward flow of 
vapor. Care should bo exorcised to prevent any spark or flame in this duct. 
If a motor-driven fan is used, the motor should be located outside of the duct. 

Heating of main machinery spaces is not generally required, as the heat 
radiated is generally sufficient to ensure a livable temiwrature. However, 
spaces housing tho steering gear, emergency generator, storage batteries, 
cifl-i should bo provided with some mem for Iwating to protect the equipment 
from moisture and excessive cold. Where steam lines of suitable pressure 
are located near by, direct heating, cither by steam radiatora or by “unit 
fieatera” (fin-tuberadiatorrrith a small electric fan Wowing across the heating 
clement) is economical. If there is no steam supply near tho space, electric 
resistance heaters are suitable; however, it should bo borne in mind that 
electrics! energy is an expensive source of heal, and resistance heaters cannot 
fac economically used to supply a largo amount of heat. Storage-battery 
rooms should have oniy suffiment heating (o prevent freezing; high tem- 
psraturos will cause excessive ovapornlion of water from the electrolyte. 
Electrical reristor rooms or spaces abould bo heated sufficiently to prevent 
condensation of moisture from the sea air on the resistors and contnotors. 
fhequentiy, contactor panels for deck machinery are lilted with a strip or 
coil of resistance wire at the base, which gives off sufficient warm air to rise 
across tlie oontaotors and keep them dry. 

Calculations. For main machinery spaces, the problem is to determine 
tile amount of heat given off by the machinery and equipment, so that 
adequate air may be supiilicd to remove tliis heat with a moderate tempera- 
ture rise. The heat given off by a well-designed steam plant amounts to 
approximately !}{ to 2j^ percent of the heat content of the fuel burned. 
To meet this figure, the boilers, steam piping, and auxiliary units must be 
well insulated, so that the surface temperature of the insulation does not 
exceed approximately 135 F. This surface temperaturo likewise wll protect 
^ha.'uisvAtinit'imrsuinr^/irom'DUfns. 

The heat given up to the air can be determined wiUi good accuracy by 
calculation. For insulated surfaces such as steam pipes, boiler casings, etc., 
the heat radiated front the surface may be deterraiaed aa follows: 

Hi=KXSX{t.-U) 

where Ht = heat radiated, Btu per hr 

= coefficient depending oiv the type of insulation covering, = 0,35 
-0,50 

S = total surface over the insdaUon, sq ft 

tj ~ surface temperature of the insulation; should not exceed 135 F 

U = ambient temperature of samnmding jur; about 100 to 110 F 

If the air veiooity sweeping ^e surface is high, the heat radiated will bo 
®°°®i‘^crably. If the volooty of the air is 10 fpa, tho heat radiated 
he approximately three times the value pven by the formula above. 
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Heating requirements by radiation are figured as 240 Btu per sq ft 
of rating baaed on steam at 215 F. For olbet steam temperatures, the value 
of 240 Btu must bo divided by the following factors: 


For radiators; For convectors: 



•where T, = steam temperature, deg F 
T, ~ room temperature, F 

r,' - inlet air t^perature, deg F (5 deg lower than room temperature) 

Example. By Mtans oj Stam. Assiiiiung a steiun pressure = 60 psi (tempctatuie 
298 F, from steam tables), the coaTectorreqiuremenU for room A (Fig. 2) areas follows: 


340 


/21 S-65 y* 
W - 65/ 


240 

0.517 


= 4C4 Btu per sq ft 


4141 Btu 
464 Btu pet sq ft 


9 sq! t convector eurtaoc to overcome heat loaa and to toaintalc 70 F 
with 0 deg outside 


Steam required would be 


Total Btu per hr 

liiUot beat per lb of 50>lb steam 


4L41 

910 


4.55 lb coDdeasate per hr 


By ilfeans of Hot Water. Coovector requiremeots for heating with hot water are 
based on a rating of ISO Btu/(sq ft)/(br). 

For room A this would be equal to ~ 27.6 sq ft 

By Utant o! Blt^rlc Heatirt. Electric heaters are based on&noutput of 3418Btuper 
kwhi. 

For room A this would be *■ kw heater 

la room A, 4141 Btu per hr is the beat required to make up theloss through the room 
boundaries. If uohealcd outside air U introduced into the room, additional heat is 
required to raise this air from 0 to 70 deg, the temperature maintained in the room, 
This is calculated by the formula 


Btu a 1.08 X efm X ta 


In this case, U, the temperature difference, is equal to (70 - 0) or 70 F. 

By Mtani cf Hot-air Blatl. Bot*blast hcatbg is based on the following formula: 


55.6 X/f U 

60 X ti ° 1.08 X (i. - tr) 


where H » heat loss, Btu per hr 

fi " If — (r = difference between inlet air temperature and dewred room tem- 
perature 

66,6 = cfm of air heatedl degby 1 Btu at 70dcg whichis the temperature at which 
the system capacity is rated 


Assume room A tq be separately heated and that a 5-inin air change is desired with the 
heating. 

1.120 cu ft 
5 min 


Cfm to be rappUed 


224 cfm 
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Tho heat pvea off by electrical machinery; such as motors or generators, is 
calculated by determining the Btu^oivalent of the electrical loss in the motor 
or generator. . - 

Esample. A 50-lip motor, mth an oleckieal efficiency of 88 percent and with 12 
percent of tlie input energy tetos’beat. The input energy, in horsepower; ie 50 0.88 

or 50.8 bp. • Ab the output is 50 hp, the beat eqmvolenl of 50,8 — 50 or 6,8 hp is given 
off as heat. Aslhp = 2546 Btu per hr, the totd heat given off = 6.8 X 2546 = 17,300 
Btii per hr. , 

If a diesel engine is cooled ather directly or indirectly by sea water, the 
heat given off by the cylinders and piatona is carried overboard by the sea 
^ter, However, it the en^ne is installed with an air-cooled radiator, as is 
generally the case' with emergency generator nnits located above the water 
line, the heat ^v'en off by the radiator is conaiderable—about one-third 
of the total heat value in lie fu^. In addirion, the heat radiated from the 
exhaust manifold and the loss from the electrical generator should be 
considered. Tests made on air-cooled emergency generator units indicate 
that approximately one-hall of the beat value in the fuel burned is pvea up 
to the surrounding air. This indicates the necessity for an adequate supply 
of ventilating to spaces housing such a unit. 

In detorminihg the ventilation requireroente of a main machinery space, 
the entire space should he arbitrarily divided up into a number of zones or 
compartmenta, and the heal liberated in each zone Should be calculated in 
the manner indicated above. All auxiliaries, steam pipes, heaters, boiler 
surfaces, etc., should be considered. Having determined the total heat 
liberated in such a aone, the allowable temperature rise in that zone should be 
decided on, and the tur flow to that zone determined, as follows: 

S. ^ 

IP X 60 X 0.24 X If 14.4 X u) X tf 

where C = air required, cfm 

H s total heal liberated in the zone, Btu per hr 

V) = spedfio weight of air at the supply temperature, lb per cu ft 

tf = desired temperatpure rise of the air, dog F 

As the outside air temperature will not generally exceed 90 F, the value 
of V) at this temperature is 0.0723 lb per cu ft, and the above may be written 

_ 0.06 X H 


Special Features. Althou^ the heat in a main machinery space is 
liberated over a conriderable vertical depth, tho ventilating air should be 
generally supplied at the lower levels, so that tiie lower and operating spaces 
will be maintained at a comfortable temperature. The average temperature 
rise at working levels should not esceed about 20 F. The natural tendency 
of heated .air to rise will the hwited satfaces above the lower levels. 

Consideration should be given' to the areas generally occupied by the 
operators. The operating station, for example, should be kept cooler than 
less frequented areas, such as behind the boilers. ' ' - 

If an exhaust ^stcmbii^alled,;the inlets for.heatcd air fehduld be located 
close to any "hot spots” to lead the hot air away from the operating’ personnel. 
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HYPERBOLIC FUNCTIONS 

Tko hyperbolic aine, hyperbolic coaine, etc., oi any numbur x, ar? 
functions of x which are closely related to the exponential c', and which have 
formal properties very similar to those of the trigonometric functions, sine, 
cosine, etc. Their definitions and fundamental properties are as follows 
{sec also p. 127 ; graphs, p. 175; table, p. 60; series, p. 161) ; 

Kch®=* }i(e^ - e“*); coaha; = }i(c* tnab.r “ siah ff/cosh a;; 

each a; = 1/sinh x; sech x = 1/cosh i; coth x = l/tanh a:; 

cosh* X - ainh*® = 1; 1 - tanh*® = Bcch*i; 1 - coth*s » - CBch*x; 

BiDh(-i) = - einh a:; coah{~a) *=coahi; tanhf-®) » -tanh®; 

sinh (2 i J/) » Binh x cosh y ± cosh x sinh p; 

cosh (x ± 1/) « cosh X cosh y ± sinh x sinh y; 

taiih(i ±v) - (tanh a + tanh »)/(! ± tahh a tanh v)'i 

sinh 2t s= 2 sinh x cosh x*, coah 2® « cosh* * + sinh* a ; 

tanh2i = (2 tanli i)/(l -f ta ali*®); 

sinh^z aVii (cosh x - 1); cosh H* = Vjifeosh * + 1); 
tanhHx® (cosh 2 - l)/(smh a) « (sinh x)/(cosh 2 + 1). 

The hyperbolic functions arc related to the rectangular Iiyperbola, a* -y* «a* 
(Fig. 12), in much the same way that tbelrigODomctric functions are related to 


Fig, 11. Fio. 12, 

tho circle 2 * 4- S'* = «* (Fig. 11); the analogy, howorer, concerns not angles 
but areas. Thus, in either figure, lot A represent tho shaded area, and let 
u_= A la} (a pure number) . Then lor tho coordinates of the point? we have, in 
Fig. 11 , 1 = a cos u, 1 / =5 a sin «; and in Pig. 12, * = a cosh u, y « 0 sinh u. 

The inverse hyperbolic sine of y, denoted by einh"^, is the number 
whose hyperbolic sine is y; that is, tlio notation x = sinh'^y moans 
Binh X = y. Similarly for cosh-*y, tanh-*y, etc. These functions are closely 
related to the logarithmic function, and are especially valuable in the integral 
calculus. Por graphs, see p. 175. 

Binh-‘{y/o) s logc(y VpH^ - log« o; 

C03h--’{{//a) = log,(y + Vy* ~ 0 *) - log, 0 ; 

toh-.!! coa-.» = ,si„g,L+£. 

a a - y a y -a 

The Gudermftnnian of x (written gd i) is an angle u such that 
* “ logs tan (Htt -b Hu). See SmithBonian Tables of the Hyperbolic 
Functions, 

The anti-gudermannian of an angle u, denoted by gd”‘u, is a number 
defined by gd~*u = log, tan (Kw + Hw) = J^scc u du - sinh-’ (tan u) = 
cosJi-> (sec u) = tanh'‘ (sin «) = 2tanh“‘ (tan }iu). When u is small, 
gd ’u = li 4- Ha* 4 4 + . • . • 
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. WhetO' heat-liberating units, euch as auxiliary generators, are located 
toward the sides oi the sliip. the supply air ducts should discharge outboard 
of these units, as the natural tendency of the w to rise in the center up the 
maciiinery casing wdll induce flow from the adca toward the center 
of the space. Supi^ outlets ehould not disdiMge directly toward switch- 
boards or electrical controls, as nunsture in the air will affect these 
elements. Outlet terminals, particularly of larger axes, should be fitted 
with adiustablo dampers, Avhich may be set to control the flow as reauired. 
This is particularly important for vessds operating in mdely varying temper- 
atures, as the machinery spaces rosy olbwirise be unduly cold when in port 
in cold climates. 


CARGO SPACES 

General. Cargo spaces requiring ventilation jndude lower holds and 
'twceti'dcck spaces for stowage of dry' cargo or cased liquids. The cargo 
tanks of bulk-oil tankers are not ventilated whoa carrying cargo oil, but 
temporary taeans for ventilaUoa of cargo tanka whoa empty are necessary 
in order to “gas-free" the tank jincl purify the air prior to entry by personnel. 

As the prime purpose of a cargo carrier is to deliver mgo in a satisfactory 
condition at its destination, proper care during transit is essential. 

The condition of air in, and air supply to, dry cargo spaces has only leccntiy 
received proper attention, Most ships afloat today arc equipped only with 
natural ventilation of cargo spaces, depending on cowled intake and oxhanat 
ventilators for air circulation. Somo forms of cargo are "inert" and require 
no ventilation ns long ns the temperature of cargo and tho air in tho hold 
MO constant; but very few trade routes Jio completely ia a zone of oemstant 
air and sea tempwntare. All sea air is humid nnd contains a ccnsidwable 
amount of inoisUiie. If a ship is loaded in warm weather and the hatches 
are sealed prior to sailing, coaridarnblo moisture is held in tho warm air. 
When the ship enters cooler weather, the moislutc in tho oic condenses on 
the cooled sliip structure or cargo, unless replaced with drier mr. Similarly, 
when the ship is loaded in cold weather and proceeds to a warmer climate, if 
warm land moistnre-ladon) sit is pumped through the hold, its moisture will 
condense on tho cold surfaces, and sweat aapents. 

Air of IQO percent relative humidity, at a temperature of 80 F, contains 
158 grains water vapor per lb air. At 40 F it contains only 36 grains water 
vapor per lb air; bonce a largo amount of moisturo wU oondonsa on the 
cooled surfaces in proceeding from warm to cold climates. Positive means 
of replacing the mcnsturc-ladon nir should be provided. 

Ventilation of cargo spaces is also secesaitated by tho nature of the cargo 
itself. Cettain commodities liko chocolate, laid, choes®, and alcoholic 
beverages arc damaged by even moderato heat. Heat will also affect wet 
w damp hygroscopic cargoes like green lumber, grain, hides, and other 
vegetable or animal products, and cause them to relcf^ part of their inherent 
tnoisturc as water vapor, which will settle on cooler surfaces or bo absorbed 
by other hygroscopic cargo, thus dama^gbotb commodities. Oth© com- 
raodities, chiefly of vegetable or animal or^n, arc subject to spontaneous 
iieating ^d, ^ pioper temperature by rcmovid of this heat, they 

W ^ cargoes vriU pve off objectiotiablo odors, which may 

absorbed by other parts of the cargo carried. Adequate pto^Tsioa should 
5 made for air circulation around and through such cargoes, so that heat or 
apor may be released through the cargo itsdf. The designer must provide 
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found among various authorities. Despite such variations, friction-loss 
taiofllations are absolutely necessary in deagning a systecu, and the data 
available adequately fulfill tlirir purpose. 

Frictiou loss is expressed in inches water gage. It mny also be expressed 
in terms of velocity head, which is related to the vdocity of standard air 
by the following formula: 



where B, ~ velocity head, in. water gage 
V = velocity of air, fpm 

Velocity head is frequently expressed in terms of so many diameters of 
straight circular pipe. Consequently My fitting may be designated as the 
frictional equivalent of a certain length of straight 
pipe expressed in diameters. The lengtii of pipe 
equivalent to one velocity head depends on the duct 
coDstrmition, the usual range being between 39 and 50 
diameters. For this discussion, however, loss will be 
expressed in terms of velodty hend, Se. 

Straight-duct friction losses in inches water gage 
per lOQ ft duct length are shown in Fig. 12. This 
chart plots pressure loss against cfm for various sizes 
of circular pipe. If a rectangular duct is being con- 
sidered, it must first be converted by means of Table 
4 to the circular duct having the same friction when 
carrying a given amoont of air. Tho friction reading 
from Fig. 12, divided by 100 ond multiplied by tlie 
length of duct in feet, will give tiic pressure loss of anj* 
given run of duct in inches water gage. 

Before treating the subject of elbows, th© following should bo defined: 
Center-line Sadlus Batio. Center-lino radius of an elbow divided 

(j 

by the width of the duct in tha direction of Ilia bend * 

Inside-radius Ratio, Insido radius of an dbow dirided by tho width 
of the duct in the direction of the bend = 

Aspect Ratio of Elbow. Depth of duct dirided by the width of duct in 

the direction of the bend = 

Aspect Ratio of a Duct. Long sida divided by short side. 

The pressure loss in an elbow vaii« with both the radius ratio and tho 
^pcct ratio.. Figure 14 ^ves the loss in terms of velocity head, plotted 
against the inside-radius ratio. If tiie aspect ratio is greater than unity, it 
be neglected; if less than unity, tiie value read from Fig. 14 should bo 
multiplied fay factor (o) taken from Kg. 15. K on dbow is loss than 90 deg, 
the loss is less in direct proportion; if an dbow is more than 90 deg, the lass 
increases by approximately 75 percent of the groater angle. For example, 
™e loss in a 45-deg bend will be 50 percent of that in a 90-dGg bend of the 
same characteristics; for one of 135 deg the Ims will be 100 -f {50 X 0.75) 
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for the ultimate removal such heat and vapor and the supplj' of replenish- 
ing air. 

Other cargoes, inert of themselves, are seriously damaged by heat or 
moisture. Metals, machinery, and met^ containers are rusted; foodstuffs 
are made unpalatable; teitalea are discolored and mildewed; fibers and 
grains are fermented; and mineral or chemical products are dissolved by 
excessive moisture. For ships frequently carrying such cargoes, a system 
for artifidally controlling the mmsture content of the air may be desirable. 
Such a system is generally designed as an integral part of the cargo ventilating 
system. 

When a cargo ventilatang system is designed, the inlet to, and the outlet 
from, a ©ven space should be as far removed from each other as feasible. 
The inlet or supply may be at onn end of the hold and the outlet or exhaust 
at the other end to ensure complete circuiatioa through the space. If this 
is not possible, the terminals may be carried out approximately te the sides 
of the ship by means of ducts, lying between deck beams if the sHp is trans- 
versely framed. Duets and terminals in cargo spaces should be well pro- 
tected, te prevent damage while cargo is being loaded. Also, the terminals 
should be so arranged that stowage of cargo will not obstruct the egress or 
ingress of air. If the hold is of considerable dze, several points of inlet and 
outlet should ho provided. 

CoaditloQS. The nature of the commodities carried is so varied as to 
make precise statements of desirable conditions difficult, if not impossible. 
However, as a general guide, ventilating sj-stems should pro’rido an air 
change in 15 to 30 min, based on the grain capadty of the empty hold, This 
will permit the air to be changed, and any heat or vapor removed, at such a 
rate that cargo wll not be damaged by usual variations in outside air temper- 
ature. If the spaces are to carry inflammable cargoes, or cargoes ghung of 
inflammable vapors, sperial consideration is necessary. 

Cargoes of “inhererit vice," i.e., those which are not inert and gls’e off 
spontaneous heat or moisture, may rcqmrc the inciusion of a system giving 
humidity control. Here again the establishment of accurate standards is 
difficult, owing to the varying nature of the cargo. Present practice for 
ships carrjdug 8,000 to 10,000 tons of cargo is to install a system that will 
permit the circulation of appronmately 3,000 cfin air through the dehumidify- 
ing equipment. The latter should bo designed to remove approximately 
160 lb moisture pw hr from 3,000 cfm outdoor air, the outdoor air being 
supplied at 8S F dry bulb and 80 F wet bulb, or a relative humidity of 75 per- 
cent. Therektivehmnidityofthe dehumidified air, assuming a temperature 
of 150 F, will be about 4)^ percent, k psj'chromctric chart, showing the 
relations .among dry-bulb temperature, wet-bulb temperature, relative humid- 
ity, and moisture content of air, is shown in Fig. 1. 

A dchuraidifjing system of the caparity slated will suffice to maintain 
cargo holds and their contents in good condition. It is rarely necessary to 
delmrnidily all cargo holds rimultaneously. Such a system is frequently 
operated on one or two holds at a time, until proper conditions in them are 
obtained; then the treatment is switched to another hold or holds. It may 
bo unnecessary to treat certain holds at all during a voyage, depending on 
the nature of the cargo in them. 

Metbods, Natural veninlation of cargo spaces is satisfactory whore the 
sliip can'ics cargo unaffected by temperature or humidity changes, such 
as a bulk ore carrier. ' It is dso fairly satisfactory where inert cargoes are 
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Tamils 4. GircuUt Equivalents of Rectsugulai Ducts foe Equal 
Friction 

illME 

ya + S 

vliere ^ = diameter of drcdler equivalent 




a and t Bides d retai^lsr duct 
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carried on routes of uniform temperature. However, the majority of general 
cargo ships operate in widely varying climates, most cargoes are susceptible 
to temperature and humidity changes, and natural ventilation is relatively 
inflexible. At best, it offers a means for drculating a limited amount of air, 
around and through the hold or space in fur weather. In rough or rainy 
weather, its usefulness is greatly decreased by the need for maintaining 
weathertightness and preventing rain, spray, or solid water from entering 
the inlet cowls. Frequently the need for ventilation is greatest at such 
times and, as a result, it is imposable to maintain the hold conditions at a 
satisfactory standard. 

Where natural ventilation, is fitted, several ventilating trunks must be 
fitted for each hold; one or more for supply air and an equal number for 
exhaust. Inlet and outlet heads may be of conventional cowl type, capable 
of being turned in any direction, so that the inlets may be trimmed into the 
vind and the outlets trimmed away from the wind to permit circulation. 
Such weather openings must be high enough off the deck to prevent rough 
seas from entering the cowls; and in rainy weather they must bo trimmed 
away from the weather. Kingposts, where fitted, may bo used ns trunks, 
with proper heads at their tops. 

Mechanical ventilation is far more satisfactory than natural ventilation, 
o'a’ing to its flexibility of use and operation. Smaller weather openings are 
possible, Ducts for supply and exhaust may be smaller, ns the friction losses 
may be much greater; greater volumes of air are obtainable; and it is possible 
to operate the system iu bad weather. Weather he.ads do not require constant 
trimming into or away from the wind. 

Mechanical systems embrace the following types: 

1. Mechanical supply, wtli natural exhaust. 

2. Natural supply, witli )ncchanical exhaust. 

3. Mechanical supply, with mechanical exliaust, 

4. Mechanical supply aiid exhaust, xvith humidity control. 

Mechanical supply, with natural exhaust, is most frequently employed, 

as it overcomes the main objections to natural ventilation at minimum 
installed cost. Where Idngposls arc fitted, they may be utilized as exhaust 
outlets. However, the use of kingposts as cxliaust trunks is likely to result in 
Condensation of moisture within the kingpost, with the consequent dripping 
of condensed moisture to the bottom interior of the post. 

Natural supply,, with mechanical exhaust, is objectionable in that the 
natural inlets are subject to many of the undesirable features of natural 
ventilation, unless care is taken to prevent spray and rain from entering the 
inlets. 

Mechanical supply, with mechauical exhaust, overcomes many of 
the disadvantages of natural ventilation, but its Mgher first cost is nn objec- 
tion, owing to tlie duplication of mechanical equipment on inlet and outlet. 
If the attendant ducts are properly arranged, a uniform circulation of air 
throughout the cargo space is obtainable, as the supply air may enter on one 
side of the cargo space and be withdrawn from the opposite side of the space. 
If the fans are reversible, even greater flexibility is obtained, as the flow 
direction may likewise be reversed. Where a cargo giving off odor, moisture, 
or heat is stowed on one side of the ship, it may be advisable to supply the 
air from the opposite side to avoid twnting or damaging other commodities 
m the same hold. 

Mechanical supply and exhaust, with humidity control, has been 
lecently developed and has much to recommend it, where cargoes of "inherent 
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Of 1S7.5 percent of that for the OO-deg bend. For figuring presaure loss, a 
vaned elbow should be considered as a Ewiea of separate standard elbows, tho 
vanes being so located that tho radius ratio is the same in of them. The 
resulting inside-radius ratios for elbows with 1, 2, or 3 vanes are pven in 
Fig. 18. From these values, thefrictionlosscaabeieaddircctly from Fig. 14. 

Ter min als and fittings must be conridem] is speefai problems in each 
case, since there are too many types and variationa for much generalization. 
Table 5 lists friction losses for typical marine equipment. The values given 
can serve as guides in estimating losses for amilar cases, Tho values given 
for vendor’s equipment should ho used ohj)* for prelfmiaary determinations. 



When the equipment to be used is dofinitdy .known, exact loss figures should 
he obtained from the manufacture'. 


Eraaple. Tho folfomng sj'stenj Joss fe cafcuJnicd by tbe friction-loss method, 
16 shows a typical diict layout lorquurtere. It will b« assumed that these spaces 
sre Bcrred by fan 2 shown in Fig. 6 and that lheiuii.to.ontlet01ias the highest resistance 
« tie tuns on the system served by this fan. Tim run will, therefore, determine the 
ICO static pressure to be specified. The pressure-loss calcuiatiooa for this system are 
sbra ia Table 6. 

Since the fan outlet slae gives a reasonable welodty for the initial runs of duct, this siae 
be used for eslsblishing the frictcon-l(^ factor for all straight ducts in the run. This 
^pesraii Tablcfias item’s 7 and 12 and is equal to 0.27 in. water gneep^r ft ®f duct. 

Mver^calluie in Kg. .12 corresponding to this value -wilt, therefore, hold throughout 
. « swfem, mid its iatersMtion with thefboriaontal dm lines will determine the proper 
duct for any air quantity, He fonnd'duct siae is then converted to' a 
sagu/ar duct suftabfe for the installation by means d Table 4 For eramplc, the 
MpM Biie (or 300 cfm is an 8 in. diam doct, which in turn is the Iriclioaa! equivalent of 
'^'■ot fi by 11 in., 6 by fl in.. 4 by 14 in., etc. A9by6m.duct is chosen 'as 
ffloslBiutabieiortherunbetweenroomaflftndF. Theeourcesofothervolues used 
^Hplamsd-inthonotes-b Table-6,- - - 


TIONim 
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vice" ate carried or vvliere extreme variaiions of outside temperature are met. 
TWs Kietliod employs a normal mcchanicEd supply and exhaust system, with 
the addition of a central .dchumidiiying system selecUvely serving all or soma 
the holds. 

A diagrammatic arrangement for a tyjacol installation is shown in Fig. 7. 
Tho ship ilhstrated' is a 1] .S. Maritime Gonnnistion cjwgo slvip of the ' ‘ African 
Comet" type. The installation iUwe shown compriacs a dehumidifying 
unit centrally located, which discharges dry air through a dry-air pipe to 
any ol the holds arranged ior control. Each hold is fitted with a supplj' 
and an exhaust fan, with ducts and dampers so arranged that the following 
are possible; 

L iSfrarh^ YenlUalion- Outsido air drawn from atmosphere by supply 
fan and discharged to hold and 'twowi deck. Exhaust air withdrawn from 
hold and ’tween deck by exhaust fan and discharged to atmosphere. 

2, fieciretdolwa. Dry air supplied from dchumidifying unit via dry-air 
pipe to suction of supply fan. Supply fan also takes suction from 'tween-deck 
space. The supply fan discharges a mixturo of portly dehumidified air to tiie 
lower hold, ahaorblng moisture from the air therein, and the humidified 
sir is withdrawn from the lower hold by the exhaust fan, which discharges 
part to the atmosphere, the halauce returning to the supply (an inlet by 
way of U\e upper 'tween deck. The moisture removed from the hold ait 
is that contained in the air discharged to the atmosphere. The volume of the 
ail disebarged to the nlmosphoro is, of course, equal to the volume of the dry 
air entering the hold. By proper control of the relative volumes of dry and 
Tec'u'culalcd air, 'the desired air condition is mainlined. 

Each hold is fitted, near its exhaust fan, with a recorder, which withdraws 
a continuous sample of the air being circuiated and traces on a paper tape 
the actual temperature of the air leaving the hold and the relative humidity, 
As long as the dew point is below the temperature of the cargo, sweat wll not 
be deposited on the cargo. 

^ It is not necessary to supply dehumidified air from fcho central unit at all 
titnos, in order to maintain proper conditions of the air in the hold. Straight 
ventilation should be used whenever Iho temperature and humidity of outside 
air are smtable. 

Kflfrigeration ia another nvethod of conditionine cargo apacea. This 
.subject is covered elsewhere under the aubject of Cargo Refrigeration (see 
P.1SS21, 

Calculations. A typical enta shorring the importance of ventilation to 
cargo holds follo^vs. 

Eusaple. Consider a single hold, loaded with IflbO tona of siscl, nt n tempernture 
eftOF. the hold vrt\mo is 60, TOO ca ft, the steel will occupy 'l.OTO coll, and the air 
the balauce, ct 6&,400 cu ft. K the telati've hutnlity dating the locdme period was 
id poflcnt, the dir will contain 25 grme mustere pw lb alt. As air at U«s condition 
wifsts 0.079 Ih pot eu ft, tUe weight e{ the oir u the hold at time of loading is 4,S70 lb, 
of which about IG lb ia wntfir vapor. 

Assume the ship sails into a warm climate, where the air temperaturo is 80 F with a 
relative iiumidity of 90 percent, Air at this condition him a dew point of 76.5 F anil 
wntaiiiB 138 grains water vapw pcrlb'. If air is then cimilated through the hold, the 
weight of ur therein nill decrease from 4,370 to-3,MO lb, but the moisture content will 
^ increased from 16 to 78 )b. If the tempernture of the steel had not been raised 
awjve me dow point by vcnfilsfirm, tie moisture would oondenso on the cold stccl'and 
wss-it to rust.- In order -topr^-ent sweat aod condensation, the temperature of the 
must be mamtained above tiie dew point (d the sir in tho hold. 
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Table 6. Triction-pressure Losses, Fittings and Terminals 


Item 

Hgure 

No. 

Loss, expressed lu^ 

Ecmarks 

H, f 
velocity 
head 

li = 

static 

pressure 


26 

0.8 




27 





27 

1.6 




28,29 



Equivalent to 180-dcg elbow 






Square elbow with vanes. . . 

17 




Equivalent to elbow with 





w ■ 








I.O 





1.2 




36 

1.8 






O.OM.IO 

1 

DiSuser 



0.10-0.^ 






1 Free urea » duct area , 

i.-n- 




Duct 'ending in bulkhead, 







0.25 


1 Base on duct velocity 



0.50 


Duct ending in bulkhead, 







0.8 


1 Base on duet velocity 

WUKa,,* 


12 




0.3 





2.0 






0.25 


lliii't. 



0. 1-0.3 


"WlfB BnpBAn mBAW 


0.25 


Base on gross area 

Insapt en-BBti 




Base on gross area 






• For usual velocities. Consult vendor if possible. 
‘ Inches of water. 


It has been stated that the tun to outlet <7 has the greatest resistance'ontho system. 
Any other tun, such as that to outlet A, will therefore, if bused on a factor of 0.27 in,, 
have a lower resistance and tend todrawmore than its share of the air. This is rectified 
hy the splitter damper provided at the split between the two main branches. If, how- 
ever, a short branch is taken off near the fan, ita resistance would be far less than that in 
the longest run. Such a duct would have to be restricted or “dampered down” con- 
siderably to reduce ita air volume to the proper quantity. The sam’e'reault can be 
awomplished more practically by redumg ttio sise of the branch and thus increasing 
tae air velocity and resistance. This should be done only to a point where the velocity 
the reasonable lirails pven above. 

The method of balancing the friction in the branches of ft'eyatem can be illustrated by 
16. If the fan were selected on the basis of the run to'butlet 0, the pressure at a 
r no ■ between the reheater and tho split iiiithe ducts .would be 

.62 Id. minug 0.86 in. (cumulative total of items l.to 9) or 0.16 in, For. outlet A to be in' 
a Mce with outletG, the resistance between the'22 by,6 in. duct and outlet A must be. 
We equal to that between the 22 by 6 m. duct and outlet 0 (total, of items 10 to 13) or 
til' diffuser is kaown and that' in the elbows can be estimated,' ' 

ese can be subtracted from 0.16 in. to gdre the loss for the ‘16 ft'straight'diict.' ' Con- 
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The purpose of Tentilation of a cargo h<^d, for inert cargoes such as the 
above, is to control their temprrature and maintain it above the dew point 
of the ait in the hold. The purpose of humidity control is to reduce the 
dew point of the air and thus provent sweat and condensation either on the 
steel of the ship or on the cargo itself. 

Example. A simphfied typical calculation for the mechanical hold ventilating fans 
of a ship is as foUoa-s: 


Volume of hold, cu ft (grain capacity) = 75,000 
Air changes per hour, assumed = 3 

75.000 X 3 

Air to be circulated, cfm »= rr = 3,750 

oo 


Allow for de^gn, cfm ^ 4,000 
Static pressure loss, Pi, in. water: 

Inlet head 

Inlet duct fiielaon 

Loss thiou^ bold 

Outlet duct friction 

Outlet bead 

Total static pressure loss. In. wstei 
Allow for fan design: P< = 1.5 in. 
... cfmXP. 4WX1.5 
* C.356 * 6.355 


0.2 

0.3 

0.6 

0.1 

0.2 

1.3 


0.95 


The static efficiency of the fans at th«r rated performance varies from 50 to 70 percent, 
depending on the actual design. Assume here a statie efficiency of GO percent. Then, 

air hp 0.95 

Bhp reouired of motor = — rrx ■ l,5S 

^ static efficiency O.flO 


Hence a standard rated 2*hp motor would be fitted. 

Special Features. Ventilating ducts should be laid out to offer as little 
obstruction to cargo stowage as possible. They should lie between dock 
beams and frames. Ducts or trunks which do not lie close to the ship 
structure or which cause broken stowage are to be avoided, for they are 
likely to be damaged, and they reduce the cubic space available for cargo 
and the ship's potential earning capacity. Protection from damage when 
cargo is being worked should be provided by strong guards. The terminals 
should have ample guards to prevent bloc^ng the air flow and should not 
discharge the air stream directly against the cargo. The possibility of moist 
inlet air or moisture condensed within the duct should be considered. 

EQTJIPMENT 

Fans. In order to create a movement o! air by mechanical means lu a 
fan, the energy of the driving motor must bo converted into kinetic or velocity 
energy by rotation of a rotor. The rotor may create air velocity by several 
means, the difference bring mainly whether the velocity is created in a 
centrifugal direction (normal to tiie axia of tho rotor) or in an axial direction 
(parallel to the axis of the rotor). Both centrifugal- and axial-flow fans are 
used in ventilation, the selection of type belz^ governed by the requirements. 

Centrifugal fans are broadly Prided into two types, depending on the 
inclination of the blades compririug the rotor. The blades of one type are 
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Table 6. Mctiou-loss Calculations 


l. Fan intake 

i. Elbow, 90® 

I. Elbow, 90' 

Duet to heater. . 


I, Elbow, 90' 

. Elbow. 90' 

. Duot from heater.. 

. Teruiinal 


18X24 

18X24 

18X24 

6X22 


Elbows Ducb FltUngsj ^ 


Total, calcdawrf 

Uac for dcstgo (allowing for damixta, cU.) 1 1.1} 


0 . 0 } 

0,25* 

0.15* 


• Equivalent diam = 
Table i. 

^ See Fig. 1,5. 

* See Fig. 14. 

4 From Fig. 12, 


‘Length, ft. 

/VeWilylMd . (ji)’, 


verting this to tbo basis of 100 ft of duct, the diameter d duetto be used can be read from 
Fig, 12 and the rectangular equivalent from Table 4. k system with the principal 
branches balanced in this manner requires but equalising with regulating dampers, 

and duct sizes ate reduced to a mmimura. 


Duct ConstructiOQ. Most ducts are constructed of galvanized sheet 
steel, the gage of which should be selected approximately ou the basis of the 
dimensiou of the greater mde. 

Exposed vertical ducte: 

No, 18 or No. 16 U.S& gage depending on asc and chance of damage 
Horizontal and concealed vertical ducta: 

Over 24 in No, 16 TJ.S.S. gage 

12-24 in No, ISU.S.B.gage 

6-12 in No. 20 U,S.B. gage 

Less than 6 in No. 22 H.S.S. gage 

The method of construcUon will depmd on the available sliop facilities, 
but usually ducta cf No. 18 U.8.8. gage or heavier have riveted or spot- 
welded seams, while those of lighter metal are grooved, double-seamed, or 
Pitteburgh-locked. All seams must be made airtight with a sealing com- 
pound, Ducts should be smooth inadc with ioints lapped in the direction 
of the air flow. Sufficient flanged jtnnts, fitted with suitable gasket, should 
be provided to make all ducts portable. Hangers should rigidly support all 
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curved forward; for the other type they are curved backward, This 
difference results in entirely different performance characteristics. Figures 8 
and 9 show the type of blades and the performance characteristics for forward- 
curved and backward-curved blades, rrapectively. For forward-curved 
blades, the static pressure at no delivery is a marimum; as the air flow 
increases, the static pressure falls, then rises again to a peak, and again falls 



, BUDE 

Construction 



PERFORMANCE CHARAaERIFIlCS 


Fig. 8.— Centrifugal fan. Forward-curved blades. 


as the flow increases still further. For the backward-curved blades, the 
static pressure at no delivery is a certain value; ns the air flow increases, the 
Btstic pressure rises to a peak and then falls off. The power requirements are 
also shown. The power for forward-curved blades continually rises as the 
flow increases; for backward-curved blades tlie power rises to a maximum and 
then decreases. \Vhero a ventilating system, designed for a certain flow- 
pressure relation, may on occasion pass a larger flow at lower pressure, the use 



PERFORMANCE CHARACTERISTICS 

[Fig. 9. — Centrifugal Ian. Backward-curved blades. 


of a forward-curved blade may overload the driving unit. For such systems 
the backward-curved blade should be used. However, most ventilating-duct 
systems are so designed that increased flow is obtmned with only an attendant 
increase in static pressure; therefore the forward-curved blades are suitable. 
For a given volume' and pressure condition, forward-curved-blade fans will 
operate at a lower tip speed and generally will be quieter than backward- 
curved fans. 
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ductwork, apsCiBg to be not over 8 ft. AH ducts ivith a eide of 24 in. or 
more, and other ducts as necessary, should bo sfiffoned with angle bars 
wdded or riveted to the outside to prevent panting. In any case, where 
it is impossible to avoid a pipe, Bkuctural aa^, ot other obstructioa passing 
through or cutting into a duct, a "teaidrop”*ahapcd easement of sheet metal 
should be placed around it to lessen the disturbsacoof the air stream. A duct 
with an aspect ratio greater than 4 should have a diriding diaphragm to 
give stiffness and aid the rir flow. 

Plate trunks arc used in lieu of sheetr-in^ duets, 

1, ¥hon a watertight compartment is penetrated, m which case the ventik- 
tion trunk must be of the same strength as fte boundaries penetrated, to 
ensure the watertighlncss of the compartment ridated. 

2, In cargo holds and other places where lighter materia! would be subject 
to damage. 



Flo, 17.— Square elbow with double radius turning vanes, 


3. If the structure or space arrangements are such that it is advantageous 
io use a bulkhead as one side of toe venUlation trunk. In this case the 
sdjsceat sides of the duct are weided to the bulkhead. 

Plato trunks should be all welded for urlightness and should be either 
fimged for portability {small sisM only) or have liandholes provided for 
panftng and inspection. 

Elbows should have an inado-radius ratio of 1 or greeter rriionever possible. 
Whenevet the inside-radius ratio is less than 0.5 and in idl cases in which the 
dbow discharges to or draws directly from the weather, vanes should bo 
maertsd. The vanes should ran the full angle of the dbow and the full depth 

the duct, They should be concentric to the inside and outside radii, 
except in a transforming elbow in whidi case they should divide the two 
si2es of ducts in the same proportion. Figure 18 ^ows the proper location 
01 the vanes in any elbow. 

For the case of 90-deg elbows, in which it ia impossible to get any reasonable 
f^us, there are available donbie-radius types of turning vanes which are 
installed diagonally in the square dbow. These vanes are designed so that 
the free area between them is equal to the cross^tionri area of the straight 
huct, tka giving a uniform velocity through the turn. Tlieso are sold in 
■''anous Hzes to suit different sizes of ducia. 
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Asial^flO'ff fans, as used for venlalatioti, are broadly divided into two 
classes^ '• Propeller fans' are' amilar to ilie conventional domestic' fan and 
are often built mthoiit a sumunding duct. For, supply to or exhaust from 
a space such as a rooni or pass^e, they are mounted in an aperture' cut into a 
bulkhead or deck.^ Having no connecting ducts, fans for such application 
aro not used foTi fiighi static pressures;'tiieir eliicf use' is the moving of air 
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Airflow 

PERFORMANCE CHARACTERISTICS 


Fig. 10.— Propeller fan. 


against relatively low resistance. Bracl^t fans, with the fan propeller 
directly mounted on the motor shaft and with merely a wire guard surround* 
ing the blades, are used where local circulation of air within a spaoo is dosiiod. 
Fans of'the propelier type, built inside a surrounding duct and connected 
to a supply or exhaust duct system, are capable of developing higher pressures 
and are conventionally termed &xial*dow fans. ' They are built with fixed 
guide vanes at the inlet or outlet, to rectify the rotation of the air stream. 



CONSTRUCTION Air flow 

- 'PERFORMANCE CHARACTERISTICS 


, , Fig. U. — Axial-flow fan. 

So defined, axial-flow fans mc suitable for moving large volumes of air agmnst 
moderate, and even high, static pressures; when working against considerable 
pressure, they are somewhat nmaer than a roatrifugal fan for the same duty. 
The blade type and ^'jncal ch'aiaeteristic curves for propeller and asial-flow 
fans are shown in ’Figs. 10 and'll, respectively. ' . • . 

Ducts. ' In layii^ 'but any duct s^Wm’thc following general rules should 
beobserved; . ‘ . ■ j- ' 

1. Make' runs as short^as posable.'' '■ '' ' 
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R' Inside radm of elbow 
F^Vane factor 
r ^Radius of mne=Ji{J-f-F) 


Fig. 18.— Equivalent ot vaned elbows. 



Eangars may be oi dtbcc angle ot flat bar depending on tke azo o£ tlie 
duct and tbe distance from the dcckhead. The bar should be as light as 
possible consistent with rigidity. A ample effective banger consists of an 
angle welded verticsdly to the deckhend and bolted to the side angles of a 


Deck picrte. 



[ 1 

"'Weld 

"'Bolt 


\ / 


Duct 



Fig. 19. — Fkt-bsr hangra. 


Deckplcde^ 


Duct 


Wetd 


■Boir 


Fig. 20. — Angle-bar hanger. • 


connection, flange by three or more of the flange bolts. Two other typical 
types are riiown in Rgs. 19 and 20. 

Branch Connections. The pt^erral take-off for a branch is a split 
from the main duct. The div^on should be b proportion to the cfm in the 
two small ducts which can then be transformed to their proper size, based on 
equal friction, velocity, or other method. 
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2. Keep the number of turns and transformations to a minimuni and make 
those that are necessary as easy and conventional as possible. 

3. Round, square, and rectangular ducts me preferred in that order, with 
the last-named as nearly square as posable. 

4. Check the structure, piping, wireways, and fixtures carefully. 

5. Headroom and appearance should always bo considered. 

With these rules in mind, a single line diagram of the system is laid out. 
showing the general location of all outlets, elbows, branches, etc., and marked 
with the flow for every section of duct. The duct sizes should then be deter- 
mined by one of two basic methods: the velocity method or the friction 
method. 

The velocity method is based on deagnated velocities for the various 
duct sections, wth gradual reduction as tlic air volume gets smaller. The 
friction losses for the various sections of the run are then calculated separately 
and added to determine the total. The actual velocities chosen should be 
governed by the particular case, but Table 3 may be used as a guide. 


Table 3. Velocities in Ducts 


Air Volume, Cfm 
Less than 1,000 
1.001-2,000 

2.001- 3,000 

3.001- 5,000 

5.001- 8,000 
8,001 and over 


Velocity, Fpm 
1,000-1,500 
1.700 
1.800 
2,000 
2.250 
2.500-3,000 


This method is easy to apply and gives good results for small systems. 
For a large system, however, the duet sizes are apt to run somewhat larger 
than when figured by the friction-loss method. 

The frlctlon-lose method is based on tho choice of duet sizes that will 
give equal friction per linear foot of duct throughout the length of the run. 
This method is generally preferred for systems of any complexity and is 
illustrated below. 

The pressure loss for any run b equal to tho sum of the pressure losses 
through all the elements in that ran, from intake to discharge. The static 
pressure of any system, i.e., the pressure that should bo maintained by the 
fan in order to distribute the specified air, is calculated from the run having 
the highest resistance. This is generally, but not necessarily, the longest 
run on the system. If a mechanical supply system serves a space \vith natural 
exhaust, the fan must overcome the resistance in thb natural system, in 
addition to the resistance in the supply system. Therefore, this must be 
added to, and considered part of, the nm. supplying the space. Tho same 
situation is, of course, true of a' mechanical wdiaust system with natural 
supply. ■ 

The flow of gases is 'a complex subject and, as such, will not bo discussed 
here. The practical application, however, is used' in the design of any 
Ventilation system and will be touched on in relation to shipwork. It 
should be observed that values for friction losses cannot be regarded as exact 
quantities. Some are based on formulas that cannot be exact for all con- 
oitions met in' practice; some aro obt^ed from laboratoiy tests and will 
vary ^th the experimenter's interpretations of the results ; others are assump- 
“>n8 based on known values for amilar shapes, etc. .Seemingly insignificant 
actors such as the type of paint used on tte imde of a duct will havo an 

ect on the friction loss. These conditions explain the differences to be 



, . £QlfJ?4£Effr,.- 

, A round duct is generally, connect at to the ipfun duct. Care 

should be taken in locating such a jxhajch mice, wifli supply cspedalJy, high- 
vclocity or uneven fiow in, the miu'n duct may interfere with flow in the^branch. 

The top tak(yoff is useful in quarters syst^ where lai^o mains with many 
hraaohes are run hard under the dock h^s. . IfiiiB fitting permits taking off 



Air How 

mO\ TAPPED FROM MAIM DUCT TOP TAKE OFF 

Fio. Sl.—Typical branch connectione. 


wd ronsiaB the branch between the beams. 'It 'may be'^ither single or 
double as shown. ' ' ' 1 , 

Slip Joint is used for connecting scciions of 8bect*inot&l duct in locations 
There there is not sufficient space to, make uji a flange onanectlph. It is 



Tig, 22.— Slip Joiiit. . i ita. 23.— Flange connection. . 

frequency used in branches of a qumiers system, whore Uie main duct in the 
P^^ageietoocloEato.theiooThbulkheiadto^rnataflaTigeiomt. • , 

laags connection is the most used joint between portable sootions 
** duct and for bulkhead connedionB where no compensation for the cut is 
j^quited. ^ The joint is raado airtight mth gashot.sud sealing .edrapound, 
t spacing should be about every 3 in. -Tlie weight of .the flange angle 
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varies from about 1 by 1 fey in. to \}4 by by % in., depending on the 
size of duct. 

Plate coemiiiga must be used wherever a duct passes through or ter* 
minates at a deck. Their function is to give a watertight connection around 
the cut in the deck, to afford conipenaation for the steel cut away, and to 



SPOOL COAMIWG 

With flange connedifins With welded connections 
to sheet metal ducts to plate trunks 



COAMING COAMING 

With slip meefions fo Separate halves welded 
sheet metal ducts. to deck around cut 

Use only where space with radius corners 
excludes use of flange 

Fig. 24. — Typical coamings. 

facilitate installation. Th^ are also the preferred bulkhead oonn'ectibn. 
With sheet-metal ducts, the flanged coaming or spool is goneraliy used. In 
cases where a rectangular cut is required in a strength member, a radius 
corner is generally called for. To meet this condition the corners of the 
coaming may be rounded, or the rectan^ar coaming may terminate at 
the deck outside of the cut. Coamings generally extend 3 in. above and below 
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Tie equation o! a line throng (sj, yi) and meetiiig a given line y = 
gt an angle a, i* 

n -rtSD'a 

^ ~ “ 1 - n tan a ~ 

Tie distance from fn?, yt) to tie line As *rBy 4" C =* 0 is 
U-c-r^yc-iCj 


D ^ 




Tmere tie vertical bars mean "tie absolute value of." 

Tie distance from (n*. jr:) to a line wiici passes through (ci, ys) and makes 
sn angle u vriti the n-aiis, is 

i) = (r{ - s:) sin u - (vo - 1h) cos v. 

Polar Co-ordinates (Tic. 6). let (r, y) be the rec- 
tangular and (r. 6; tie polar ccK)rciiiEtes of a given 

pQinrP. Taca n = r cos S; y r sin 6; s- -r 
Transformation of Co-ordinates. If origb is mored c ' ' 

to point (rt. yd, the aerr cz^ being paralid to tie old, puj, 6, 
c «st 4-5', y =j/f 4-y'. ■ . . 

If axes ere turned tirough the aa^e u, rrtthoot change of ongin, 

s = c' cos a — / sia u, y « sia a 4* / cos u. 


THE CIECLS 
(5«a!jo p?.W, 103-103, 1P5) 

Zqaation of Circle rritb center (<;.o) and radhis r. 

(= - c)! 4- (y - h)‘ « r. 

If center is at the on^ tie equation becomes s* 4- y* = f*- If cirde 
goes through tie origia and center is on the n-ans at point (f, 0), eqaatibn 
become n’ 4- y* = 2n. Tie general cquatnon of a circle is 

T i* 4- Da 4- Ty 4- T =® Olitias center at (—D/2, — H/2), and 
isdius = V (i?/2)-4' (5/2)- --F (riici nay be real, null, or iaaginarT). 
Tie eotiation of tie radical axis of tveo circles, r* 4* J/* 4- Dz 4- 4- 

F=0 and zJ4-v'4-D'=4-£'y4-P=Q. a (D - D')r 4- <£ - 4- 

{P —F') = 0. The tangents dra’ou to Itvo circles from any point of their 
radical are of equal length. K the cides iDte.*sect, the radical axis 
paKSs through their points of intersection (see p. 100). 

The equation ol the tangent to s* 4-14 = at (z;, yO iss:r u-yiy « r*. 
The tangent to z* 4 - y' 4 - Dz 4- -Cy 4- f = 0 at (n, yi) is 
=-= 4- y:y 4- ?iD(z 4-rj) 4- J6£(y 4- y:) 4- £ = 0- The li ne y = ns 4- o 
vUlbe tangent to the circle s'4'l4=r-iii=5 -i-rA 
Equations of Circle in Parametric Form. It fe sometimes convenient 
to express the co-ordinates z aud y of the moving point P 
gig. 7) intennsofsn suxiliaiy vsiiable, caDea a parameter. 

■ten;, if the parameter be taken as the angle « rrhich the 
radius OP makes Tath the z-aiis, then the equations of the 
cirdeinparametricformvtillbez = ocosa;*/ = csinu. For 
value of the parameter a, there correEponds a point 
C=. y) on the circle. The ordinaiv equation c- 4* y* = <3- can 
be obtained from the parametric equations by diminating u. 




138 


ANALYTICAL GEOMETRY 


THE PAEABOLA 


The parabola (see also p. 107) is the locus of a point which moves so that its 
distance from a fised line (called the directrix) is always equal to its distance 
from a fixed points (called the focQS). SeeFig.S. The pointhalf-way from 
focus to directrix is the vertex, 0, The line through tlie focus, perpen- 
dicular to the directrix, is the principal axis, The breadth of the curve 
at the focus is called the latus rectum, or parameter, = 2p, where p is the 
distance from focus to directrix. (Compare also Kg. 3, p. 174.) 




Flo. 10. 


Any section of a right drcular coos nude by & plane parallel to a tangent plane 
of the cone will be a parabola. 

Equation of Parabola, origin at vertex (Kg. 8): p* « 2px. 

Polar Equation of Parabola, referred to F as origin and Fx as axis 
(Kg. 9)! r ® p/(l - cos C). 

Equation Heferred to the Tangents at the ends of the latus rectum aa 
exes (Kg. 10) : -f- where o = pVi. 



Fro. 11. Fio. 12. Fio. 13. 


Equation of Tangent to y* = 2p3; at (*i,»i): yiy = p{x +x0. The 
line y = mi -f 6 -will be tangent to y* = 2pE if b = p/(2m). 

The tangent PT at my point P Insect the angle between PF and PH 
(Kg. 8). A ray of light fronoF, reflected at P, will move off parallel to the 
principal axis. The subtangeat, TM, is bisected at 0. The subnormal, 
ilfjV, is constant, and equal to p. The locus of the foot of the perpendicular 
from the focus on a movii^ tangent is the tangent at the vertex (Fig. 11). 
The locus of the point of intersection of perpendicular tangents is the directrix 
(Kg. 12). The locus of the mid-points of a act of parallel chords whose 
slope is m is a straight lino paiaM to the principal axis at a distance p/m, 
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the deck. The extent must be varied to suit condiBoas, Coaming should 
he at leeet equal to the thickness of the plate cut. 

WirS'Qtesh Bcreens must cover all openings into the ventilation syatem 
or cuts in bulkheads to prevent the entry and nesting of rate. Such screen 
should be No. 2 mesh or smaller, with wire 
not less than 0.064 in, diam. Screens 
sh^ he galvanized steel with a sheet- 
metal binding strip and be secured by 
machine screws or bolts spaced from 3 to 
6 in. apart. 

Insect screen, where required, shall be 
ia addition to the ratproof screen and held 
lathe same frame with it. Scroenshallbc 
No. 16 mesh with 0.014 in. diam wire. 

Standard cowls are the most used 
natuisl eupply vcniilatora. They have 
the disadvantage that they must bo trim- 
med to the wind; in bad weather tljoy must 
be unshipped or covered, Altbough the 
air supplied depends on tho wind, for do- 
nga purposes it can be estimated on ibe 
bais oi an 800 ipm vciodty in tho ekirk, 
diameter H. Cowls up to about 15 in. 
can be fitted with grabs, trimmed by hand, and unshipped wbon necessary, 
laiiet 6\i8a of cowls or those not easily acccsmble from tho deck aro provided 
vith a turning gear worked by a handle and must be trimmed away from the 
weather or covered as necessary. 


e e 


A ,Y-J'-^NQ.l3U.S.S.6a. 
t ® * sheefmefa! 

binding sf rip 

1 inseef screen 
i t if required 


"Wire mesh 

Fig. 25.— Method of holding 
wire mesh. 
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Fig. 27.— Standard mushroom. 


Mushroom is a widely used ventilator head, owing to ,tho fact that 
1 fh" supply or exhaust and because of ite adaptability. Although 

®oth coammg and head are usually round, it can be made square, rectangular, 
M oval to suit conditions, The cone under .the top of the mushroom ia 
^ w mth mechanical ventilation onfy. Altiiough esaentiidly weatherproof,- 
uwBhroom in a position exposed to soss caa be fitted with a watertight 
to close down over the cosmii^. 
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(jiiaiitity. TiesB values are then tabulated on a data sheet. Set all regulat- 
ing and splitter dampwa in neutral positioa, check fan speed, and see that, 
ail conditions affecting Ventiliition are uniform in all compartmentg con- 
cerned. Doors and mrporls should be eatlier {dl dosed or all open — preferably 
all closed, Shutoff dampers inust, of course, be wide open. After taking 
8 fall set oi rough leadings, balance among themselves the outlets on each 
individual branch. Then balance the branches one against the other, 
starting with those farthest from the fan and worWng back until the entire 
system is balanced proportionately. Indie caseof an mT-coiiditioning syetem 
requiring adjustment down to deagn volume, this is accomplished after the 
balancing by one of three meaner (1) by adjusting the fen speed, provided 
tie required vnnter reduction can sUll be obtmned below this setting; (2) 
by regulating the damper in the main duct; or (3) by choking down the outlets 
or branches indiddually, the lasi-mentloned being the least desirable. 
Wien the system is balanced, approval tests can be ran and final rpm and 
electrical readings taken. Tiic finid test readings arc made up as a report and 
should give location arid dimenMons of torminals, actual fpm, instrument 
correction, corrected fpra, specifiod cfm, and cfm ddivered; also weather- 
opsniuE leadings— a traverse il one » taken; wet-bulb and dry ■bulb tempera- 
tures; barometer; bow dirocUon; wind direction and vdoclty (taken with 
anemometer) ; type of fan; motor serial number; horeopowor; rated and actual 
rpm, volts, and amperes. 

It should be noted that the weather-opening reeding in cfm will frequently 
vary considerably from the sum of the discharge volumes. This is duo to the 
diSerence in error for the different types of opening and the usual wind 
disturbance around the intake. 

When the final teste have been accepted, the r^ulnting and splitter 
dampers should bo permanently locked in position by setscrew or nut and 
ismoval of handle, or by spot welding, to prevent tampering. Splitter 
damper rods should bo cither spot- welded or bent over before they ore cut, to 
^ard against their dropping'ibto the duct if the screw should work loose. 

Ceneetvon lor standard air under eortreme cemditaDns may amount 
to about 16 percent. Geneiitily, however, it will bo leas than 6 percent. It 
16 meaningless, therefore, unless other errors arc kept down to these limits. 
It is unnecessary in balancing unless air of widely varying temperatures, is 
being delivered by different outlets of the same system. If. however, the 
tests are run for absolute values, the accuracy slioiild be such os to warrant 
the air correction. ' 

Standard air is generally taken as the w^t at 70 IF, 29.92 in. barometer, ' 
cud 50 percent relative humidity, Snee fans are rated on air of this weight, ' 
the cfm delivery will bo greater wiGi loss d^uo air (warmer, less humid, or at 
lower pressure) and less with air of greater density.. To obtain the volume 
of standwd ^r, multiply the volume of measured air by thd weight of meas- 
uied dr, in pounds per cubic foot, and divide by 0.07492 {the weight of 1 cu ft 
Properties of 'Air tabira gjve the weight of dry mr at' any 
given temperature and barometric pressure, together with the increase, in 
ii'Hght.per degree wet-bulb deprpadon at various temperatures. ' ' 

Wind velocity and direction 'do not affect the w«ght of the air but should 
,6 recorded, since, if blowing directiyat or away from a.weather opening, it 
■'''m affect the delivery of the ’fan. ' 

“sat testa for temperatures msintaioed in varibus 'spaces imder winter 
opffatioa cannot he satisfactonly run unless the outside temperature is 
cow 60 F, Likewise, cooling tests for temp^aturc rise cannot be satis- 
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i Qooseneck’venta are made otstandaid pipe parts up to about 10 in. diam. 
In larger sizes, goosenecks and adaptations of the 'gooseneck aro built of 
plate, 'generally with ioctui^ar cross section. Small vents are generally 
fitted with covers, watertight or nontight as required. ■ Largo sizes generally 
have jack rods for cwivaa covoa. 'Goosenecks may be used for either 
supnly or exhaust. . ' ■ 



Fig. 30.— Typical louver. Fid. 31.— Light excluding louver 


The double gooseneck shown in Fig. 20 is an adaptation frequently us 
for fan intake or discharge. 

Louvers are placed in wcaHier opening for protection against rain a 
spray. They are no protection against sese and should be provided wit! 
plate or canvas cover depending on location. • There are many commerc 
louvers suitable for sbipwork. Those with movable blades are not genera 
heav'y or tight enough to ©ve adcqua'te protection from seas. 

The light-excluding louver finds some application on shipboard. 
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factorily rua unless the outside sir is over 70 F. For such tests thormometors 
should be placed so os to record temperatures of outside air, air entering the 
space, and representative temperatures of the air in the space. The readings 
on the regular duct thermometora duniid also be recorded. If outside 
temperatures are too Ktg h to permit a tegular operating test, thermoatatie 
controls may still be tested by cooling the elements with air or water of 
decreasing teirapeiature and by noting the tfimperatuie at which the valve 
operates. Compensated controls can bo checked by immersing the compen- 
sating bulb in a cooling bath of known temperature and by noting the reading 
cu the duct thermometer following tlw lieator being checked. Since the 
warm-air teraperatuies follow a straight-line variation as the outside air 
varies from 0 to 70 F, anj’ two points, not too close together, will serve as a 
check. Table 7 shows a tabulation of points on the curves for a group of 
reheaters with compensated thermostatic controls. Intermediate points 
can be determined by interpolation. 


Table f- Eeheater Temperatures 


Temperature of sir leaving rehester, dog F 


temperature, deg F 

Kehealcr I 

1 ; 

Fehoetet 2 

Fehoator 8 

7(1 

70 

’0 

70 


74 


73 


8 ) 

74 1 


10 

92 

60 

83 

0 

102 

63 

88 


Natural yentUatioa is not generally tested quantitatively, owing to the 
great difficulty of getting consistent readings oa outlets dependent on the 
wind. In cases where there is more than one outlet on a natural system, they 
can be roughly balanced if a steady breeze is blowing. A series of readings 
should be taken and averaged, testing the several outlets alternately so as to 
oven out wind vatlatione as much aa possible. 

Operating instructions covering all ventilation systems are very 
important ia shipwork. Unlike shoro installations, where the designer or 
contractor can be called in ii aometlune goes wrong, a ship is away from home 
port moat of the time. Furlhermore, if a vessel is sold, a complete change oi 
operating personnel may take place thousands of miles iroin the building 
yard and the deagner’s office. Operation, of the vontUation must, therefore, 
bo made aa simple as posaWe, and instruction must be as clear as posable. 

label plates should be jwovided to identify every fire damper, fan, fan 
controller, thermostatic bulb, heater, weatirer opening, and any other major 
part of the system. Also, identifying marks are frequently pmnted on vent 
ducts in engine rooms and sunilar locations. 

A diagrammatic layout of the complete ventilation system for the vessel 
should be posted under glass for the use of the ship’s personnel. It is gen- 
erally located in or near the cluef en^nocr's office. This should show, dia- 
grammatically, all ductwork and eqwpmenfc, the air quantity delivered by 
each outlet, the location of all firo dampers, and emergency control buttons. 
Fan identification should include system number, cfm winter and summer, and 
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fffitther Oloaurea. Every veaijlation opening to toe weather should 
bg provided with a raeaus ot elosbg it t^ainst seas and weithe:. Qpemngs 
located on the freeboard dock or other exposed, poations require a cover 
Tjith gasket or machine fit, which T?m pass a hose test for watertightnesa 
and wMch is of the .same strongto as the surrounding structure. Other 
openings, requiring protection from driven rain and spray but not from green 
eeas should have a nontjght cover, ie., a plate cover witliout gasket, or bo 
provided with jack rods to which a canvas cover can be (ashed.- 
Diffusers are a coraraercioi type of cdling outiet, deagned to deliver air 
at a high velocity but mthout objecUonable drafts by means of rapid dig- 




ticraou rad miring with the surrounding air. DtSusers are well spited lor 
to in public rooms and staterooms. There arc also typos wth dirocted 
air Sow, suitable for group berthing spaces. The manufacturer should bo 
Consulted ja the choice of siaes, but genially: neck vdocitics of JiOOD to 
1,200 fpni are acceptable. There are two baac types of diCuser; the con- 
fenWe cone and the plaque types, as shown-in 32. -Owing to the low 
encountered in shipwork, diffuse are' within reach of, personnel and 
jeiat, therefore, bo of more rugged eonstruefion than is required for land 
. Tliero are units that incoiporate a diffuser and lighting fkture 
jik by location or construction, eitoer lighting or'.ventilation efficiency-is 
sacrificed for the sake of appearance. - Tlie control damper can either 
® part of the diffuser or be looat^ in the supply duct. ■ 
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speed reduction. Heater identifying notes ahtrald cover winter cf m, tempera- 
tnte range, and type of control. PrefernWy on the same sheet with the dia- 
gram, mitten inatrocliona ahonld cover the following general items plus any 
additional features lor a particular me, ».c., air con^tioning, etc. 

1 , Warning. All covers and dampers must be open before a fan ia started. 

2. Bfflerffencp— Fire. Shut off fana and dose ^ fire dosures for spaece 
bvolved. Give location of emergency slop buttons. 

5. Emergene^'Wealher. Hnslap cowls and close weather openings as 
necessary to meet conditions. 

4. Summer Operation. FmtorunalhUtKpattty. All summed cmtlets 
to be open. 

5. fFinier Opsroiwn. Fans to run at winter operating speed, summer 
openings to be dosed. Start henters by firat turning on main heating steam 
valves, then band valves at prdieatws, finally hand vaWes at reheaters. 
Induds chart similw to Tabic 7, and explain the operation of the heaters. 
At the end of winter operation all hand vdves shall be dosed and all heaters, 
pipes, and traps shall be drained completely. 

6. SsmcB and Afainfcnanee, must be washed and Tecbarged at 

tegular intervals, the period depending on the vesael's service, but generally 
svetj' 6 to 10 weeks. Cells should be replaced in rotation, so many every 
week or every two weeks depending on the total numbw and on the number 
of spare cells carried. Method of washing and cliarging should be described. 

UtAoTt should have grease and brushes cheeked, commutntora and windings 
cleaned, once a month. 

Hwtsrs, Steam strainers at thermostatic control valves, thermometer 
bulbs, and thermostat elements should be cleaned at least twice a year. 

7. Fant. A list of the systems with apace served, speed reduction, and 
location cf controls. 

fi. Mucefioneous direction* for systems requiring special operation such as 
Kdstor house eihauBts, emergency laschinc spaces, and air-conditionod 
Spac^, 

la addition to the diagram and operating instructions, it is good practice 
to proride additional instrucUon rfic^ to be framed in the fan rooms. These 
are generally email slieets covering only such of the items listed above as 
niay apply to the equipment in the fan rooms. 
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Registers are a commerdd type of outlet, generally bulkhead-mounted, 
deagned to deliver air rvithout objectionable drafts and under controlled 
coriditions. They should have vetical vanes in the register face, which can 
be indi^^dually or group set to control the horizontal deflection of the air; 
behind these, horizontjd vanes shoidd be located, for vertical deflection 
and closure. The lakta- arc controlled by a single handle (for private spaces) 
or by a removable key (for pubUc spaces). The manufacturer should be 
consulted in choosing appropriate rises, which are based on tlie following: 
(1} throw, or length of air travd; (2) dispersion, or vertical area covered; 
(3) deflection, or horizontal angle covered. A typical register is shown in 
Fig. 33. 

Terminals. An adjustable terminal is a sheet-metal coned outlet 
which can be turned to ddiver air in almost any direction. It is used prin- 
cipally in machinery and working spaces for supplying a controlled blast of 
air at high velocity (see Fig. 34). 



Fig. 34.— Adjustable terminal. Fig. 35.— Directional terminal. 


Oirtctlonal terminal is a sheet-metal coned outlet which can be rotated 
through 360 deg to deliver air at a hied angle. It is used princip^y in 
working spaces to supply a controlled blast of air for spot cooling (see Fig. 35) , 

Miscellaneous. Dampers and other volume-control devices are fitted 
for three purposes: 

1, Fire. Dampers or closures which are easily accosBible for closing off a 
ventilation oponing, system, or part of a system, in case of emergency. 

2, Reffidatine. Dampra-s or other devices which, are used to apportion the 
proper volume oi air to various tcnninals or branches when the ^yStem is 
being balanced and which are then permaneutly set in the proper position. 

3, Control or Shutoff. Dampers that are adjustable by a crew member or 
passenger and permit control of the air volume supplied to a given space. 

Pire dampers should be doso fitting in the duet, controlled by a sturdy 
quadrant with bronze bearing, and of distinctive appearance. The most 
desirable type of furible-link fire damper is one that may be closed manually 
without breaking the link. There are many types of regulating devices 
to meet various conditions. Most common are the splitter damper (see 
Fig. 36} which is suitable for any but very small ducts; commercial damper 
sets which may be locked by means of locknut or screw; commercial vane type 
of volume controllers used prindpalty with registers or grilles; and orifice 
plates with an opening of calculated rizo inserted between duct flanges. 




ILLimfATION 

Based on Mstorial Furnished by the Nda Park Department, GenenU Electric Co. 
rrom “Meclianic&l Bnjineers' EamUiook," aflltad by'Wonel S. Marks 

Betere>-ce8: Moon, “The Sdentifie Baas <£ Uluminatine En^eerins,” McGraw- 
Bill Barrows, “light, Photometry, and Uluminating Etgme^g," McGraw-Hill. 
Lucldeah and Moss, "TheSdenee of Sedng," Van Nostrand. Foreythe, '' Measurement 
of Eadiant Energy," McGraw-ffiH Ca^ and Dates, “Bluminntuie Enptceriag,'' 
'Wilej-. 

Light rays have an effective range from 3800l to 7200l wave length 
(1 Angstrom = lO'’ mm) and differ from radio, infrared, ultraviolet, X-ray, 
gamma, and cosmic radiations only in their wave lengths. 

Photometric Units 

Luminous Intensity (Candles). The luminous evaluated as to 
ite effectiveness in producing visual sensation) intentity of any radiation in a 
given direction is its illunuuating power in that direction- It is espressed 
In candles, the base unit for which is the International caudle, and is 
derived, from the luiniaous intensities of certain carbon-filameat lainps 
maintained in the Bureau of Standards and CQuivolent Suropean Isbo»tories- 
In 1940, a new unit and a new standard of luminoug inteiitity were adopted 
by the Internatioual Commissiou on Dlumlnation (I.C.I.) based on a black 
body at the temperature o( freenng platinum. This has a bri^tness of 58.$ 
canoes per eq cm, and the new unit is defined as one-si^ethof this brightness. 
The change alters but ^gbtiy the units based upon the former International 
candle. 

Lumens. One lumen is that quantity of luminous energy included in 
one Bteradian (unit solid angle) from a uniform point source of one candle 
power; or, more commonly, it is the luminous fiux intercepted by a surface 
of 1 sq ft, all points of wbicb are 1 ft distant from a uniform point source of 
one candle power. 

Ulumination (Foot-candles). Blnminatioa is density of luminous flux, 
or the amount of luminous energy per unit of area. The unit is the foot- 
candle and is equivalent to the deority of one lumen uniformly distributed 
over an area of 1 eq ft; or it is tiie illuiiiiiistion at oil points which are 1 ft 
distant from a uniform point source of one candle power. Tho lux is the 
unit used in Europe. 

Brightness (Candles per Square Inch, Poob-Iamherts). The bright- 
ness of an object in the direction of riewing is the luminous intensity from the 
object per unit of area projected along tho direction of viewing. One candle 
per square inch is the bri^tnesa of a projected square inch of surface from 
which the luminous intensity is uniform and averages one candle in the direc- 
tion of projection. A foot-lambttt is the brightness of a perfectly diffusing 
surface uniformly emittiug or reflecting one lumen per square foot of surface. 
Since no surface is a perfect diffuser, the Iwightness of actual surfaces will vary 
with the angle at which they are viewed. The brightness for each angle of 
riewing is expressed as the foot4amh^ brightness of a similarly appearing, 
perfectly diffusing surface- The average brightness in foot-lamfaerts of any 
surface is therefore the product of the illumination in foot-candles and the 
reflection or transmisaon factor of the Hurface. 
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TKe most common typo of shufcoB fiamper, otlier than those built into a 
diffuser or register, is the commc® p®ll type tritii open, dosed, and one or t^o 
iatwTnediate pnaitions. This type ia not auitaWe for large dacts ot wth high 
dt velocities- For the latter, a quadrant or a barrel- type with plunger ia 
sstjsfactgry. If a damper must be 
located in a concealed duct, a remote- 
control or estcnsion handle should be 
provided. 

Air filters of commerdal type are 
suitable for ahiphoard use, provided 
tbe>' are fiisproof, veruuBproof, not 
Mhject to damage from salt water or 
vibration, and do not require spedal 
replacetUDDt or maintenauce materials- 
These requirements are met l^r the 
viscous WBsliahle filter, wliieh conasts 
oi a metal screen or Irame and 3s peri- Fig. 3G.—SpUttOT damper, 
odio^iy washed and recoated with eil. 

Washing and rechatpng equipment should be installed ior the purpose, 
Filters are generally installed on the bosia of about 800 cfm for each 20 by 
20 in. filter cell, 

Grease filters for use in canopies over ranges should nreet about the earns 
requirements as air filters, except that they are not oil-coated, and no wnshing 
and reohareng equipment is reqmred. They con bo washed with oilhec a 
steam or hot-watcr hose. 



Blast hsawrs for duct instaUalion are gener* ppq 
ally of the header typo with non ferrous tubes and jlTl 
ficis. Heaters handling slriught outado air 
should he of the nonfroezing type, with inlcraol p 
steara-distributing tube conatructvon. and, be 'In 
mounted with tubes vertical. RehoaUrs should ^ ' 1 I 11 

be of single-tube construction with horizontally ^ J j | I L 

mounted tubes, properly pHched to provide ^ \ \ | T 

itRiwge', ,FmiVinwy'xVtfaT^\a'»trur\SvftViW. Lmi-l Sll 1 

The former are preferred owi^ to the lower jj^] "* gT" S j • 

lesistauce loss for a given mr vdodly. ^ 11 I ^ j J 

Convectors should have a dieet-metul casing ^ J ! T 

of the Cabinet type, fully open at the bottom ! 1 

end _mtli an outlet gcilla in the top only. Tlw ^ ’ | J ) 

heating unit should be of fhe header with u h—I J 

tubes and Sns to meet the heating requbemcnla. 
arranged with piping conuections at ond. | | | ) 

Unit heaters consist of n standard propeller- lIj 
type fan, mounted integrally irifch a steam or Fig. 87.— Typical utut 
hoWater. coil, both fan and heating mediuTn heater. 

controlled by a eingie switch. Adjustablo 
hmjontal vanes provide a vertical deflection of air. A typical unit heater ia 
shown in fig, 37. 

Heating control valves Aould'be of the modulating rather than the two- 
^tion type. Preheatei's are coafeoUod by a thetKwstatic bulb in the outlet 
set Jot a definite temperature. Reheators may have a room thermostat 
ss lot a definite teraperatme to be maiirtMned in the space served, or a 
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compeneated duct thermostat set for sa'aJr temperature related to that 
of the outside air, as illustrated in Table' 7. 

The' Birapleet control ia the scU-contained unit, conaieting of a bulb and 
capillary tubing containing a fluid, the ei^wnsion of rrhich operates a beJIofrs 
in the regulating valve. 

Pneumatic controls use compressed sur as the power to operate the valve. 
These generally operate on air at IS pa, obtained from cither the ship's air 
Biipply or an independent compressor. Pneumatic control is somewhat more 
accurate than the self-contained unit and is capable of handling larger units, 
although this ia seldom required in ship ventilation. 

Electric controls uso electric rdays, solenoick, or motors to operate the 
valve. Tbisds the most accurate type of control, but owing to its complica- 
tion it is not BO widely used as the other types described. 

Regardless of the type of control used, careful adjustment is most important 
for proper results. 

Hardwaxe and fittings of idl kinds should either be of nonfeirrous materia 
or be protected against corrosion. Bolts and nuts, screws, and damper 
fittings should be brass, or cadmium-plated, or galvanised steel. Diffusers, 
repsters, etc., should be cadmium* or lioc-plated, or bondorized for a priming 
coat finish. Working parts of re^stera, diffuser dampers, etc., should be of 
bronze. Fan and heater casings, filter frames, and other eheet-meisl assem> 
blies should be hot-dip galvanized after fabrication. 

Spare parts should follow the marine provisions of the applicable rules, 
since ship requirements avo very different than those for a land installation. 

BALANCING, TESTING, AND OPERATION 

No natter how well designed a ventilation system may bo, it Trill not 
perform properly unless it is correctly balanced and operated. It is generally 
the responsibility of the ship designer or the builder; (1) to balance all 
ventilation systems and permanently set regulaUng devices; (2) to run tests 
that will demonstrate to the owner's satisfaction that the system is propsrly 
balanced and capable of design performance or better; (3) to furnish operating 
instructions for pasting aboard the ship. The items of equipment most 
commonly used in balandng and testing ventilation systems are listed below, 
together with notes on thdr use. 

Anemometer. A 4-in, rotating-vane type with range of approrimately 
200 to 3,000 fpm is most generally used. It is applicable to all work except 
where great accuracy is required near the limits of the range, or for readings 
outside the above range, for which cases other sizes should be used. A 
calibration curve comes -with every instrument. The instrument should be 
checked periodically and recalibrated by the manufacturer as necessary. 

When held in the air stream and timed for 1 min, an aneicometBr registers 
air velocity in feet per minute. It ia used to measure inlet and outlet velocity 
readings at ventilation openings of definito area, whose smaller dimension is 
not less than the diameter of the rotating vanca. Readings must cover the 
entire area of the opening, with the face of the anemometer held parallel 
to the face of the opening and perpeodicslar to tJie air stream. The anemom- 
eter should be moved evenly over the opening, so that tlie cumulative total 
is a representative average for the entire area. For a very large opening or 
where utmost accuracy is required, a traverse should be made; i.e., the total 
area is divided up into smaller areas, and a separate reading taken for each 
smaller area. The readings are then averaged after the anemometer correc- 
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is a jnasirauin at approsinialdy 6560X wave length. If all the energy 
from a light source were expended at tlua eingl® length, the leBultant 
efficiency would be eqaival^t to 6M himene P®^ dpw). The colors 
corresponding to various wave lei^lu ate also indicated in Fig. 2. The 
eye is sensitive to any comUnatioa of wave lengths but it ca^ot distin^ish 
the components. For example, a mixture of red and green lights, in neither 
of which there is any yellow, produce the sensation oi yohow. 

Factor of Safety. The average characteristics of many eyes are used to 
define and determine a so-odled normal one. Refractive and retinal defi- 
ciencies can usually be corrected, but nothing else can be done at the eye to 
increase the ease of seeing. Since actual eyes thif” greatly from the average, 
factors of safety are necessary in illanuoating engineering. 

OlatB. The effectiveness of the illumination on the task is reduced if there 
is extreme brightness witiiin the field of view. Such brightness affects the 
sensitivity of the retina, reduces the mm of the pupil and the brightness of the 
retinal imago, and, Hence, decreases the ovcr-aJl visibihty and produces 
esid le-tiLtUfe. \,\.^tM^<biYaiy«oKnt®bQuld.eUminata glare as far as 
poBsitio. It is recommended that no part of the light fixture or luminaire, 
within the normal field of view, be 
brighter than 600 foot4&mberts for 
exacting and prolonged ta^ and 
1,500 foot-Iamhorts for casual aeeing 
t^ks. (This range is approximately 
1 to 3 candles per sq in.) The bright- 
ness of a luminaire becomes even more 
important if there are shiny surfaces, 
such os polished metal or glass desk 
tops, within the field of view because 
the luminaire will be reflected in these 
surfaces and will contribute brilliant 
lefiected images. 

light Cistrihutfion. An improper 
directional distribution of light is a 
frequent cause of glare. Theillumina- 
tion should be nearly the same on 
oblique, vertierd, and horiiontal sur- 
faces; bonce, shadows should not be either dens® or shaxply defined. Totally 
indirect lighting or that from lai^ area low'brightness diffusing luminaireB 
is preferable. With light coming from many directions, in none of which 
there is any extreme brightnese, reflected glare is eliminated. 

Some special applications require diroctiouid light distribution. In the 
inspection for very shallow scratches on metallic surfaces, for instance, tho 
defects can best be seen by thdr specular reflection of a directional or semi- 
directional light source. Only the ride of the scratch reflects light into the 
eye, the polished surface directs its reflection eway from the eye making the 
background appear dark. When sharply directional lighting equipments as 
downlights, spotlights, proiectora, mid inspection units arc used, they must bo 
shielded and aligned so os to prevent direct &ud reflected glare. 

Color Quality. Color quality is of varjdng importance. For accurate 
color rnatebing, wbato that has equal energy content at every viable 
wave length is ideal. For color discrimination, it is necesaaxy that all wave 
lengths be included but tiiat no wave lengtii or group of them be ^ven undue 
emphasis. 
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tibn faotor'has been applied to each. ’ When readings are taken, the anemoD 
eter should be held in, one hand, the hand being kept as much out of the a 
stream as possible, or^pn a stick secured' to the'base.' 'In the latter case, 
sscond'person should hold-the stop watch, which may introduce some ern 
unless the actions of' both arc coordinated. When readings are taken c 
weather openings exposed to the wind, a 
shield should' bo provided to reduce the 
effect of wind on the readings. 

Velocities for various types of outlets 
should be determined as follows: 

Wire-me»h Supply or Exhaust Openinjja. 

Figure the velocity on gross area-of open- 
ing, making no allowance for screen. , 38.—Bell or coned outle 

Bell or Coned Outlet. (See Fig. 38.) 

Supply. Velocity is figured on throat area A. If there is no screen, ho' 
anemometer at position 1. If Ihoro is a screen, take readings at position 
over area C, which is tho projeetton of A on the screen. 

Exhaust. Velocity is figured on area B, and ro.adingB are taken.in positic 
2, over area £. 

jRcevsters. The manufacturer should be consulted ns to the proper fact' 
for a particular register and vclodty range. In general, how’cvcr, volocil 
should be figured on about 80 percent of the gross face area for a supply ar 
100 percent for exhaust. ' . 

Diffusers. The anemometer can be used only with a test cone, or a ehamb 
placed over diffuser. The manufacturer should be consulted as to, the desi{ 
of the test devdee and the factors to be applied. , ' ‘ 

The anemometer is the most commonly used instrument in balancir 
and testing ship ventilation systems. Although, after calibration correction 
it way have an error up to about ± 10 percent depending on the siae and tyj 
of outlet tested, it gives reliable and condstent results and is easily bandied c 
shipboard. 

Stop Watch, A stop watch, for readings up to 1 min, is required for u; 
with an anemometer. 

Velometer. This instrument pves instantaneous readings for tl 
velocity of an air stream and rends directly in fpm. Calibration correctic 
factoTs are generally so small that they can be neglected in ship balanch 
aad testing. The velometer comes 'mth a set of jots, which are calibrate 
for the particular instrument and which arc used only with that instrumen 
Regularly furnished impact jets are used for both supply and exhaust te 
rabals. A duct jet is also desirable for taking velocity readings in duct 
heaters, by-passes, etc., in lieu of the more Umo-consuming but more accura 
pitot tube. For any type of outlet, the velometer readings taken at varioi 
points must bo averaged, ance the individnal reading covers only a very smi 
area. To equal the accuracy of an anemometer and to obtain any degree i 
consistency, considerable care should be taken with those readings. Th 
fact, in addition to the greater ease with which an anemometer can be handle 
m shipwork, limits the use of the velometer to testing outlets that cannot 1 
measured with an anemometer and for rough checking. Principal amor 
^ testing of diffusers. The diffuser manufacturer should be coi 

Bulted as to the method of test, the proper jet to use, and the factor to 1 
readings at jiiniform intervals around the diffusi 
fihould be taken and averaged. Care 'should be used to see that' none of the: 
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Specifyiojf foot-candles. Quality of illumination can be specified 
with considerable certainty but the specification of the amount of light 
cannot be bo exact 'with present knowledge. The eye will function both 
in moonlight and in sunlight, which represents a variation in illumination 
from perhaps Hoo to 10,000 foot-candles — a range of a million to ono. Eyes 
can be forced to work under inadequate and glaring lighting conditions, but 
the effecta of the resulting eyestrain may bo translated into nervousness, 
fatigue, indigestion, and other disorders. Since the optimum amounts of 
illumination are greater than those which are economically feasible, present 
practice is to establish minimum values for representative tasks. The eye 
and seeing processes arc so constituted that the illumination must be doubled 
to achieve a significant and measurable improvement in seeing. Minimum 
recommended values of iDuminalion are os follows for representative visual 
tasks. The vtduea are in foot-candlca of total illumination. 

Industrial Interiors. A&smhly and tnspcciion: rough, 10; medium, 20; 
fine, 20 to 100; extra fine, above 100. Machine shops: rough bench and 
machine work, 10; medium bench, machine, buffing, and polishing work, 
rough grinding, ordinary automatic machiues, 20; fine bench, machine, 
buffing, and polishing work, medium grinding, fine automatic machines, 60 
to 100; extra fine bench and machine work, fine grinding, above 100. Sheet 
jnrfol tijorfcs.' miscellaneous machines, ordinary bench w’ork, 15; punches, 
presses, shears, stamps, welders, spinning, medium bench work, 20; tin-plate 
inspection, 60 to 100. Tl'ooduwitnp: rough sawing and bench work, 10; 
rough sanding, medium machine and bench work, sizing, planing, gluing, 
veneering, cooperage, 20 ; fine bench and machine work, fine sanding'and finish- 
ing, 30 to 60. 

Office Interiors. Corridors and stairways, 5; reception rooms, conference 
rooms, vaults, 10; mailrooms, file and index rooms, 20. Desk leork: inter- 
mittent reading and writing, 20; reading blueprints and plans, 30; steao- 
grapluc, reading shorthand notes, 30 to 50. Art and drawing work: rough 
sketching and drawing, 30; prolonged closo work, computing, studying, draw-' 
ing, drafting designing, 30 to 60. Business machines: (transcribing and 
tabulating) calculators, keypunch, bookkeeping, 60 to 100, 

Supplementary Lighting. Severe visual tasks require higher levels of 
illumination than are practically obtainable with genernl lighting systems 
alone. It is therefore necessary to resort to supplementary lighting unite. 
For every 10 foot-candles of supplcjncnlary fighting, at least 1 footpcandlo 
of general illumination is needed if the ratio between task brightness and back- 
Ctound brightness is not to become excessive «id defeat the purpose of the 
greater illumination. 

Electric Uluminants 

Electric lamps convert eloctiical energy into fight or radiant energy. The 
efficiency of the conversion is usually expressed in lumens per watt (Ipw). 
As previously indicated, it is 020 Ipw for a source that radiates all its energy 
at 5560 a 'wave length; it is approximately 200 Ipw for a “white light” source 
that radiates all its energy oquaDy at every visiblo wave length. These 
optimum values; actual efficiencies are considerably less than these 
amounts. 

Filament Lamps 

. elves the lamp efficiencies, in lumens per watt, of past and present 

« ectnc illuminanta. The most important are those which contain tungsten 



1564 HEATING, VENTILATION, AND AIR CONDITIONING 


poiats fall .opposite the supportmg spider or other obstruction that might 
affect the air stream. 

Sling or Hand-aspirated Paychrometer. This instrument is used to 
determine the web- and dry-bulb temperature of air. These values for outside 
air should be recorded with every ventalation system volumetric test, in case 
it is desired to correct to standard Mr. It is also used in air-conditioning 
testing, in which case a psychromefaic chart should be used to convert the 
readings to humidity values (see Fig. 1). 

Barometer. The atmospheric pressure as indicated by the barometer 
should be recorded for votnmetric tests, to permit correction to standard .air 
if desired. 

Thermometers. If a vessel’s heating system is tested, straight mercury 
thermometers, with range of 0 to 120 deg, 32 to 180 deg, or 32 to 212 deg F 
are generally used in the spaces and locations required. 

Pitot Tube. This is the standard instrument for measuring pressures in 
ventilation ducts. It oonasts of two concentric tubes, the outer ends of 
which have connections for a U-tube manometer, or differential pressure' 
gage. Within the duct, the open end of the inner or impact tube is turned 
into the air stream. The outer or static tube iras small holes drilled in the 
sides only. 

If the impact tube is connected to one leg of a IT-tube manometer, the other 
leg of the manometer being open to the atmosphere, the manometer will 
indioato the impact pressure, Pt. If the static tube is connected to one' 
leg of a manometer, the other leg of the manometer being open to the atmos- 
phere, the manometer will indicate the static pressure, P,, If tho impact 
tube is connected to one leg of the manometer and tho static tube is simul- 
taneously connected to the other leg of the manometer, the manometer will 
Indicate the velocity pressure, Pp. The velocity pressure, measured in 
inches of water, is converted into velodty V, in fpm, by the following relation: 


V “ 1.099.2 where d = density of air, lb per cu ft. 


Knowing the velocity and the section^ area A of the duct, the air volume Q, 
in cfm, is calculated by the relation 0 * A X F. 

The pitot tube is used to determine the air flow Q in the main duct, the 
air delivery of the fan, and dso the static pressure of a system or part of a 
system. A traverse should be made when measuring any but very small 
ducts. A small hole, about in. diam, is provided in the duct for inserting 
the pitot tube at a section where fairly uniform flow is expected. 

To determine the total pressure, Pt, of a fan, the pitot tube is inserted 
in the suction duct as shown in Fig. 39, and the suction impact pressurePu 
is read, using the impact tube. The pitot tube is then bsortod in the fan 
discharge duct as shown in Fig. 39, and the discharge impact pressure, Ppi, 
is read, using the impact lube. The total- pressure, Pi, of the fau is the sum 
of the suction and discharge impact pressures, or Pu -b Ppt. 

To determine the static pressure, Pt, of a fan, the pitot tube is inserted 
in the fan suction duct as shown in Fig. 40, and tiie suction impact pressure. 
Pit, is read, using the impact tube. The pitot tube is then inserted in the 
fan discharge duct as shown in Fig. 40, and the discharge static pressure, Pp,, 
is read, uang the static tube. The atatic pte^ure, P„ of the fan is the sum 
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Table 1. Relative Luminous HffioUncies of Electric Illumin&nta 



Lpw 

Lumens 

Life-hours 

Edison's lamp 

1.5 



Carbon lamps 

Gem lamps (metallized carbon filament) 

5.4 

4.25 




4.6 




5.9 



Tungsten lamps [first) 

7.85 



Mazda B (vacuum) lamps: 






40 



n.o 

275 

750 

Mazda C (gae-filled) lamps: 




4Q-watt 

11.6 

460 

1.000 


13.9 

830 • 

1.009 





•. 200-watt 

16.5 

3.700 

750 

■ 300-wat(,.' 

19.8 

5.950 

750 

















£.000-walt 

32.7 


75 

Fluorescent Mazda lamps (dayl^t): 




16-waU 

; 33.0* ' 

495 

2.500 

20.walt 

36.5* 

730 

2.500 

30-watt 

40 0* 

1.200 

' 2.500 





Fluorczcent Mazda lamps (wbile): 




I5-waU 

41.0* 

615 

2.500 

20-waU 

45 0* 


2,500 

30-watt 

40.9* 

1.450 

7.500 

• 40-watt 

52.0* 

. 2.100 

2.500 

100-wait 

42.0* 


2,000 , 

SO-watt Rrcan duoreseent Mazda lamp 

73.0* 


2.500 

SWatt RF (rectified fluoreacenl) 

47.0* 


3,000 

850-watt a-e Cooper-Rewitt 

19.0 







Mazda H high-intensity mercury lamps: 




100-watt (AR-4) 

35.0* 

1 3.500 

1,000 

250-watt (AH-2 

30.0* 

7.500 

2,000 

400-watt (AB-1) 

40.0* 


2,000 

l.OOO-watt (AH-6) 



75 

180-waU sodium (NA-9) 

55.5* 

10.000 

3,000 


* Watts necessarily consumed in ausdiaries reduce these Ipi? valuss about 15 to 30 
percent depending upon lamp type and site and the type of auxtliwy equipment used. 


filameuts. These filaments radinte light by reason of their high temperature 
and are similar to black bodies that radiate energy in proportion to the fourth 
power of their absolute temperature. Tun^ten is favorably selective, 
however, and differs tom Uack-hody radiators in that it radiates a greater 
proportion of the totsd energy in the vislblo spectrum. 

Filaments in lamps used for illiunination are made of very pure tungsten. 
Both tungsten and carbon are used in Imaps for infrared applications. 
Although carbon melts at 6510 P and tungsten at only 6100 F, the latter 
has a much lower rate of evaporataon and may be used effectively at higher 
operating temperatures. The effideni^ of tungsten-filament lamps increases 
as the temperature oS the filamtmt is raised and as the wattage is increased, 
especially with gas filling and the larger sises of filaments. Most filaments 
are wound or coiled into a helix'so that th^ characteristics are similar to a 
large-diameter filament and advantage be taken of gas-filled operation. 
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o{ the suction impact prosaWD, ?«, and tJw dacharg© static ptesswe, P^., <it 

auction duct is fitted on the inn, Buclion mdinga are zero. *1! he total 
pressure, Pji ol tbeian =P«; andtiesta,titpte»ure,Pi, o{ the fan * Po,. 

Biflwetitiai tressuie Gage, A B-tnba manometer, or other diSerential 
jii^ure gug'i, haviofe a taaga of 0 to 6 iiu water, Ja auitahle for use with a 



Fro, 39.— Fan total pressure. 



Fig. 40.— atatic pressure, 


pitcHuhe. 11 JejR- relodties are to bo moasuiwi, an inclined-tube manometer, 
ct differential gage, -with n range of 0 to J k. water, will permit greater 
accuracy la tiu& range. 

Tachometer. The fan jjjeed drould always be checked before taking 
au leadi^. a. tachometer reading directly in rpro is best, but a speed 
counter, if timed with a stop wat^, is sstirfwitory. An extension shaft is 
uaeSul for fan openings protected by wire mesh. Speeds should never be 
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la some lamps, especially of low ■waitoge, .thia helix ia formed into another, 
resulting in the ao-oailed coiled-coil confitruction. Thia . furthCT increases 
tho apparent diameter, shortens the apparent length of the filament, reduces 
the number of filament supports, and increases the efficiency. Filaments 
and filament mountings are adapted to specialiaed services such as those in 
which vibration or severe mechanical shod: is present.'. Collector screens 
are employed in high-wattage smaQ-bnlb lamps to collect the vaporized 
filament particles which otherwise form a light-absorbing blackening on tho 


bulb. 

The primary purpose of the glass bulb as part of a lamp is to preserve the 
atmosphere around thc filament, whether it be a nearly perfect vacuum or 
one of inert gases. If air or moisture is present in a lamp, the filament will 
be quickly oxidized and destroyed. Inert gases are introduced to reduce 
the evaporation of the filament. Although the gas conducts some heat away 
this loss is more than offset by the higher temperatures at which the fila- 
ment may be operated. Bulb shapes and tho typo of glass used are modified 
for the intended service of tlm lamp. Soft- 
glass vacuum lamps and hardglass gas-fillcd 
lamps may be used outdoors without protec- 
tion, but eoftglass gas-fillodlompB are subject 
to bulb fracture if struck by rain, insects, or 
other moisture while hot. Hard Cassis used . 
in high wattage small-bulb lamps. Bulbs 
are available in clear and inside-frosted glass ' 
which has a specially acid-otebed inner surface 
to break up the extremely directional flux 
from the filament without appreciable ab- 
sorption, Less efficient are tiio coated bulbs j’jq_ 3.— Operating ■ Char- 
in white and the coated or natural (Irons- acterike' Curves for Largo 
parwt) colored bulbs which transmit tbo Gas-filled Filament Lamps. - 
taQiatlona of deaiied wave length and absorb 

all others. The directional distribution of light from a lamp may bo con- 
tfolied by incorporating into the bulb tho desired Ions or prism olemonta or 
by processing parts of tho bulb with a metallic coating. Mazda projector 
and Sealed'Beam lamps employ both of these control principles. 

The more common lamps have threaded or screw bases of theiminiature, 
candelabra, intermediate, medium, and mogul sizes. The -bayonet base 
18 best represented by most automotive lamps. Those used in the headlights 
prior to the development of tho Seded Beam Bjrntcm wore usually- equipped 
with a prefocusing collar similar to that used on sil lamps lor accurate pro- 
jection service. Most hard glass lampe havo bipost bases ; tubular lamps 
have screw, disk, or pin, depending upon the lamp design and application. 



Filament-lamp Characteristics. Most lamps are designed for con- 
stent-voltage or multiple-dreuit operation. ' Figure 3 shows the effect of 
other than designed voltage operation upon the characterietics of filament 
lamps, Although tho positive resistance characteristic of the tungsten 
m^ent reduces the variation in wattage in comparison to the operating 
Ih ^3iaiige in lumen output of thestf sources is coiiBiderably, greater 

the wattage pr voltage variation and a decrease in operating voltage 
results in a decreased operating effidency, ' ' ' 

^Cost of Light. The operating voltages of filament lamps are designed 
Mnoanoal compromises between high operalang efficiency and reasonable 
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taken with a, tachometer on -the tilade side ol a centrifugal or propeUer fan, 
unless there is wire-mesh protection. There are some axial fans on which’.a 
tachometer .cannot be used; it is poor practice on practically all .axial fans, 
owing to the danger of injury and to the fact that opening the access door 
affects, the speed. ' i - ' - ; 

Ammeter and Required Shtmts. Electrical current readings should 
be taken with fan running at rated speed and full air delivery. 

Voltmeter. Voltage.at the fan should be read at the same time that the 
current is measured. . ' 

Stirobotac. Speed readings on ludal fans should be taken with a strobotac 
through an 'opening in the duct provided for the purpose and covered with 
transparent material. This is an instrument which utilized the stroboscopic 
principle to determine the rpm. Owing to the difficulties involved in this 
method, it is generally used only when a study of a fan U made. For routine 
regulation, the rheostat .on an axial fan is usually set at a point' suggested 
by the fan manufacturqr or at rated current, on the assuitaption that this 
will give approximately rated speed. 

Procedure. Before running any tests, the purpose to be achieved should 
be definitely aacertaiaed and the desired accuracy decided upon. It is 
both wasted effort ‘and p6or enpneering to apply corrections of 1 or 2 percent 
to one factor when other factors involved have errors of 1 Obr 20 percent. The 
accuracy required in any set of tests depends on the purpose of those tests. 
A study of a' fan or astern to determine its characteristics requires the 
greatest accuracy attainable; adjustment of air-conditioning systems calls 
for accurate balancing and air quantities within about 10 percent of specified. 
This accuracy is required of tests. Most straight ventilation systems require 
close balancing with only minor regard to the absolute mr quantities. 

In ifcoet shlpwork, the purpose of tests is to 'show that the; ventilating 
systeirr-i^ correctly balanced and to demonstrate its ability to function prop- 
erly in service. Except for cases' in which set conditions or a balance is 
required ‘within a given space, this does not require that absolute air quantities 
be held down to the design figures. It is not sound practice, if a system is 
capable of delivering more than specified air volume vrithout overloading the 
fan motor, to restrict it by ineaDS of regulating dampers which am perma- 
nently set, merely to show a test reading close to sperifications. There are 
few oases in which some additional dr is not advantageous under certain 
cooling load conditions. It is preferable, thereforo, to allow a system, when 
permanently adjusted, to deliver its fall capacity and leave it to the ship’s 
personnel to reduce the air delivery by slowing the fan or dosing the dampers 
pro'vidcd for this purpoM. In any case, if absolute air. volumes are to be 
obtained, ship operating conditions must be maintained throughout aU tests. 
This means gi'ving over la-ge sections of the ship to ventilatioa tests exclu- 
sively, a condition which b usually impossible during tho outfitting period. 
It involves closing aE hatches, c«go ports, air ports, doors inside and out; 
operating with ship's current ail fans affecting a given section of the ship, and 
all fans' in 'every^ fan roomjinvolved. Tims, rinoe generally it is n'dth'er 
warranted nor feasible to adjii&t'a straight veatilatioii systera to specified 
air deliveries, the follovring procedure shonld be followed in balancing aid 
1 testing such a system. Anemometer, stop 'watch, and velomoter for diffusers 
will be used. . ' > ■ • ■ ■ i 

From cfm figures and areas in .square feat as given 'on design drawings, 
deternune the velocity in fpm for each terminal when dehvering 'design air 
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lamp life which, for large gaa-fiEed filament lamps, ia inversely proportional 
to approximately the 13.1 power of the operating voltage (B. of S. Pa-per 502, 
‘'Charncteristio Equations of Vacuum and Gag-filled Tungsten-filament 
Lamps).” The total cost of light in dollars per million lumen-hours depends 
upon the cost of the lamp deUvered to the soeketP (cents), the rate at which 
electrical energy ia available R (cents per kwhr), and the light output of 
the source in lumens per watt 13. The cost of light, in dollars per million 

lumen hours == + B I whwe If a the average watts conavuned by 

B\TfL / 

the lamp, and L is the rated life of the lamp in thousands of hours. 

Vapor Lamps 

During nperation, the lube of a vapor lamp is filled with vapor molecules, 
ions, and electrons. Each gas or vapor haa its own characteristics as regards 
color of light emission, such as hlue-green for mercury, yellow for sodium, 
and red-orange for neon. The discharge takes place through the gas or 
vapor and between electrodes which are charged to differences in potential. 
Lamps with electrodes that arc not preheated before starting are known as 
cold-cathode lamps. The electrode that has a negative potential is colled 
the cathode; since most electrical illuminants are used in o-c dreuits, each 
elootrodc is alternately a cathode and an anode. If an electrode is boated, 
it emits electrons more freely and these may he sufficiently accelerated by a 
relatively small potential to ionise tbe gas or vapor and establisb the ffis- 
charge. The cioctiodes of these hot^thode lamps are frequently coated 
with oxides to provide greater electron emission at low temperatures and 
potentials. Coated electrodes arc also used in cold-cathode lamps to provide 
electron emission and improve the potential gradient rdong the discharge. 

Because of tbe potentisd gradient along the axis of a discharge, tbe eloctrodes 
are subject to bombardment and heating. The heated elect^des and the 
collision of molecules, ions, and electrons in the arc liberate additional ions 
and electrons in excess of tbe number necessary to maintain tbe desired 
current. The effect is that of a short circuit; the current tends to increase, 
and tbo result would bo the destruction of the electrodes and tbe discharge 
tube were a current Emiting device not used in series with these sources. 
Each lamp requires an auxiliary designed for its characteristics, and, in 
moat oases, only one lamp may be operated from a single auxiliary. Because 
inductive devices are commonly used to limit tho current in a vapor-lamp 
circuit, power factor becomes a couaideration. The lamps, themselves, 
usually operate at a hi^ power factor but a considerable reduction in this 
factor occurs in the auxiliary. Capacitoiu are generally employed with 
tbo auxiliary to improve the power factor. 

Vapor lamps have long life, the length being generally determined by the 
life oi tbe cathodes. These are reduced in emiativity during lamp operation, 
and finally the available potential is insufficient to establish the arc discharge 
under these conditions of reduced etnission. 

The Oooper-Hewltt meremy-vapor lamp was tie first practical high- 
efficiency electric vapor lamp. The tube is of the cold-cathode type and 
depends upon an initial poWtial surge of several thousand volts to start. 
During operation the lamp remains cool and there is but slight increase in 
pressure. The light from these lamps is blue-green in appearance. 

By increasing the operating temperature and pressure, the relative dis- 
tribution of energy in tbe mercury spectnua is modified, and in some of the 
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and is called a diameter (Fig. 13). K M is the taid-pomt oi a chortl f Q, 
andif r is thepoiut of iatersectaonof thotaagents atP and Q.thoDTilf is 
parallel to tlie principal axis, and is bisected by the curve (Fig. 13). 

To Construct a Tangent to a Given Parabola. (1) At a given point ol 
contact. P (Fig. 14) : Find T so that OT = OM, or PT - FP. Tlien TP is 
the tangent atP. Or.makcJl/W *= p «= 2(OP); tbenP^ is the normal atP. 

(2) From a given external point, Q (F^. 15) : With Q as center and radius 
QP draw circle cutting the directrix in H', dww HP parallel to principal axis; 
then P is required point of contact. As check, note that QP is the perpen- 
dicular bisector of FII. 



Fiq. 14. 



To Construct a Parabola. 1. Given Ant Two Points,? and Q, the 

TANQENTPrATONB OF TeEai. AND IBB DIRECTION OP THE PlUNCIPAL AxlS 

OX. In Fig. 16, lot Z be a variablo point on n line through Q parallel to 
OX. Draw KB parallel to PT (meeting PQ in P), and draw PS parallel to 
OX (meetingPiTinS); thonS is a point of the curve. Note. Aline through 
P parallel to the principal axis bisects nil chords paralici to the tangentPP. 

2. Given tee Vertex 0 and FocosP. (a) In Fig. 17 draw Oy porpon- 
dicular to OF, and slide thovertex of a right angle along Oy so that one side 
always passes through F; then the other side wiil always be a tangent to the 
parabola. 



Fro. 17 . Fia. 18. Fia. 19 . 


(b) Take a piece of paper (Fig, 18) with a straight edge, d, and mark a 
point F near the edge. Let X be a variable point of the edge, and fold the 
paper so that K coincides withP. The croaae will be a tangent to the parabola 
which has focus F and directrix d. 

(c) In Fig. 19, let ilf be a variable point of the principal axis, and lay oS 
MN s= 2(OF) = p. With F as center and radius FN draw a circle, cutting the 
perpendicularat Af inP. ThenPisapointof the curve, andPT andPJV are 
the tangent and normal atP. 

3. Gwen Two Tangents and Their Points or Contact, P and Q 
(Kg. 20) . Divide TP and QT into any number of equal parts (hero 4). Then 
the lines 11, 22, 33, . . . will be tai^onta to the parabola.. This method is 
especially advantageous in drawing rather flat arcs. 
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■ The Eadius of Curvature of v* = ^ at a point ? <■ (a:,y) ia ? ■= 
(p + 2 x)5VVpi or? = p/dn*«,'wherea_!= the angle 'which the tangent at 
P makes withPF (Fig. 21). At1he've^',B'« p. To construct the radius 
of curvature at any point?, lay off Pfi = 2(?P) parallel to the principal aris, 
and dra'w RC perpendicular to the axM-, meeting the normal, PJV, in C. Then 
Cis the center of curvature for thepointP.andfl circle about Cwith radius CP 
will coincide closely with the parabola in the neighborhood of P. 




•, The ellipse (see alsop. 107)ha8twofoci,PaDdP'(Fig. 22),BIldtwed^^ec- 
ttice9,ilf^andI)'P'. IfPisanypointofthecuTve,?? +PP'ia constant, “20; 
andPP/Pfl’ (orPF'/P/fO b also constant, “c, where c is the eccentricity 
(s<l}. Either of theao properties may be taken as the definition of the 
OUTVO. The relations between c aod the eemi^are s o and b are as shown in 
Kg. 23. Thus. 6’ - a»{l - e*). oe - e* » 1 - (6/o)». The 

gemi-latus rectum » p « o(l - «*) = ¥/a. Note that h ie always less 
than a, except in the special case of the circle, in which b and c » 0 . 




Any section of a tight oiroalar cone made by a plane which outs all the 
elements of one nappe of the cone will bo an effipse; if the plane is perpen- 
dicular to the axis of the cone, the ellipse becomes a circle. 

: Equation of Ellipse, center as origin: 

' t iP t j_ ^ n 

-T-f 53 = 1, <» 1/ = ± -Vo» - **. 

a‘ 0 * a , 

If P = (x, j;) is any point of the curve, PP = a + cx, PF' => a — cx. 

Equations of the Ellipse in Parametric Form: x=ooosu,v- 
6 sin u, where u is the eccentric angle of the point? = (x,y), Se 0 Fig. 28 i 
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present type 5 lantpS) a 'U'eak continuous spBctnim ig obtained in addition 
to the distinct line spectrum. Because of the short arc length, these lamps 
operate at relatively low voltage and by adding a relatively smatl amount of 
argon they are also started at rdativcly low vdtege. In some lamps the 
arc strikes between one of the main electrodes and aspecial starting electrode. 
The preliminary discharge then gwierates Huffident heat to vaporize the 
mercury and permit the meremy diachorge to Btrike between the mala 
electrodes. After several mifintes’ operation, the vapor pressure and the 
l^ht output reach their maiimurae. A momentary current interruption 
or a sudden drop in voltage (without current interruption) will e-xtinguish 
the discharge which trill not strike again until the kap has cooled and the 
vapor pressure has been reduced. Tliis requires from s few seconds to 10 
to 15 min depending upon the tjTJe of lamp. These lamps are comparable 
in rise with filament sources and are adaptable to lighting equipment of 
similar design. 

Sodium-vapor lamps are hot-eathode sources and contain neon to 
facilitate starting. The heat from the neon discharge vaporizes the sodium 
which then carries the current of the main discharei!. The light is mono- 
chromatic and 5893A in wave length. Lamps arc available in 4,000, 0,000, 
and 10,000 lumen sizes and, although not restricted to highway and street 
lighting, have been used mostly in these applications. The ovcr-ail efficiency 
of sodium lamps and auriliaricB is approximately 45 Ipw. 

Fluorescent lamps arc primarily low-pressuro vapor lamps which make 
use of the ultraviolet energy frora the morcury-are discharge to activate 
phosphors coated on the inside bulb surface. Inside coating is essential 
because the glass bulb docs not transmit ultraviolet radiations. Phosphors 
are selected which respond to radiations of 2537^ wove length as this radiO' 
fion is efficiently produced by the low-pressure mercury-arc discharge. The 
color produced is determined by the atomic and crystalline structure of tho 
phosphor. These lamps are hot-cathode types, acorrent being passed through 
both electrodes before they aro subjected to tl>e arc potential. They aro 
specially efficient in tho production of colored light and Include one that 
closely approaches “daylifit” at a color temperature of C500 Z. 

RF lamps also contain fluoresront powders which are highly efficient in 
Hght production although not as accurately balanced for color quality as 
those used in Mazda P lamps. These EF lamps aro a development of the 
fonner Cooper-Hewitt lamps and operate on nrectified current circuit similar 
to that of these earlier sources. 

Eigh-voltafS TublDg. In I9IS, Georges Claude patented iis dkcoveiy 
that, for satisfactory operation, at least 23 sq in. of untreated elcctrodo 
surface .area are required for every arapore of current carried by high-voltage 
lamps of the neon typo. Tbispatent has expired and, in commercial practice, 
electrodes with areas of 150 to ISO sq in. per amp are used, hlost high- 
voltage discharge tubing is of tiio cold-cothode type, although recent advances 
JO the technique of using hot cathodes will probaWy make them of considerablo 
importance in the future. Table 2 g.ves tho impoctent operating char- 
acteristics of the available sizes of these discharge tubes. 

Are Lamps 

The use of carbon electrlc-arc lamps is today restricted to applica- 
tmas such as projection, scarcMightmg, and photochemical work. Arcs 
are efficient, rugged, and concentrated sources, the K^t from which can bo 
Mntrolled to a considerable degree in intenrity, distribution, and color. 
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This type face is S^pdiit Bodoni. 

The task if viewed through filters which arc adjusted until the task ia just 
discernible. At this oondition, the visibiliiy of tbo task may be compared 
with the visibility of the standard task wd a specification made for the 
illumination necessary to make the difficult of test and standard tasks equal. 
The visibility factors of else, brightness, mid contrast are integrated by this 
meter." I Since brightness is a factor of the integration, the meter evaluates 
the effectiveness of the illiiminatiott as wdl as indicates the necessary amount. 
It may, for instance, show Uiat 10 foot-candles of suitable quality lighting 
me as effective as 100 foot-candles where the quidity has been neglected. 

The most frequently used foot-candle meter is the Light Meter which 
consists of a photovoltaic cell and a microammeter calibrated in foot-candles. 
It.is a direc^roading instrument deagned primarily for measuring illumina- 
tion but may also be used to determine bri^tness, reflection factors, and 
trauBmission factors. Otlier portable visual iostnunents such os the Mac- 
beth illuminometer arc used in measuring candle power, illumination,' 
and brightness; these depend upon visual obsonrarions, and accuracy depends 
on the observer's experience in “balancing” the brightness of screens as 
used in visual photometric instruments. 

Several brightness meters are avsQable. One of these devices contains 
a telescopic optical system so that readings may be taken from convenient 
locations. Brightness meters are visual comparison instruments and are 
not as easy for the layman to use as are the fool candle meters which are 
usually of the photoelectric type. 
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Fcr d-c crater arcs, about 90 perceat of the light is emitted from the 
crater. 

Table 2. Operating Data for High-voltage Discharge Tubing* 
Included a information as to the number of feet of tubing that may be operated from a 
single transformer of specified oharactabtics. 



In incandescent arcs, the tip of the positive tarbon takes on the form of 
a crater and is heated to incandescence. When carbons of this type are used 
in a-o circuits, each electrode iorras a small crater but the light emitted from 
both does not equal the emission from thomngle large crater in d-c operation. 
Forsythe ("Measurement of Eadiant Energy," McGraw-Hill) rates low- 
intensity d-c incandescent arcs at 15 lumens per arc watt, high intensity at 
29, and superhigh intensity at 32; this correaponda to 12, 23, and 25 (respec- 
tively) lumens per watt over all. 

In luminescent or flame arcs, most of the light is produced in the arc 
stream just as in the laercury-vapor lamp. WUh carbon impregnated with 
certain salts, the arc streera becomes the light source and the incandescence 
of the electrodes is comparatively unimportant. With d-c white-flame arcs 
with t-i in. (^ in.) diameter carbons, the performance is 57 (80) lumens per 
watt input. Since the li^t is produced in the arc atreara, these carbons 
may be used in a-c circuits with transformer ballasts instead of resistances. 
The over-all efficiency for these {wes is 53 Ipw for }i in. and 51.1 for in. 
carbons. Carbon arcs give a concentrated high-intensity light which cannot 
as yet be equaled by any other source. Table 3 gives the characteristics 
of some carbon arcs. 



SOUND AND NOISE 

BY 

F. V. HUNT 

From "Mechanical Snginears’ Handbook,” edited b? Lionel S. Marks 


Sound is a longitudinal wave pbm!OQieaoaTenTesentin.g Oie propagation of 
oompressional wavea in an elastic medium. The velocity of propagation V 
of sound waves dopends on the ratio of the elastic modulus E to the density 

p of the medium, F = thus 7 »= ‘V— for gases where h is the ratio of 

* P 

specific heats and p is the pressure. In ait or other gases, the wave velocity 
is independent of the presauits, chaises in density being just compensated 
by changes in elasticity. The vdotity increases slightly with increasing 
relative humidity and varies directly aa the square root of the shsolut* tem- 
perature. Thus the normal velocity of sound In air, 1,126 fps, increases 
by 0.1 percent per deg P at 68 F. The velocity of sound in liquids and 
solids 18 usually much higher than in gases {see Table I). 


Table 1. Velocity of Sound 


Material 

Sound veL 
fp» 

Density, 
lb per 

BU ft 

Density X 
veloeity, 
lb per sq ft 
per sec 

Aluminum 

Braw 

Copper 

Iron and soft steel 

Lead 

Brick 

Cork. 

l(.7«) 

11.480 

11.670 

16.410 

4.026 

11,980 

1.640 

168 

530 

555 

486 

1125 

125 

IS 

2.82 X 10* 
6.08 XiO< 
6.47 X 10* 
7.98 XlO* 
4,54 XlO* 

1.5 XlO* 
o.tisxw 



30-50 



4.794 

ms 

4.165 

I3K 


0.75X10' 
0.299X 10' 
88.0 

23.3 

49.4 






0.0372 



Approsimate values from SmitWaian Table*. 


The relation between frequency and wave length is, velocity = frequency 
X wave length. In air, at a frequency of 1,126 cycles per see, tho wave 
length is 1 ft. 

The attentuation of sound in transmission tlurough air is small. At high 
frequencies (above 3,000 cycles) and for low values of relative humidity, 
absorption in air may become large ®nudacn, J. Acous. See. Am., 6, 1986, 
p. 199), but under ordinary conditions the absorption in air may be neglected. 
Except for absorption on reflection from material surfaces, sound waves are 
diminished in intensity principally in consequence of the distribution of the 
energy over wider areas as the sound waves are propagated from the source. 

PerceptioQ of Sound 

Audible Range. Sound waves having frequencies lying between 16 and 
20,000 cycles per seo may be peredved as “aouad " by the average young 
observer, Sound waves having frequences lying below or above this range, 
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Tables. Characteristics o{ Some Carbon Arcs'* 

loff^tsnBity and high-intensity projection nnd eearehlight carbon arcs — d-o ' 


Hi 

g 

Am- 

peres 

Vdte 

Boriaonial 

candle 

pOWftT^ 

Cratet 

light, 

Imntna 

Total 

light. 

tetaeae 


no 

30 

•tV 


16.500 

' 165MI 

Loffifllenaity ' 

\n 

1 ■‘xt 

ss 

' 8.SOO 

25900 

25900 - 


» 

» 

U,900 

, 35,800 

35,800 •• 

Bi(h intensity (Suprex) 

h 

w 

31 

M50 

1 29iM 

, 43 W 

3 

% 

u 

U,6Cfi(36'’> 

41.200 

:■ 60.S)0 


1 

b‘> 

Vi 

niooW i 

56310 

1 82, too 


, <1 ' 

7S' 

% 

15.900 ' 

53,300 ' 

81,500 

IlolBtinB positive 

fl 

ts' 

% 

59.000 

65,000 

■OiHi'.W 


VIA 

m 

% 

96,003 

169.000 

260.000 

Betatins positive. 

tb 


% 

urn 

215,000 


feijaUgb tetensity: 

Rotiting pesitivc 

1U 

1MI 

7i 

6S.OOQ 

249,000 

3S3000 

Routing pesitivc. 

U 

m 

w 

B8.9W(20'1 

294,000 

■555000 


■ Ttus table furnbhed by Research Laboratory of National Carbon Co„ Inc., through 
tbs courtesy of A. C, Downes, , 

♦Horisoatal candle power determined directly in front of lie crater on tho axis of tie 
pojitlTs carbon, except where an anide is indicated, in which cases the candle power was 
aeasured at this angle with the positive carbon axis. Candle power of crater light only, 
Kcept for 6uprex ares where valocs are total candle power. 

' thspoiiuve carbons in these hieh-ioicosity arcs ore sUtionary and do not rotate. 

Kefieotora 

• Reflectlag Materials. T& use a icflectinB matetlal let ligU control, 
it U aecessary to know tbo distribution ol light reflected from the surface as 
troll as tie value of the reflectance. K the aurfaco ia microacopically Broooth, 
tive eutface is ehiny or specular. Polished tnettd and glass sutfacss aie 
specular, and the directional quality of tho incident light is proaerved in the 
reflected. If s surface is slightly irregular, the reflection from it is spread. 
The irreeularitics in depoUshed, etched, brushed, and stain-flnUhed metallic, 
glass, and plastic surfaces render the ovct-all light ccntiol only moderately 
directional. If each element of a mirfaco is poaitioned at random In regard 
to the general contour of tho surface, the wrfaco ia matte and tho roflectioa 
froin it is diSuse . Por any direction, tho can^o-povjor diatiibution and tho 
projection of a unit area of the aurfaco are both proportional to the oosine' 
of the angle between ,tho normal to tho surfaco and tho direction being con- 
sidered; conscquoatly, tho ratio of tho two is ooMtant and the brightness is 
the same for itil viewing an^cs. Tho reflection from magneaum carbonate 
is nearly perfectly diffused. Other surfaces of high diffusion are those of 
Wotting paper, plaster, concrete, stone, terra, cotta, matte porcelain, and 
matte paiut, ' 

Nc materials are perfectly specular or absolutely diSuso, all have dlstri- 
tations trithin those extremes. The term spread reflection indicates a 
distribution which is neither predoKUBantty epooular nor diffuse. WheTcaa 
^st materials are characterized by one type of distribution or another, a 
tew Each 88 shiny .porcelain enamel, ^ased terra cotta, structural glass, 
PoliBhed marble, and glass ptoni, have more than one. The major component 
IS jg accompanied 1^ a lugWy specular surface tefiection that ia 

NicTceat of the total reflectance. This latter component causes' 
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reflected imases to bs soen in those surfacos. Except for special effects , 
totally mette-flurfaced materials are more satisfactory. 

Table 4. Reflecting Materials 


Type 

Material 

cent 

refleo- 

tim 

Type 

Msterial 

Per- 

cent 

reficc- 

tiOB 


Alummum-alloy film on 




71-M 



eiHM 


Oxidised and etched alum- 



Kver plate 

87-^92 





Glass mirror 

»(H)0 


Chrominm, satin 

‘ilhSt 



AfA7 



M-Sf, 


Aloininuni AUak, specular 



Aluminum, brushed 

i4-i7 


Hhodium 

74^ 

Diffuse 

Matmesium esrbonate 

95-58 


Aluminum, polished 

fie-77 



91MI'/ 



«t-7t 



75-90 


Cbromium, aneculat 




iHy 


Btainlesa steel 

•tUA 


Whits porcelain enamel 










w-e? 


Whits and cream terra 



Aluminum, mill finish 

iWS 



<D-<I 


Black stnictursl glass 

4-J 



74-49 






•lh-S8 





Sandstone 

20-42 






60-80 










diffuM 




TranamlssioQ' Materials that tranemit light 'without modifying the 
directional distribution of the light are termed transpaxuit. Clear fused 
quarts, clear glass, and clear plaetice are of ^is classification. All other 
transmitting materials are translucent and, according to the distribution 
of light front the surfaces, are either spread or diffuse. The former are low- 


Table S. Translucent Materials 


1 

Msterisl ^ 

Per- 

cent 

iran*- 

mis- 

1 

Material 

Per- 

cent 

trsRs- 

mis- 

sion 

Conoen- 

Fused quatU 

91-M 

Diffuse 


SWII 

tiatsd 

Glass, dear 


1 


30-53 




I 


27-50 


1 Glass, clear mat 

67-)» 



12-4(1 


1 Glass, dear configurated 

69-87 



27-38 


1 Plastic, clear mat 



White plastic, diffuse 



1 Alabaster glass, oonfigu- 



Marble, impregnated 

0-22 


rated 










1-8 






1 7-h 






10-15 





Amber 

40-60 


diffusion materials such as frosted, configurated, and alabaster glasses, 
similar appearing gelatins and plastics, light-density papers, and scrim-type 
fabrics. The latter group indudes homogeneoua and cased opal glass, 
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lypical observer to, sound as loud M the sound in question. The validity 
of this definition rests upon the expoiimcntal observation that various 
observers can, vrith tolerable preriaon, agree upon the inteusity of a pure tone 
that sounds as loud as a complex noise in qu^tion. For pure tones having 
frequencies other than 1,000 cydes, the “equal loudness’’ contours of Fig. 1 
show the requisite level that will sound as loud as the reference tone of 1,000 
cycles. For such puro tones, the loudness scale of Fig. 2 shows the relation 
between loudness numbers and the corc^ponding loudness levels, in phona. 
Xoudnees numbers obtained from this chart behave arithmetically, i.e., 
two sounds having individual loudness numbers of 1,000 and 2,500 will, 
when sounded together, have a loudness corresponding +X) 3,500 loudness 
units. This chart is not reliahde for complex tones having a wide spectral 
distribution, on account of the phenomenon of masking. The phenomenon 
of masking represents the ability of one tone present at the ear to render tho 
ear incapable of perceiving another lone even though the second tone differs 
markedly in frequency from tho first. The partial deafening of the car 
through masking by noise affords a direct quantitative measure of the 
interfering effect of the noise. If the masking is measured at several fre- 
quencies throughout tho audible range, the loudness of tho noise may be 
computed; conversely, If the intensity spectrum of the noise is known, the 
masking at any frequency may be computed (eeo Fletcher and Munson, 
J Acoui- Soi. Am. 9 1937 p. 1). 

Noise 

Noise embraces those sounds which arc audibly unpleassat either by virtue 
of their loudness, their pitch, or their quality. Most noises are eesentially 
unpitchod and include components distributed throughout the audible fre- 
quency range. Noise usually arises from the vibration of surfaces in ooatact 
•with air. When riicse surfaces arc excited periodically, large amounts of 
energy may occur in particular regions of the frequency spectrum. Typical 
examples of noises invdving regular excitation are the clash of gear teeth, the 
vibrations induced by unbalance in rotating machinery, the 60 cycle hum ia 
electrical apparatus, and noise induced by the explosions in internal-com- 
bustion engines. In addition to the frequency of fundamental excitation, 
noises generated by such equipment oontaln also the resonant frequencies of 
the particular vibrating surfaces involved, such as the gear teeth and tho 
motor frame. In general, small surfaces ate eoutces of high-frequency noises, 
and large surfaces radiate low frequencies. Irregular excitation of vibrating 
surfaces, as by hammer blows or by scraping, gives rise to noises •whose 
frequency spectrum is chiefly determined by the vibrational properties of 
the surfaces themselves. Hissing sounds, as of gases escaping from an orifice 
or originating in turbulence produced by irregularities in ducts, predominate 
in high frequencies and are, in general, very complex. 

Noise measurements are •usually carried out by means of a sound-level 
meter. This is a device involving a microphone, a vacuum-tube amplifier, 
and an indicating or reeordmg instrument. The microphone is usually 
responsive to the sound pressure existing at the microphone. No instruments 
are available for objective measurements of the subjective loudness or of the 
sound energy flow in any sound fields except ideally simple ones. The human 
ear being also responsive to pressure, it is appropriate to employ a pressure- 
responsive instrument in estimating the objectionable amount of noise 
present. .Bulletin Z-24.3 (1936) oftheA.S.A, describes "American Tentative 
Standards for Sound Level Metere,” and instruments' meeting these specifica- 
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eaanioled glass, dense plastics, treated marble, heavier 'weights of paper, and 
treated closely woven fabrics. 

Reflector Contours. Various geometric forms (Fig. 4) are employed for 
controlling the flux distribution from a source. In general, surfaces of revolu- 
tion are used for illuminants that approach a "point source” condition and 
extended troughs for the linear sources. The cross section form of the surface 
defines the surface. All rays intercepted by a parabolic surface, from a point 
at the focus of the surface, are redirected parallel to the axis of the surface. 
The rays from a focus of an dlipticnl surface are redirected by the surface 
through the other focus of the ellipse. The rays of light from a source at the 
focus or center of a circular contour arc redirected through the source. If the 
source is moved toward the drculnr contour, the resulting distribution is a 
combination of the characteristic distributions from parabolic and elliptical 
surfaces. Combinations of these basic forms msy be mado to obtain nearly 
any type oi flux distribution. The distribution iight {itm tbMft 
is not only a function of the surface contour, but also of the character of tho 


a. Parabolic b. Circular 
(Sourceert 
focus) 


d. Circulor 
(Source out 
of focus) 


of parabolic 
and circular) 


Fig. 4.-- Goomotric Forms Used as Reflector Contours. 


surface. Accurate control is obtuned only with specular surfaces; if matte 
surfaces arc used, tho contour is ineffective in controlling tho light distribution 
although it may have a decided influence upon tho total light output. 

Selection of Iiuminalres. The luminture, or lighting fixture, must havo 
a distribution to provide the required amounts of horizontal, vertical, and 
oblique surface illumination; to reduce the harshness of shadows as much as 
practical; and to conform with the proportions of tho room in which the 
installation is to be used. The brightness of the lower hemisphere should 
not produce direct and reflected glare. When totally or semi-indirect 
lumimures are used, the ceiling is the apparent source of light and may become 
objectionably bright when high 'values of illumination are provided. Com- 
binations of generfd and supplementary systems are used to pro'vido ranges 
of foot-candles above those av^able 'with general lighting only. In com- 
mercial interiors, downlighting is frequently used, and since it is usually 
designed for specific limited areas, it is considered and treated as a type of 
supplementary lighting. 


Calculation of Illumination 

Foint-by-point Method of Illumination Calculation. The illumina- 
tion provided by a luminaire may be calculated from a candlo-power dis- 
tribution curve as in Fig. 6. Tho calculations are based upon the "invorso 
square law" and are valid only for the point in consideration: the method i« 
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tiotis have been produceS' by Etectrical Research Products, Inc., ' General 
EadiQ Co., General Electric Co., and otiienj. These iiiat-runieata rneaauro 
the total sound pressure level at the microphoae, incloding'Blt-frequcncy 
component®, and indicat© or record tie result in decibels, relcrred to the 
standard reteience Icfvd . The sound analyzer is aa instrumeBt {« obtaining 
or recording the presBure oJ the sound Tvaves at each frequency- By its use, 
the dutstsA<Bng conpononts of. a heterogeneous noise esa be readily identified 
gad can trequently be correlated with periodic excitations occurring in the 
apparatus produrang the noise. Noiae mcasBreiucats serve important tunc- 
tionB in controlling the desigii of hew apparatus or ma^iiery and in providing 
routine inspection tests for.finidred prodaota. In ^edfic applications, it ia 
frequently observed that one porUon of the frequency spectrum may be moro 
tadicative thari another as a criterion of specific troublea. Fdc'thesa appUca^ 
firms, fiio iuncUoda oi'tbe aound analyaer may be supplemented or'roplaced 
by a set of electrical flitere which can be intfoduced in the atnplifiw of- tha 
sound-level meter and •which permit the nwso lying within rostriDted frequency 
ranges to be observed independently. 

In maldag determinstiona of the frequency of outstanding components of & 
complex noiae. it ie convenient to employ an auxiliary sound source of .varinblo 
frequency such as a beat-irequeacy oswllator coimocted to head telephone? 
or a srardi loudspeakw. The fjtquenqr of the oscillator is varied until slow 
heats are observed between the 'variable source and the compotieiit of the' 
noise in question. ' 

In idsntifjfin'g the vibrating aurface of a -piece of machinery. Tesponaibla 
for a patfieiliir component of the dleturlong noiee, a vibration pickup may 
be need 'to explore the aurfw-e of -Uje taachino. The pickup may bo of tho 
jaeroeleotric crystal type or tho eloctromagnotic type and may usually be 
inbstHuted for the microphone at the input of the eound-levsl meter. The 

Tables. Typical Sound Bevels 

Dcdbels 

—120 Thrwhold cl leMlog 
Ttiundcr, gtlfllcty 
Dwieniug— 110 Nearby riveter 
Ste-jtfiW 

—100 Briler factory 

Lcmd street nciso . 

Veiylond— 90 KriBy farttoy . . 

Truck umnoffled 

— 80 Pclkc 'wbvBtVe 

, Noisy office 

I/iud — 70 Average gtosct misb • 

Average radio 

— 60 Average factory '■ 

Nnsybome 

.. Moderate — ,50 Averageoffica 
, , ATeraBecoaVOTaUem 

— ^ Quiet radio , 

QiM hr^'or piivale office 
Taint — 30 Avwagc'auiUtoriuiB 
•Qiact coBvwaafioiv 

' — 20 .Busda of leaves ' • ■ • 

'Whkpa 

V^faiat — 10 Boand-probl rooai • • 

' ' Tive^cid of audibOity . 

■ — 'c " - - ■ • 
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any point, the candle powir at thepointP is determined from the distribution 
curve. The iHuminaticm I in foot-candlea at P arid normal to SP s.t the 
distance D ft is P = I/D*. By Iiftinbert’s lav, the illumination on a 
surface is proportional to the cbane of the angle of the ray with the normal 
to the surface; the iUmninataon at P, but nomd to OF, = I cos PSO/D- =' 
Icos’PdO/A*. 

Equipment Spacing and Lay- 
out. By calculating the illumina- 
tion at representative points across 
OP, it is possible to determine the 
“keud" of .illuminatLou, actosa QP. 

This will. establish the illuminalioii 
distribution provided by a ringle 
unit. If other units are added, the 
Olumination at each point is the sum 
of the componenta from each unit. 

This is represented in Fig. 6in which 
the spacing of units has been made 
twice the mounting height and a 7 to Cbnd/eppwer [ 

1 variation in illmninatioii results, iowerra P 
A mounting height-spacing ratio of 1 
to 1, as shown in Tig. 7, ^ves more 
uniform iduminatioa and reduces 
shadows, The only practical method 
of gaining a wider spacing distance 
without detrimental effect upon the 
illumination distribution ^ in* - - . 

crease the mounting height. Bor a luumination at My Point by 

range of ceiling heights, Table 6 a Single Luminaire, 

gives typical spacing distances and mounting heights for directrlighting units 
and suspension lengths of indirect units. Closer spacings than those in this 
table are often desirable either to obtain a symmetrical layout in regard to ar- 
rangement of bays, etc., or for equipments of more concentrating distribution. 

*' ' 4 . 




T ^ 



X 

i •=- 

\/' 

''' • / 
x 


Fig. 6. — Non-unifonn lUu- Fig, 7. — Uniform Illumination Distribu- 
mlnation Reaulting from Wide tion. , 

Spacing of Units. 


Lumen Method of lUQininstion Calculation. The point-by-point 
method of illumination calculations has no provi&ons for detormining those 
components of the work-plane illumination not directly incident from the 
luminaire; the method is most valuable in determining the illumination from 
concentrating direcWightinl equipment such as downlighta. The coefficient 
of utilization is the ratio of all lumens (direct or indirect) avjulable on the 
work plane to those emitted by the lamps. 

• Large rooms use light more ^dently thai small ones; in the large ones, 
the ratio of wall area to floor area is less end proportionately less' light is 
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vibratioa amplitude is indicated direcU; on the sound^erel-meter scale. 
Although not adapted to qnantitatiTe measurements, a physician’s 8tetho> 
scope (sometimes modified by attaching a probe rod to the center of the 
diaphragm) provides a aenative detector for low-frequency vibrations. 

Great care should be exercised in the maintenance of noise-measuring 
equipment, and attention ehoiild bo giveti to selecting equipment that will 
remmu unafiected by variaUoDS in temperature and humidity. When several 
sources of noise contribute to a complex sound, great precision is required to 
detect the change in the total noise produced by alteration or removal of a 
single component; e.g., two noise sources, each capable of producing a sound 
level of 90 db, together produce a sound level of only 93 db. Conversely, in a 
composite noise produced by two noise sources, the complete quieting of one 
of these will produce only 3 db reduction in the measured sound level (cor- 
Ksponding to approximately 20 percent reduction in the subjective loudness) . 

laical sound levels are shown in Table 2. 

Koise Control 

Control of noise is secured by following one or more of three difierent 
procedures. The primary source of the noise may be removed or altered by 
design changes; the transuiisBion paths by which the sound is propagated 
from the source to the listener may be reduced in effectiveness; or the sound 
level produced at the listening pontion may be reduced through the process 
of quieting. 

Source Control. Design Changes. The most effective method of 
controlling noise at its source is to alter the design oi the offending machinery 
so as to reduce the vibraUon of external surfaces. This may involve rede- 
rigniog cams to avoid sharp impacts, substitution of helical for spur gearing, 
provision of elastic cushioning for reciprocating parts, or the redesign of shafts 
or plates to shift the location of resonant frequencies. The general procedure 
is to seek out the vibrating surface responsible for the noise production and 
to attempt an alteration of design that will reduce the excitation of vibration 
or that will prevent the effective radiation of sound from the surface to the 
outside air. 

Damping. When it is not possible to redesign the machinery to avoid 
impact or other excitation of vibrating surfaces, thtii vibrations may be 
reduced by application of lagging or other forms of viscous damping. The 
lag^g may consist of non-hardeiuDg plastic mixtures such aa putty, asphalt, 
or tar, winch may be used aa loa^ng for doth or felt for greater ease ia 
handling and application and to avoid subsequent fiow after application to 
the surface being damped. The weight of the damping layer depends on 
the weight and size of the vibrating panel; thus relatively rigid lagging is 
suitable for stiff panels having high reeonant frequencies, and thicker and 
softer coatings ate required for tiie suppression of low-frequency vibrations. 
The use of common acoustical surface absorbents for reduction of sound 
radiation from vibrating surfaces is not effective except foe absorption of 
the sound after it has been radiated. 

Isolation. Tbe fimction of vibration isolation in quieting machinery 
noieu at their origin lies in preventing the vibration of one portion of the 
machine from setting into vilmtion other portions of the machine which may 
be more effective radiators of sound. If tiie normal operation of the machine 
involves impacts or sudden accelerations, these force reactions should be 
taken up within the structure and not be allowed to roach the external 
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Table 6. Spacing and IVEounting Height Data 
(Dimensions in feet) 


Allowable Bpacing between luminairea ' j 

'Mounting height of luminaires 

Gleet 
ceiling 
. height 

Spacing dimensions 

Approxi- 
mate area 
per outlet^ 

Spacing 

between 

units* 

Mounting 
height ior 
direct 
units^ 

Suspension 
length for 
indirect 
units'* 

jBetween unita^ 

Unite to 
wall 

maximum* 

usual 

maxi- 


7 

m 

i 3 

50-60 

7 

8 

1-3 

9 

8 

6 

3 

60-70 

8 

6)6 

■1-3 • 



9 

3)6 

70-85 

9 

9 

1-3 

11 

la 1 

WW 

3)6 

85-100 

10 

10 

1)6-3 

12 

111-12 

12 

3)6-4 

100-150 

II 

m 

2-3 

13 

iii-r/ 

1H 

3}H 

100-150 

12 

11 

2-3' 

14 

lO-l'l 

15 

475 

100-170 

14 

m 

2]i-4 

15 

IW3 

17 

4-5 

100-170 

16 

14 

3-4 

16 ' 

la-n 

19 

4-6 

100-170 

18 

15 

3-4 

16 


71 

4-6 

10(HOO 

20 

16 

4-5, 

20 

1W4 

34 

5-7 

300-500 

22 , 

18 

4-5 






24 

20 

4-6 


• Apply iw Tootna in 'wbicb desks ot benches arc ajainat the wall, Spacing for other 
rooms may be half the spacing between units. 

^ For illumination calculations, determino actual area which is the product of tho 
spacing dimensions, such as 5 X 7 = 35 8(i ft. 

' Actual spacing dimensions of the installation. 

* Also for scmiindirect units. 

redirected and absorbed by tho walla. In Table 7 are room index values 
for a variety of sizes and shapes of rooms. These indices are then applied 
in Table 8 to determine the coefficient of utilization of a complete 
installation. 

Since walls and ceilings redirect light, their reflectances influence the 
utilization. The distribution of flux from a luminaire and the reflectances of 
those room surfaces must be simultaneously considered; for it is obvious that 
as a luminaire directs more and more ilux toward these surfaces they become 
increasingly important in determining tho ultimate coefficient of utilization. 
Lighting equipment (sources, luminsures, painted surfaces) depreciates and 
must be maintained continually. An average maintenance factor is given for 
each of the representative lurainaircu; this factor should he modified ior 
conditions other than average. 

Spacing information as contmned in Table 6 is applicable to any installa- 
tion, regardless of the method of illumination calculation that is used. By 
using theso data, those in Tables 7 and 8, and the following equation, it 
is possible to determine the foot-candlea of illumination that will be obtained 
on the horizontal work plane (2H to' 3 ft above the floor) with a given size of 
source: • . . ' 

Foot-candles = , ' ' ; ' 

, lamp lumens X ooeffident of utilization X maintenance fa ctor 

area of.workmg plane in sq ft per lamp 
The de'Bired footi'candlea of illumination are usually known, having befen 
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lurfaces in communication •mth ihe mr, nor should they be allowed to reach a 
floor or mounting which would provide good radiating surfaces, or which 
would permit tranemission of mechanical vibcaticms to other portions of the 
building with consequent radiation as nois'a. 

TranBmlssion Control. Isolation. If the vibrations of noisy machin- 
ery cannot be suppressed at the eource, their transmission to the listener 
should be impeded. For the higher froquondes constituting noise, the most 
effective isolation method is the introduction of elastic discontinuities in the 
structure transmitting the noise (measured by the difference between density- 
velocity products as given in Table 1). The discontinuities may be obtained 
by the use of felt, cork, rubber, or springs in machinery mountings, or by the 
introduction of alternate lead and cork sheeting at masonry junctions. The 
isolation treatment should be applied as close to the source as possible in 
order to eliminate sound radiation from the structures transmitting the 
vibrataons. Where this is not possible, the listening space itself is to be 
isolated. Thus quiet rooms, constructed especially for noise measurements, 
are usually built as separate Btructures isolated from the main building by 
felt, cork, or other springlog. 

Filtration. Someproblcmsofnoisetrans* 
missioa through air lend themselves to solu- 
tion by methods of filtration. Typical 
examples are the transmission of sound is 
ventilating ducts and the noise productioa Pjo, 3 ,— Exhaust Muffler, 

at engine exhaust pipes. In each of these 

cases, the steady flow of gas must not be impeded, but the nltemating flow, 
representing sound transmisrion. roust be effectively suppressed. 

For ventilating ducts, an acceptable degree of noise suppression may b« 
obtained by lining the ducts (on at least two non-opposite walls) with an 
efficient sound absorbent for a distance of 10 to 15 ft from both the inlet and 
ihe outlet. Where the length of duct available is insufficient, or where 
additional noise suppression is required, baffles, covered with absorbing 
material, may be introduced in the duct. A plenum chamber, used to serve 
several ducts, sbould be lined with sound aloorbents. If the air velocities 
are high, it may be necessary to introduce additional baffles at bends in the 
ducts to avoid noise production through turbulence. 

Exhaust mufflers are usually modifleatioos of the elementary low-pass 
acoustical filter, comprising a through tube to which closed cavities aro 
coupled through small holes at intervals along tho tube. Typical structures 
of this type (Fig. 3) produce little increase in back pressure and considerable 
attenuation of sound waves having frequencies above a cutoff frequency 
determined by the size of the holes and cavirics. Porous packiag, such as 
steel wool, in the side cavities or a studied irregularity in the size and spacing 
of the cavities will increase the uniformity of noise suppression, whereas 
increasing the number of side cavities and the length of the muffler will 
increase tho amount of suppression. Baffles in the tail pipe or irregular 
obstructions producing devious flow paths (e.p., the stone-filled pit for 
stationary engine exhausts) produce muffling action at the expense of appre- 
ciable increase in exhaust back pressure. 

Shielding of air-bome noise must be done by sound-opaque screens large in 
comparison with the wave length of the sounds whose transmission they are to 
impede.^ This is seldom possible in building interiors eicsept by utiliiation 
of building partitions as screens. Bound is transanttod through such parti- 
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Table 7. Boom Indices 
( All dimensions in feet) 









:1594 


SOUND AND NOISE 


tions principally by minute, fieniie of the .'wall as a ■whole in response to the 
incident, sound pressure on U» mde, with consoquent reradiation 
on the quiet side, Bcductiou of sound transmission is obtained by increaring 
the mass per unit area of the partition, by constructing tho partition of 
material ha-ring large riscotity for bending, such as Thermal, or by the use 
of double partitions, ribrationaily isolated. 

Sound-transmission loss is 'usnally greater for high frequencies than for 
low and is measured by comparu^ the average sound level on each side of the 
partition under standardized.conditions, ns described in reports of the A.S-A'. 
Subcommittee Z~2i. Aver^ values of transmission loss, for frequencies 
from 125 to 4,000 cycles, for typical partitions are shown in Table 3. In any 
'specific case, a more exact measure of the effectiveness of an insulating 
partition can be 'obtained by direct comparison of the transmission-loss vs. 
frequency curve for tho pMtition and the intensity vs. frequency curve for 
the noise. 


Table 3. Soimd'transxnission loss in Suildlng Partitions 


Wall 

i 1 

Thick- 

Weight, ^ 
Ib per 
sq ft 

Trans- 
mission 
loss, db 


0.2 ! 

0.45 

18.5 


0.25 1 
3 , 



Hollow gypsum til«, unplutered 

II. 1 

27.2 




Brick wall, plutered ' 

6 1 

46 

43 

Biick Will, plastertd 

Bauble Will; metal lath. U in. gypeuin plaster, on stas- 



« 


7,5 

19,5 

44 

Double 3 in. hollow gypsum tile, unplostered, 3 in. air 
space 

9 

22.0 

«,6., 

1 in, Thermax nailed oxer building paper to 3 in. Thennsx 
laiduD in mortar, in. plaster 00 both sides 

5 

15 

47 

Double 2 in. solid-gypsoia tile, unplasiered, completely 
isolated structurally by sepatoto touadotions. 4 to. air 


20.4 

1 

59 




Based oa Sabine, " Acoustics and Architedure,” HcQraw-Eill. 


In general, double partitions (including floated floor constructions) provide 
greater transmission loss than equally heavy concrete, masonry, or brick walls 
but, except for special designs, less transmission loss than equalfy thick 
masonry walls. Double walls must be constructed carefuDy to avoid loss 
of ribration iaolation through mechanicid bridging between tho opposite 
surfaces. Sound-absorbing fillers (mineral wool, etc.) are usually detrimental 
to sound insulation if in contact with both intorior surfaces, and a single 
bridging nail may alter agnificantly the insulating efficiency. Tor mammum 
cffecti'venesa, one of the wall surfaces should be bung structurally free at all 
four edges -with the boundary cracks sealed, witblelt or asphalt compounds, 
agamst sound .leakage. Through piiauB should be made ribiatlon^y dis- 
continuous by introducing canvas or metallic sylphon sections, and clearance 
boles at the 'walls should be sealed. Sound leakage through small clearance 
cracks contributes to the low transinissiou loss of ordinary doors. . Special 
self-sealing " sound-proof’ doors are required to maintain the effectiveness of 
an efficient sound-insulating partition. 




GALCVLATIGN OF ILLVUINATION 


1585 


detorminod by a survey of the sewng tasks to bo performed. The size of 
Bouroo is therefore the unknovm factor to be determined mth the preceding 
equation. A lamp of approximately the output thus determined is selected 
from a lamp manufacturer’s catalogue. 

When fluorescent luminaires are used, the lumen output per luminaire 
is generally known so that the number of luminaires to be installed becomes 


/( \\ Q ptn reflecf- 

' I J ' ^S^on,sitver«d 

\. I y bowlbtnpi 

Kslribulbn ^‘■'“ 5 ;, Hi?)''”' 
D«wttworcl- 50 % Reflectors 




Prismotic Mirrored Wished 
Distribution 9'"ss 9'"s« gl«s 

0*<vni*<irtl-TO% High Boy Open 
ffeflectors 


Upward “35%- glebe element owed Upward -65Si 

Dev.nw#rd-«% opalponeli Downwofd- 157. Translucent BowlS 


T Mirrored T 

gtossor I Metal shield- 

yV I 1 

V V A ins'^efrott-i ‘?'"P 
11 / 

Distribution . . -4^ 

Upward -Tb% 

Downward - 0% Shollow Bowl Reflectors and Shields 

vn 

Fig. 8. — Typical Luminaires and Light Distributions. 

the factor to be determined. The equation above may be written for these 
calculations as 

Number of luminaires to be installed = lumens required 

lamp lumens per luminaire 

The layout is then planned to accommodate this number of units and in 
general the resulting spacings will not exceed the limits established in Table 6. 

Illumination Instruments 

The Luckiesh-Moss visibility meter appraises the difficulty of any 
seeing task in terms of the difficulty of reading 8-point Bodoni book monotype 
illuminated to 10 foot-candles. 
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QuletiDff. The sound level established m a room by a noise source is 
higher than the same source trould produce in free space on account of 
successive reOectiona of sound at iho walls. It is the function of quieting 
to avoid such enhancement of noise by providing a high degree of sound 
absorption at all interior reflecting surfaces exposed to the noise. Com- 
mercially available soundrabsorbing materials may bo cemented to 'flat 
surfaces or . secured to wood .or metrf furring strips'. They, derive their 
absorbing property either from capillary porosity of the surface or from the 
dissipative vibration of surface layers. TTie effectiveness of sound absorbers 
varies .with frequency, usually being greater for high and intermediate than 
for low frequencies. It may bo laeasuxcd by determining the absorption 
coefficient, defined as the fraction of sound energy diffusely incident on 
the materiai that is not roflocted, or by. determining ilia specific acoustic 
impedance of the material. The measured absorption coefficient is not 


Table 4. Sound-absorption Coefficients 


Maker, material, 
thicksesa 


Absorption cocfBclcnt 
at indicated frequencies 

a 

0 

ll 

a 

Surface 

128 

256 

512 

1024 

M 

4096 

'ig 

is 











0.08 

0.(3 

0.51 

0.750.47 

0.46 

0.45 

0.68 

paint 

0,23 

C.49 

0.99 

0.73 

• 

0.48 

0.44 

0.65 

1.52 

Oil'haas 

paint 

676.«j in. 

0.28 

0,55 

0.83 

0.9) 

0.76 

0.67 

0,75 

2.20 

ft; any 

0.21 

0.47 

0.74 

0.72 

.,75 

0.73 

0.65 

2.35 

paint 

Unpamted 

0.44 

0.44 

0.74 

0.80 

0.93 

».75 

0.75 

1.6 

Unpainted 

0.24 

0,33 

0,74 

0.96 

0.80 

.... 

0.70 

2.67 

Oil-basB 

paint 

0.20 

0.40 

0.84 

0.88 

0.85 

9.86 

B.75 

1.53 

ITnpainted 

0.37 

• 

0.43 

0.98 

0.79 

0.57 


0.70 

1.50 

441-?{g in. 

holes persq 
ft, nnvpaint 

0.16 

0,2^ 

0.63 

' 

0.96 

0.77 

.... 

0,65 

2.63 

Oil-baso 

paint 

0.43 

0.012 

0.01 

0.03 

0.37 

0.69 

0.017 

0.015 

0.03 

0.03-0.08 

0.027 

0.78 

0.78 

0 023 
0 02 
0.03 

0.70 

0 65 
0 02 
0 02 
0,03 

0.05 

0.02 

1.52 

Unpainted 

, 

0,035 

■■ 



9.02 





Arnatrong Cork Co. 
Corkouattc £4, iKin.. 

Tokouatic B5, iMla - • • 

Johna-Manville Sales 
Corp. 

Transite Aeoustical unitj 
with Traaaite iadng, 
in. 

Pernacouatic, lin 

Airacoiiatic duct Jioiag, 

IH in 

National Gypaum Co, 
Acoustex70R, 2 ^^ in,.. 

U. S, Gypium Co. 

Aconstone t), in. . 
Celotet Corp. 
Aoouati-Cclotex C4, IH 
in. 

■Absorbex-Type A, 1 in. 

$-T Ductliner, 1 in. . ,. 

Bnck wall, painted 

Concrete waD or floor .... 

Wood floor 

Cork or rubber tile on 

concrete 

Glass 


?9.30 

2S5 


3W9 

300 

39-94 


This tabulation ia based on Bull. 7 (April, 1940), Acoustical Materials Asaoc. All 
aamp^s were cemented to plaaterboard for test, except that the Tranaite unitiaBiiiied 
w 1 X 2 in. wood furring, 12 in. O.C., and the duct limugB ate laid on 24 gage sheet iron, 
nailed to 1 X 2 in. wood furring. 24 in. O.C. 
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SOUND AND NOISS 


i. property of the material alone, but depends partly on tlie size and mount- 
ing of the teat sample and the mse and shape of the test chamber; thus 
Qompariaon of the coefficients for different materials should be based only on 
measurements mado under identical conditions. Such measurements on a 
wide variety of materials have been made aviulable by the Acoustical Mate- 
rials Assoc. (Chicago, 111.}, although it is to be expected that the abeorptaon 
ooefficienta effocUve in various practical applications may differ somewhat 
from the published valuea. 

For or&nary noise Quieting, the average of absorption coefficients measured 
at IreQuencies of 256, S12, 1,024, and 2,090 cycles, called the noise-reduction 
coefficient, may be used. Tyincal values of this coefficient for representa- 
tive materials are given in Table 4. In matang quantitative estimates of 
noise reduction, the total sound absorption of the room boundaries may 
be computed by multiplying the noise-reduction coefficient of each different 
material present by the total exposed area of that material and summing 
up the resulting products. The noise reduction is then given by 


Noise reduction in decibels 


10 log 


total absorption after treatment 
total abeorption before treatment 


When the frequency spectrum of ^e offending noise is known, greater 
predsion in calculation of total absorption is obtained by replacing the noise- 
reduction coefficiont by the absorption coeffirient measured at the frequency 
of maximum loudness level from the noise source. Subjective judgments of 
the loudness reduction obtained by quieting can be estimated by using the 
noise reduction in decibels in connection with the loudness chart of Fig. 2. 
Typical valuee of noise reduction ate ^ven in Table 5. 


Table 5. Noise Beductioa 


Factor by which total | 
sound absorption is i 
increased by quietias ^ 
treatment 1 


Percentage decrease in loudness, 
when original loudness level ii 


(0 phone 

80 phnss 

loo phona 

1 

J 

.. 

21 


4 

6 

33 

38 

40 

6 

7.8 

42 

46 




59 

5? 

SJ 

” 1 


59 

62 

67 


Based on A.S.A. Tentative Standard (1940) for loudness i-educUon. 


In genera], the larger the area of absorbing material introduced, and the 
higher its noise-reduction coeffirient, the more effectively the noise is reduced. 
No amount of quiotmg treatment can reduce the level of the noise received 
directly from the source. If full coverage of walls and ceiling is not possible, 
distribution of the material to several small patehes is more effective than 
the same total area of material concentrated in one location. Similarly, 
the same area of material is more effcctiro when applied to non-opposite walls 
and ceiling then when concentrated on either of these areas, and more effective 
when located near the edges and comers of a given area than when located 
in the center, 
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Hi 

Polar Eciuatioa, focus as origiTL, axes os in Pis. 24 1 r « p/(l - e cos 0). 

Equation of tke Tangent at (laO : 

Theliney » wi® + fcwil! befttak^nt if fc :* Tbo normal 
at any point? bisects the angle between?? and??' (Fig. 25). The locus of 
the foot of the perpendicular from the fooufl on a moving tangent is the circle 
on the majot axis as diameter (1% 26). ThQlQcua ofthe p oint of intersection 
of perpendicular tangents is a circle with radius Vo* "f !>’ (f^is. 27) . 



Fig. 26. Fio. 27- FiO. 2S. Fig. 29. 


Ellipse as a Flattened Circlo. Eccentric Angle. If the ordiontes in 
a circlo are diminished in a constant- ratio, tlio resulting points will lie on 
an eilipso 28). If Q traces the circlo with uniform velocity, the corre- 
sponding point P will trace tbo ellipse, with varying velocity. The angle u in 
the figure is called the eccentric angle of tho point ?. 

Conjugate Diameters aro lines through the center, each oi which hisocts 
all the chords parallel to tho other (Fig. 29). If wn and mi aro the slopes, then 
wims « - h^/aK Ono pair of conjugate diameters aro tho diagonals of the 
rectangle circumscribing the ellipse. Tho ccccnlrio angles of the ends of two 
conjugate diameters differ by 90 deg. Thus (Kg. 30), if CQ and CQ' arc 
perpendicular radii in the circlo, CP and CP' will bo conjugate semi-diameters 
Jn the ellipse. Aparallelograroformed by tangents dr.wnparallel to a pair of 
conjugate diameters has a constant arc.a, ** iah (Fig. 31). Also, if o', 6' 
are coaiugata8envi-diamotats,andtttho angle between them, then a'* 4 h'* » 
0 * + i’ and a'b' = ofi/ain w. 



Kq. 30. Fig. 31. Ko. 32. Fia. S3. 


To Construct a Tangent to a Given Ellipse. ( 1 ) At a Given Point of 
Bisect the angle belweon tho focal radii P? and PF' (Fig. 25) . 
\£) From A Given Exteenal Point, R. (o) Through R draw any two 
inea cutting the ellipse, one in A and B, the other in C and D (Fig. 32). 

rougii the point of intersection of AD and BC and the point of intersec- 
lonot AC and ?Z), draw a line cutting tho ellipse in P and Then? and $ 
e ne required points of contact. (&) With P as a center and radius PF, 
raw an arc; with ?' aa center and radius 2a draw an arc, intetaeeting the 
(Fi * 33 ) P is the point of contaofc 
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ANALYTICAL CSOMETRY 


To Construct a.ii Ellipse, Giyen a and b. (1) In Fig. 34, witb 0 as 
center, draw circles with radii a wd h (and also a third circle with radius 
0 + h). Let a variable ray through 0 cut these circles in J, K (and iS) ; 
through J and K draw parallela to the axes, meeting in P. Then P is a point 
of the oiiipse (and SP is the normal atP). 

(2) In Fig. 35, letP divide a line il£ ao that PA = o andPB = 6. Then if 
A and B slide on the ares, P will describe on dUpse- 



Fiq. 34. Fio. 35. 



Fio. 36. 


(3) In Fig. 38, let PBA bo a straight line such that PA “ o and PB = 6. 
Then if A and B slide on the axes, P will tme an ellipse. (Use a strip of 
paper, with the points P, B, and A marked on it.) 

(4) Find the foci, F and P', by striking an arc of radius a with center at B 
(Fig. 37) . Drive pins at P, P', and D, and adjust a loop of thread around thorn . 
Then remove the pin at B, and replace it by a pencil point; by moving the 
pencil so as to keep the string taut, the complete ellipse can be drawn at one 
sweep. Or, use a mechanied ellipsograph. 

(6) and (6). Apply methods (1) and (2) of the following paragraph to 
the special case in t^icb OP and OQ aro perpendicular semi-axes. 



Fig. 37. Fie. 38. Fig. 39. 


To Construct an Ellipse, Given a Pair of Conjugate Semi-diameters, 
OP and OQ. (1) Complete the parallelogram, afl in Fig. 38. Divide QD 
and QO inton equal parte, 1,2,3, . . . and l',2', 3', . . . ConnectFwith 
1,2,8,. , . and P' with 1', 2', 3' . . .. Thepointsofintersection of corre- 
sponding lines will be points of Uie ^ipse. 

(2) Take any point K oaPQ (Fig. 39). Draw BKU, and draw EV parallel 
toQP. Then i/F will he a tangent. ByvaiyingKalongPQasmanytangents 
may be drawn as desired, ttivis “cnvdoiung” the ellipse. 

(3) TbroughP {Fig. 40), drawaperpendicularPftoOiJ, and lay o5PB = 
PS =5 OQ. Then if the line fiPT is made to slide with one end on OR and the 
other on OQ, P will trace the ellipse. Farther, the bisectors of the angle 
ROS show the directions of the prindpal axes, and Ofl -1- 05 = 2» and 
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speeds are slightly higher (1,500 to 4,500). The inlet-vane angle must 
decrease with the radius to ensure smooth ontry of the water,' so that it 
resembles a Francis turbine wheel in shape. It may bo made double-suction. 

3. U%zedr{iovi4'u^6 Jmpeller. The bead developed in this type is duo 
partly to the centrifugal end pai^y to the push of the vanes. The discharge 
is partly radial and partly axial, wliich is the reason for the name. The 
impeller is made screw-shapod (doubly curved) for the same reason as the 
Francis impeller. The specific speed range is usually between 4,500 and 8,000. 

4. PTopelkr-iype ImpeUcr. Tractieally dl the head developed by this 
type is due to the puali of the vanes, llie flow is entirely axial. It has the 



Fig. 11.— Approximate relative impeller shapes and efficiencies as related to 
specific speed. 


highest specific speed (above 8,000) and is used foe low heads (3 to 40 ft), 
low rpm (200 to 1,800), and large capacities. 

The various types of imprilers are illustrated oil the lower part of Fig. 11. 
The Upper portion of the chart gives tho approximate efficiencies that can be 
obtained for a given specific speed and capadty. Tho efficiency' thus obtained 
way he used for estimating .purposes. To illustrate, it is desired to predict 
the brake horsepower required to drive a two-stage main condensate pump 
100 gpm water against a head of 200 ft whH© running at 3,000 rpm. 
Ihe head per stage is X 200 or 200 lk,_.and tho specific speed of each 
stegefsn, =3,0[}0,yToO/100?f f ,950 (this may bo found from Fig. 10). The 
euiciency as read from Fig. llisaboutOOpa^t. The water horsepower is 


MARINE PUMPS 


AUSTIN H. CHURCH 


Repehenoes: "Standnrds d tie H^rsnUc Institute.” Church, ‘‘Centrifugal Pumps 
and Blowers,” Wiley. Pfleiderer, “Die Kreiselpumpen," Springer. Labberton, 
“Marine Endearing, " Chap. 8, McGraw-ffill. Kristal and Annette, "Pumps,” 
McGraw-Hill. 

Tho three main types of marine pumps ate the centrifugal, reciprocating, 
and rotary. Centrifugal pumps arc relatively small for a given capacity 
and head; hence they are also cheaper, lighter, and require less floor'space. 




Pig. 1. — Daytoa-Dowd rin^c-etage douUe-suctioa pump. A, lower cas- 
ing; B, upper casing; C, bearing bracket cap; D, bearing, lower half; E, bearing, 
upper half; F, oil-hole cover; G, oil ring; H, oil guard; [, impeller; /, impeller 
nut; K, shaft; L, shaft sleeve; Af, gland halves; N, gland bolts; 0, casing 
wearing ring; P, impeller wearing rii^; Q, lantern ring; fl, coupling halves; 
S, thrust collar and water slii^er; T, c.oupling pins and nuts; U, coupling 
bushings; V, packing-box bottom. 

The wear is not so great as for ledprocating pumps since the clearances are 
larger. They have no interoal valves, are easily balanced, and deliver fluid 
without pulsations. Reriprocating units generally have higher efficiencaes, 
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afABijyB puwps 


wH 100X8.S4 X 200 . o. im 4 .u u i 

5.06 (1 gal -water weighs 8.34 lb), and the brake 

650 60 X 550 

harsepo-wer required -mil be 

water hp 5.06 „ . 

The shape of the performance curves varies with the impeller type. This 
is illustrated by Fig. 12, -where the head, horaepower, and efficiency are 
plotted on a percentage basis against the percentage flow for typical impeller 
types. 
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Tig. 12. — Approirimate performance curves of various impeller types at 
pwtial loads. 


Cavitation and Suction Head. If the suction head on a pump becomes 
too low, the water may vaporize and the flow will be reduced or stopped. 
This condition known as cavitation is usually accompanied by corrosion and 
erosion of the p-arts and noi^ operation. It occurs when the absolute 
pressure of the -water reaches the vapor pressure. 

The suction head, H,v, of a pump is the equivalent total head at the pump 
center lino corrected for vapor pressure. The following four factors enter 
into its determination: (1) Ifp is the head corresponding to the absolute 
pressure on the surface of tbe liquid from which the pump draws. This -will 
be the atmospheric pressure if the tank is open, or the absolute pressure in 
tbe heater or closed tank from which the piunp takes liquid. (2) Ht is the 
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CBNTBIFVfJAL PUMPS 


particularly when handling small flows against high heads, and do__nofc have 
to be primed. Rotary pumps do not have valves and are simplej compact, 
and cheap.- They are generally used to develop high pressures (25 to 400 psi) 
with small flows (1 to 2,000 gpm) and arc particularly effective when handling 
viscous fluids. ■ ■ , 

CENTRIFTiaAL PUMPS 


A centrifugal pump consists essentially of'one or more impellers, equipped 
with vanes, mounted on a rotating shaft, and ^enclosed by a casing. F luid 
enters the impeller anally near the shaft and lias energy, both potential and 
kinetic, imparted to it by the vanes. As the fluid leaves the impeller at a 
relatively high ve^dty, it is collected in a volute or series of diffusing passages 
wliich transforms the kinetic energy to pressure. This is, of course, accom- 
panied by a decrease in the velocity. After the oonversion is accomplished, 
the fluid is discharged from the pump. 



The water may enter the impeller from one side only (single-suction) or 
from both sides (double-suction) as illustrated in Fig. 1, wliich represents a 
typical pump of this type, 

External Head Required. Before a pump can be ordered or designed, 
the external head against which it must operate must be found. This is 
made up of the sum of the friction and eddy losses occurring in the suction 
and discharge lines and the total increase in elevation or pressure head 
acquired by the liquid. Referring to Kg. 2, Hut = AHas + AHdb + ziot. 
The pipe losses AH as and AHdb include the friction loss plus the turbulence 
losses at the pipe entrance and exit, at fittings, bends, etc., while Zm repre- 
sents the sum of the actual lift and/or its pressure equivalent. Additional 
losses will occur in the pump itself (between 5 and D), but they -will be 
cared for in the design and do not affect the external head required. Hence 
the head developed by the pump must be the difference between the total 
head at the center of the dlschm-ge flange and that at the center of the suction 
flauge. Referring again to Fig. 2, . - 


Htot = 20 — 2r + 


fi) “fg ■ Vp^-Ts^ 
2g 


7 
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WgEtinfeetofthefliiW ^ 

Specific SpeeJ Nj = cpmy^ 

„ f“c scipie-scci*, ^ ,,_,rr^ 



Specific Speed, Ng^lltmvJ^ ^ ui I 

%drauiic P,^p, 
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~ ^i> ± i{f _ „ 
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where s = elevation, ft 

P - presauro, lb per sq ft 
7 = specific wd^t of liquid, lb per cu ft 
y = velodty, fps 

g = acceleration due to gravity = 32.2 ft per sec per sec 
S and I) = center lines of the suction and discharge fianges, respccti' 


Example. A bc^er^feed pump draws water from an open beater and disc 
into a boiler at a pressure ot 600 pen gage. The friction and eddy losses m the su 
amount to S it head, while those in the discharge line ere 4 ft. The water has 
weight of 59,2 lb per ca ft, and the total lift of the water is & it, 

„ 600 X 144 , , , 

Equivalent lift of the pump, eut = — gg ^ ■ + 8 « 1,468 it 

Total e-^temal head on the pump, Uih <= 2 + 4 4- 1,468 °° 1,474 ft 

In considering the action of the water in the pump, the various ve 
must be token into account Figure 3 illustrates these velocities at i 




Fig. 3. — Virtual inlet mid outlet vclornty diagrams of pump itnpe 


and outlet of the vane passage. The velocity of a point on the 
designated 'as u, the absolute velocity of the water (relative to the 
as 7, and the velocity of the water rdative to the impeller as n, Th 
between n and u corresponds to the angle of the vane and is dcnotei 
the angle between ti and Y iQiresenting the absolute angle at wb 
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It may bo noted that the suction velocity head, V,J‘/2g, is not included 
in the equation. The net suction head, will appear in two forms at the 
suction flange, i.c., as vdodty and pressure heads. As the equation, gives 
the total head and not the static pressure head, the velocity head is not 
induded. The term is known as the net positive suction head over the 
vapor pressure and is frequemtiy designated ns NPSH. 

in designing a pump installatioii there are two types of suction head, or 
NPSH, to be considered. One is the available suction head of the system, 
and tlw other is'the required suction head of the pump to be placed in the 
system. -The former is deternrined. by the marine engineer and is based 



Fig. 14. — The Hydraulic Institute upper limits of specific speeds for tingle- 
stage pumps handling dear water at sea level at 85 F. 


upon the condition of the liquid to be handled, the pump location, etc.; the 
latter is specified by the pump designer and is usually based upon test results 
on the actual pump or a timiliU’ one. It b necessary that the available head 
of the system be equal to or greater than the required suction head to avoid 
cavitation difficulties. In many instances this requires close cooperation 
between the marine enpnecr and the piunp designer and may involve eco- 
nomic studies before a final solution is reached. 

Example. A condensate pump draws water from a condenser in which a 27,5 in. 
vacuum is maintained. The friction and turbulence loss in the piping between the two 
is estimated to be i ft. If the required suction head of the pump ia 12 ft and this is made 
equal to the available suction bead of the system, what minlmom hei^t of water level 
in the condenser above the pump center fine must be maintained? The condenser 
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water enters or leaves the impeller is a. ■ The taupntial component of V is 
Vv, while the radial component ia Ff. The subscripts 1 and 2 designate the 
inlet and outlejr edges of the vane passage, respecti^^y. 

Psveloped Head. If it ia asaumod that the water follows the vanes, the 
head developed by tho impeller is 




lijj - «,s Bji ~ Fi* - V\‘ 


where wj* - «iV 2 i 7 = head due to centrifugal action 

= head due to the change ia tho relative veloraty 
Vi^ - FiV2ff = head due to the change in the absolute velocity 

The first two terms represent Idio pressure head that is developed in tho 
impeller, while the last term is the velocity head developed in the impeller 
and converted to pressure in the volute or diduacr. 



Fiq. 4r~Virtufll head-capacity curves and outlet velocity diagrams for 
various vane angles. 

The foregoing equation may alsodje wiitten = (l/ff){«iFu: - UiFui). 
It is generally assumed that the water entws the impeller radially, hence 
Fui *■ 0, and the latter equation reduces to Hpir = utVvi/ 0 . 

It may be seen from tiiese equations that the virtual head is closely linked 
with the vane angle at the outlet. It can bo shown that this 'wrtual head 
will have a straight-line relation with the flow throu^ the pump. If tho 
outlet angle /Si is greater than 90 deg, the head will increase with the flow; 
if 90 deg, it will be constant; if less than 90 deg, it will decrease. This is 
illustrated by Fig. 4, which also shows the outlet velodty diagrams for various 
vane angles with the same radial outlet velocity component. It should be 
noted that the water leaves the impeller with a greater absolute outlet 
velocity Fjfor forward-curved vanes than for backwaitl-curYGd vanes. /Since 
the effidency of converting velocity to pressure is related low, backward- 
curved vanes ate always used to reduce the losses. Generally the outlet 
vane angle is made between 15 and 40 deg. This also aids in securing a 
stable characteristic curve and reduces the'posdlnlity or severity of pulsation 
or surging. 

As the water contained in the vane passage is being accelerated, owing 
to the impeller rotation, it wDl develop a_drculatory flow in the opposite 
direction. This flow will reduce the.tangentid component of the absolute 
outlet velocity from Vps to Frf'in tiie ratio F^s'/Fa* = 0.65 to 0,75 depending 





- 27.5 = 2,5ta,2E.mmi«itt. Ttowaiatepbetbo^^por 
presaure oi the water. The ctrrresponduiB ape^ gravid of tiie TratK is 0,S833. , The 



?to. iS.-r-Tho HydrauUc In^ikute jreqwred tisk positive suctioa head foi 
douWo-auction ceatrifu^ KoVwater piitnps. 
bead cwiespondin? to a eiven prf^ssareia pounds pec a<iuacain.ob.K 2.31 Y. p/sp, lnaos 
il,f «.2.31 X 1.227 /0.9&33 =2.88 It. »/ = itt.. Hn = 12 it 

- 2.3ft -V-Ht- 2.86-4.5) 

orH, =,I6{t,wMcli5stb.e!aiBita\Bah«ght«s{tl»TOter’kydlatbe condeifiBr above lb# 
pump center line. 
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upon, the impeller type, vane shape, etc. This reduces the effective head 
developed by the impeller. It is further reduced ty the fluid friction and 
turbulence losses. The forma is zero at no flow and increases approximately 
with the square of the flow, while the latter is a minimum at the design flow 
and increases as the flow verios 
from this condition. Thisisillus- 
trated in Fig. 5, the top curve 
being the virtual head for back* 
ward-curved vanes and the bot- 
tom the actual characterisUc 
carve d the puicp. 

From tests it is found that, for 
radial-type impellers, the head at 
the point of maximum efficiBncy 
is between 0.8 and 1.4 of uiV2ff. 

This fact can be used to determine 
the approximate outside diameter 
of the impeller Di to develop a 
specified head as uj » TDsn/720. 

This may be written Jh = 1,840^ 

V5/ni where ^ is a eoeffident 
varying between 0.9 and 1.2, n is the rpm, and H the delivered head at the 
point of masiraura efficiency. 

When an impeller is rotated in water, power is absorbed. This is known 
as disk friction. The amount of power lost, as calculated by A. H. Gibson, 
is given by the equation 

. (D:/12)<«n*« 

where n ■ speed, rpm 

Di * rim diameter, in. 

From this equation H may be noted that less power is absorbed if a small- 
diametc: impeller Is rotated at high speed than if a slow-spced large-diameter 



Fig, 6. — Development of actual brake-horsepower curve from the virtual. 



Fio. 6.— 'Development of the actual 
head-capacity curve from the virtual, 
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The Hydraulic Institute has issued charts to estimate the required suction 
lift for pumps based upon the spedfic speed, total head, operating speed, etc., 
which are reproduced as Figa. 13 to 18. These curves are not to be taken 
as the very minimum required surtifia lilt that can be obtained vrith special 
design, but they are a good guide in that they represent average results based 
upon the experience of a large number of pump manufacturers. 

The use of the charts is and may be illustrated by an example. 

Example. A double-suction pump operating at 3,&d0 rpm delivers 1,200 gpm. water 
against a total head of 200 it. What suetton head on the pump is required for satis- 
factory operation? 

The specific speed based upon the total flow is nj «» "* _ 2 320 

// H 200 Vi 

rpm, or it could be read from FSg. 10. llefernng to Fig. 13, the point corresponding to a 
speoifio speed of 2,320 for double-suelion pumps usd a total dynamic bead of 200 ft 
indicates about 12 ft suction lift as the safe ma^um. If the same conditions were 
applied to a single-auction pump, the safe mesimum suetton condition would require 
at least a 7 ft positive bead, t.e.,ifu would have to be at least -h? ft rather than -12 ft, 

Figures IS and 16 give the required NPSH for single- and double-auction 
hotrwater pumps handling water with temperatuies up to 212 F. For 
temperatures above 212 F, the 
NPSH as found from the figures 
is increased by the amount 
shown onFig. 17. Ifthcopora- 
ting speed of the pump is within 
25 percent ol those shown on 
Figs, 16 and 16, the flow through 
the pump is corrected accord- 
ing to the relationship, rpm 
V gpm = a constant. 

Figure 18 glvea the required 
NPSH for condensate pumps 
with a shaft passing through 
the eye of the impeller. It 
applies to pumps having a 
maximum of three stages, the 
lower scale representing an^c- 
surtfun pumps sad the apper 
scale double-suction or a dou- 
ble-suction first-stage impeller. 

The speed-capacity reiationrtiip 
given above may be applied to 
this curve also with the same 
limitation. 

Priming. Before a pump will operate, the eye of the impeller must bo 
submerged and the suotioa line filled with liquid. The pump should never 
be run unless the impeller is filled with water because the wearing rings may 
mb and seize; also the packing must be lubricated by the liquid leaking past 
it. If air leaks into the sucidon line or caring, the unit may become airbound 
and lose its prime, t.e., cease delivery. 

If water is available from an outride source, a check or foot valve may be 
placed in the suction line and the pump filled from this source. When the 



Fra. 17. — The Hydraulic Institute tem- 
perature-correction chart for single- and 
double-suotion centrifugal hot-water 
pumps. 
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K used. ■ Hence high-speed madiinea have Us loss than the slow from 
this standpoint. 

Another.ppwer loss is due to tiie leakage. Some of the water (3 to 10 per- 
cent) leawng the impeller will leak past the wearing rings to the suction and 
must be pumped again. On mui^tagb niacbiiies will also be some 
leakage past the diaphragms between the 
The useful power delivered by tbe pump (known as water horsepower) 
is water hp = ipH/650, where w is the wa^t flow in lb per sec and 3 is the 
delivered head in feet. The power requited by the pump is the sum of this 
water hoisepowet, the power eonaum^ m irirtion and .turbulence, leakage 



loss, disk frictbn, and boating losses. Thus the'brake hotaepower required 
of the driver is made up oi these components aa showh w Fig. 6. The over-all 
efSoiency of the pump ior any flow ia 


watea- hp . 

^ hhp 

It is frequently desirable to predict the performance of a pump when operat- 
ing at speeds other than that at which it is tested. The basic relationaliips 
applicable to this arc Q » Q'n7»1 H = H'fnVn)*; bhp = bhp'tn'/B)’, 
where the primed values repiKcnt test conditions sad the unprimed values 
the eoudition desired. The pump wiU follow these leiationships over a 
fairly large range, with the efSdcncy temaining practically constant. 

If the viscosity of the liquid ie inerfiesed, the head will be reduced and the 
brake horsepower increased, tiuM lowering the effideticy. The exact' amount 
of this effect is difficult to predict. 
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discharge lino remains filled with water after the pump is stopped, this water 
may be used for priming by opening a by-pass valve around the pump (shown 
dotted in Fig. 19). 

For marine installations, the priming is frequently made automatic by 
means of a central priming system connected to the condensate, bilge, ballast, 
etc., pumps that require it. The tur may be removed by means of an air 
ejector operated by high-pressure air, steam, or water (Fig. 19), or a wet 
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Fig. 18. — The Hydraulic Institute capacity and speed limitations for con- 
densate pumps with a shaft through the eye of the impeller. 


vacuum pump may be used. ‘ These are automatically controlled by means 
of a solenoid or float valve which actuates the air pump or ejector if the 
water level falls below a predetermined safe value, 

A common type of wet vacuum pump is the Nash Hytor (Fig. 20) . A rotor 

(5) in hydraulic balance revolves freely without contact in an elliptical casing 

(6) containing a liquid, usually water (4) . This rotor (5) is a circular casting 
consisting of a scries of blades that project from a cylindrical ,hub to form 
^okets or chambers. Ports are arrang^ at the bottom of each chamber. 
A cone-shaped casting containing two inlet and two outlet ports, as at (1), 
fits without contact into the rotor hub. 
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Pump Systems. It may be desirable to install several small pumps in 
either parallel or series to secure more flexible operation. In planning such 
installations, it is necessary to construct first a hcad-capacity curve for the 
system. The system head curve is the sum of the static head (difference 
in elevation and/or its prc^ure equivalent) plus the variable head (friction 
and turbulence in the pipe, bends, fittings, heaters, etc.). The former is 
usually constant for a given installation, whereas the latter increases approxi- 
mately with the square of the flow. The resulting curve is AB in Figs. 7 
and 8 , 

Pumpa in Parall^. For pumps to operate satisfactorily in parallel they 
must bo working on the stable part of their characteristic curves, i.e., to the 
right of the pulsation point. The system 
head-capacity curve AB shown in Fig. 7 
starts at Hmhc when the flow is aero and 
rises approximately paraboKcally with in- 
creased flow. Curve CD represents the 
hcad-capaeity curve of pump A operating 
alone,' the sirniiar curve hr pump B is 
represented by EF. Pump B wM not 
start delivery until the delivery pressure 
of pump A falls below that of the shutoff 
head of B (point E). The comlaned de- 
livery for a given head is equal to the sum 
of the individual capacities of the two 
pumps at that head. For s given com- 
bined delivery head, thecapadtyisdivided 
between the pumps as noted on the figure 
by Qa and Qs. The combined character- 
istic curve shown on the figure is found by 
plotting these summations. The com- 
bined brake horsepower curve can be 
found by adding the brake horsepower of 
pump A corresponding to Qi to that of 
pump B cerresponding to Qs, and plotting 
this at the combined flow. The effidency 
curve of the combination may be deter- 
mined by dividing the combined fluid 
horsepower, 7(61 + Qnllf/bSO, by the 
corresponding combined brake horse-power (Q taken as cubic feet per second, 
and 7 as pound per cubic foot). 

Pumpa in Series. If two pumps are operated in series, the combined head 
for any flow is equal to the sum of the individual heads, as illustrated in 
Fig. 8 . The combined brake horsepower curve may be found by adding the 
horsepowers given by the curves for the individual pumps. Points on the 
combined efficiency curve are found by ffividing the combined water horse- 
power, 7 (i?^ H£)Q/560, by the combined brake horsepower, where the 

symbols have the meanings given above. 

Pulsation. Under certain operating couditions, a pump will experience 
unstable operation and delivo’, alternately, large and small quantities of 
fluid. This phenomenon is known as pulsation or surging and should be 
avoided in both design and operatzoo, as it puts a heavy strain on the unit 
and system. 
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Starliag at point A, the chambers arc full of water. The water, turning 
with the rotor and constrained to follow the casing (6) by centrifugal force, 
alternately recedes from (4) and is forced back into the rotor (3) twice in a 
revolution. As the water recedes from the rotor (7), it draws air from the 
pump inlet into the cone, throu^ the cone inlet port, and into the rotor by 
means of the ports in the bottom of the rotor chambers. 'When the water is 


OISCHMGl WUER lOCl 



Fig. 19. — Iji^ical pump instidlatioii and methods of priming. 


forced back into the rotor by the eonver^ng casing, the air is discharged 
through the ports at the bottom of the rotor chambers, through the cone 
outlet ports, and out the pump discharge. 

A small amount of seal water must constantly be supplied. Most of the 
water stays in the pump. Excess water is carried over with the air and is 
usually run to waste. 
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Figure 9 shows a typical characteristic curve for a pump operating at 
constant speed. Assume that the machine is delivering liquid to a tank or 
pipe system from wliich it is removed for use. If the demand on the system 
is increased, the delivered flow from the umt is also increased and the pressure' 
in the system is reduced, i.c., the operating point moves to the right toward M 
and the delivery pressure is decreased. 

If the demand gradually decreases, the system and delivery pressure 
increase up to point? on the cun'e. For further decrease of demand, the- 
system pressure will be higher than the delivery pressure (since the latter 
starts to drop off) and the fluid tends to flow back into the machine. Hence- 
delivery from the unit stops, and 
the operating point jumps from P 
to S. It fluid is still being removed 
from the system, the pressure will 
gradually drop below that at S. 

When this occurs, the unit starts to 
deliver fluid but will not build up 
pressure rapidly enough to follow 
along the curve from 5 to P but 
instantaneously begins to deliver a 
flow corresponding to the pressure 
against it, which is that at pomtB. Fic. 9.— Pulsation or surging. 

The increased flow from the pump 

causes the pressure to rise rapidly along the curve from B to point P, andi 
delivery again ceases until tlie system pressure drops below 5. This cycle- 
repeats itself until the condition causing it is removed, i.e., until the flow 
from the system is greater than tho flow from the pump corresponding to- 
point P. 

Point P is known as the pulsation point and is the highest point on the- 
characteristic curve, Stable conditions prevail on the curve to tho right 
of this point, hence it should be as far to tho left as possible. As noted 
above, backward-curve vanes arc the best from this standpoint. 

Specific Speed. Specific speed is a term used to classify impellers ou the 
basis of their p erforman ce _and proportions regardless pf their actual size 
or the speed at which they operate. Since it is a function of the impeller 
pro^lTona, it is constant for a series of homologous , (having the same- 
angles and proportions) impellers or for one particular impeller operating: 
at any speed. 

It is defined as the speed in rpm at wbich an impeller would operate if 
reduced proportionately in size so as to deliver a rated capacity of one gpm 
against a total head of 1 ft. It is derignated by the symbol ns and found. 
^,from the equation ns = n ^/Q/H^, where Q is the flow in gpm and H is. 
jhe.head in feet at the point of maximum efficiency. 

It is not necessary to grasp the physical significance of the definition of 
specific speed to use it intelligently. It should he considered as a typo- 
characteristic of the impeller which specifies its general proportions and 
performance characteristics rather than as an rpm for special conditions of 
operation. 

The chart of Fig. 10 may be used to find the specific speed with sufficient 
accuracy for practical purposes and avoids tho necessity of calculating the- 
head to the three-fourth power. The point located by plotting tho total- 
head and capacity at the point of maximum efficiency is moved parallel to the- 
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Installation. Certain precaations should be observed in planning a pump 
installation and during the erection period. The suction line should be 
as short and straight as possible. Any elbows should have large radii. 
For pumps operating with suction lifts, no valves other than a foot valve 
should be used. The diameter of the suction line is made one or two sizes 
larger than the pump flange size. AH these precautions ensure the maximum 
available auction head on the pump. When an oversized line is used, an 
eccentric reducer is placed between it and the pump flange to avoid high 
spots at which the air might collect (Fig. 19). The inlet end of the suction 


line should bo 3 to 6 ft below 
the minimum water level in 
the sump to prevent air from 
being drawn into the pipe 
with the water. 

It is desirable to have as 
long a length of straiglit pipe 
between the elbow and suo- 
tion flange as possible to 
even out the flow of water as 
it enters the pump. The 
pump should be placed to 
secure the greatest possible 
suction head and yet he 
available for inspection and 
repair. 

Both the suction and dis* 
charge lines should be inde> 
pendently supported so that 
no strains will bo thrown on 
the casing which may cause 
distortion and rubbing. 


h/et 

porU 


P/^chargs 

port 



Oischarge 

po^ 


ffoMiomscJochwtst 

Fig. 20.— Nash-Hytor vacuum pump. 

The foundation should be heavy to reduce vibrations and should be rigid 


enough to avoid any twisting or misalignment. When the pump is in place, 
it is aligned both radially and axially with the driver by means of wedges 
and shims so that it turns freely. If the shaft is not properly aligned, there 
will be vibrating and excesavo wear on the bearings, packing, and wearing 
rings. 


Mechanical Details. The pump shaft is usually protected by sleeves* 
particularly where it passes through the packing boxes, to prevent scoring 
and corrosion. For some applications with sea water monel metal shafts 
may be used, but they are more expensive than ordinary steel. The sleeves 
fit close to the shaft and are threaded to it as shown in the sectional drawings. 
The direction of the thread is counter to the direction of rotation and the 
sleeve is locked in place. 

Both journal and antifriction bearings are used for pumps; the former are 
found more frequently on multistage machines, while the latter are extensively 
used on single-stage units. 

Where the shaft enters the pump caring, packing or stuffing boxes are 
provided to prevent leakage. These boxes are filled with a soft packing 
which is compressed against the shrft by a gland which is split to facilitate 
replacement of the packing without removmg the pump cover. For cold- 
water service, graphited asbestos packing is commonly employed; for hot- 
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dashed lines to 'the corresponding speed in rpm. The specific speed is read 
at the top of the chart Erectly above this final point. The procedure is 
illustrated by the heavy dashed lines for a pump delivering 1,200 gpni against 
a head of 120 ft when operating at 3,600 rpm. The specific speed is then 
3,350. 

For double-suction impellers the flow should be taken as, one-half that 
handled by the pump. For multistage units the specific speed is taken as 
that of one stage, i.6., the total head of the pump is divided by the number of 
stages to find the head to be used in tire equation or on the chart. 


Specific Speed, nt.r.pm. 

BO IM MO MO 600 600 1000 2fl00 V00 6.WO lO.ODO 20,000 40,000 



'lO m 200 300 400 wo 6001.000 OhOO 4.000 t.OOO 10.000 20,000 40.000 

Cecity Q, 9 p.in 

Fig. 10. — Chart for determination of specific speed. 


Imioellor Classification. One use of sqedfic speed is to. classifrc the. 
various types of pump impelleis. Each tjT)e has a range of specific speed 
for which it is best suited. This is only approximate; there is no sharp 
line of demarcation between them. 

1. Radial4ype Impeller. The head is developed largely by the action of 
centrifugal force. They arc used for medium and high heads (above about 
150 ft). It is the conventional type of impeller and is used in practically 
all multistage machines. The rai^e of specific speed is generally between 
600 and 3,000. The ratio of discharge diameter to inlet eye diameter is 
usually in the neighborhood of 2. When larger volumes must be handled, a 
double-suction impeller is used. 

2. Franns-fypg ImpeJUr. For lower heads on ariaUnlet, radial-discharge 
impeller is frequently used.. For a pven capadty and head this type operates 
at a higher speed than the conventional radial-type impeller. The specific 
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water service, metallic packing is frequently used. Pumps operating .under 
suction lift have the packing divided into'two parts by means of a' lantern 
ring (item Q, Fig. 1). Water is introduced into the ring from the pump 
discharge line or some other pressure source to prevent air from leaking into 
the pump. ' ' 

The impeller is usually cast in one piece and made of cast iron or bronze. 
It is fixed to the shaft with a light x^ess fit, keyed, and balanced. It may be 
made "open" with no side plates or shrouds, “Bemiopen" with a shroud 
on the side away from the itdet only, or "enclosed" with both-a front and 
back shroud. Open and semiopen impdlets have no wearing rings, and the 
leakage is relatively greater unless a very closed axial clearance between 
the impeller and the casing is maintmned. The enclosed impeller is by far 
the most common type and wfll mmtain higher efficiencies for longer periods 
of time generally. 

The wearing rings operate with dose clearances to reduce the leakage 
and are generally madeof different materials to prevent seizure in cage rubbing 
occurs between them. 

For coldTwater, service, the casing is usually made of cast iron for low 
pressures and of semisteel for discharge pressures osceeding about 100 psi. 
Pumps handling sea water are generally made of all bronze, i.c., both the 
casing and 'impeller. Care should be taken in this case to use only one 
material. Although" sea water has a relatively slight effect on cast iron alone 
or bronse alone, it will corrode the cast iron owing to electrolytic action if they 
arc used together. 

Volutes are generally used on pumps developing low heads, wUle diffusers 
are more commonly used on liigifbead pumps and multistage maohines. > If 
the outside diameter of the impeller is relatively large, it is not generally 
economical to make the casing large enough to secure sufficient conversion 
of the velocity head by means of a volute. Pumps having vclutos generally 
have higher efficiencies at partial loads than diffuser pumps, since there are 
not BO many points at which eddies may be set up. ' < 

^ Applications. Boiler-feed pumps must supply a dependable uninter- 
rupted stream of water to the boilers. There must not be any cavitation; 
snd there must be sufficient flow to prevent the water from flashing into 
sfwm while p^ing through the pump] To increase the suction head of 
high-speed units, a feed booster pump may be placed before the feed pump 
if a closed feed-wator system is used. When operating at reduced capacity 
or with no flow to the boiler, a by-pass line is used to' recirculate from 5' to 
lO'perccnt of the desigu flow back to the heater and thus prevent it from flash- 
ing into steam. For pressures below about 400 pal, the pump may. be 
made' single-stage; above this, it is usually multistage. The specific speed 
of'the stages is relatively low, hence standard radial-typo impellers are'iised 
(Fig. 21). These pumps are usually motor or stcam-turbino driven at speeds 
of 3,500 rpm or above. Prcquraitly they have a dual drive with a steam 
turbine to be used for emeigency-operatiou if'the current .fails. The iflow 
through the pump' is' generally regulated by a water-level control which 
throttles the flow to the bmlcr. - • ,i 

' Condensate pumpS'^P^. 22) operate under a nearly constant suction 
and total head. ' The Capadty is'based upon'the steam flow to 'the con- 
denser. The ‘impeller 'is dther of the'Franws or radialtype-and’is usually 
motor-driveii at' a constarffc speed between 1,000 and l'|750 rpm, depending 
upon-the''cap’aoity aud 'submergence. Since the temperature of tho'con- 
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OK - OS » 2&. Also, if a line through P perpendicular to RS (and there- 
fore tangent to the eUipae at?) meets the minor aiifl in M, a circle with M as 
center and MB or MS as radius will cut the major axis in the two foci. 



PiQ. 40. Fio. 41. Fio. 42. 


To Construct an Ellipse Approximately by Circular Ares. [Methods 
(1) and (2) employ two radii, (3) and (4) employ throe radii.) (1) In Fig. 41, 
lay o5 OL «= OA and BS = BL •> a -b. Bisect SA in T, and draw THK 
perpendicular to BA. Then H is one center, with radius HA, and K is the 
other center, with radius KB. The junction point Q of the two arcs will fall a 
little outside tho true ellipse. 

(2) In Pig. 42, lay off OU ^OV = OB - b. Draw VO perpendicular to 
the axis and DO at 46®. With Q as center draw an auxiliary are with radius 



Fiq. 43. Fig; 44. 


•= AY = a —b, and through D draw DMN just touching this arc. Then Af 
is one center (with radius MA) and N ia tho other center (with radius NB). 
The junction point P of the two arcs will be a truepoint of the ellipse. [E. V. 
Huntington.) 

W Through D (Fig. 43) draw DCiCi perpendicular to AB. Call CiA => ti 
and CiB = rj. Lay off BE = BO ( =6), and on ED as diameter draw a semi- 
circle, cutting the minor axis in W; thenBTF = Vo6 = Ti. Lay o5 AZ = 
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BW; From Ci with ladiua Ci2(= n - rj, and from Oj with radiui CtW 
(=>■3 — rs),draw.atoainter8ecting-m'C?j. Draw exteaded'aad CsCi ex* 
tended. Then draw in the three uca, with centers at Ci, Ci, Ot and radii n, 
rt, rj. Note. Sinco n and n are the radii of curvature of the ellipse at A 
and fi, this construction gives a curve which is a little too sharp at A and 
a little too flat at B, A more accurate construction is the following: 

(4) In Fig. 44, lay oS BE ^ BH ~ BO ~h. Through the mid-point X 
of BE draw JG perpendicular to the axis, and through J) draw DG at an angle 
of 45 deg. From G as center draw an auxiliary aro with radius = BH 
( = 0 - h), and through D draw DCiCi just touching this arc. ' Take CiA 
as n and as n. Oiv jD£ as diameter a smi^irclo cutting minor 
axis in IT, and take BTf(=V5) astj. Lay off AZ 'From Ci 
with radius Ci2( = rs - n), and from 
Cj with radius C3]F( = rj — n), draw 
arcs intersecting in Gi. Then Ci, 

Cs, Ci are the requited centers. [E. 

V. Huntington.] 

Radius of Curvature of Ellipse 
at Any Point P » (s, v) is B » 
g* 6 »(eVq* + - jj/sin*#, where 

« is the! angle which the tangent at ? 
makes 'with PF or PF'. At end of 
major axis, B s bVa MA', at end 
of minor axis, R ^ a^/b ^ ^B (see 
Fig. 46). To construct the radius 
of curvature at any other point P 
(Pig. 46). draw the normal at P (by bisecting tbe angle between PF and PF') 
and let it meet the major axis in ktlf draw a perpendicular toPN meet* 

ingPPia ff. At H drawn perpendicular to ?H meeting in C. Then C 
is the center of curvature for the point?, and a circle about C with radius 
CP will coincide closely with the ellipse in the neighborhood of P. [Note. 
If the circle of curvature meets the ellipse in Q, then the tangent at P and 
the line PQ aro equally inclined to the aria.] 



Fio. 46. J^o. 46. 


THE HYPERBOLA 

The hyperbola (see also p. 10?) has two foci, F and F', at distances i ai 
from the center, and two diiectuices, DH and I/H', at distances ± a/« from 



Fio. 47.' 



Fio. 48.' 


the center (Fig. 47) . If P is any pi^t' of the curve, [PF - PP'l is constant, 
» 2o; andPF/PB (or PF' /PS') “oMo constant, »‘e (called the eccentricity), 
where e > 1; Either of these propertieemay betaken as the definition of ^e 
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denaate is close to the boiling point (at the condenser pressure), the available 
suction bead should be-careiuily’mvestigated fot each installation, The 
pump should be kept as low as possible to reduce the suction lift, and the 
suction line should be niade large to -reduce the losses before the impeller. 

Circulating pumps operate under constant head and with nearly a 
constant flow. The flow requirement is determined by the inlet water 
temperature and the amount of heat Jo be removed from the steam. The 
impeller may be either a double^uctidn (Fig. 1) radial, mixed-flow, or pro- 
peller type. The latter form is frequently used in marine work where space 
and weight are important. The head -developed is usually quite low since 
the water in the Recharge line from the condenser usually balances that 



Fig. 21.-!— De Laval three-stage boiler-feed puihp. 


in the suction line. Hence the head reqiurcd is only that needed to overcome 
the friction and eddy losses in the condenser and pipe linos.' These pumps 
are usually motor-driven. Since the flow is large and the head low, the 
specific speed is high. ... 

The chief feature of, a bilge pump is that it must be able to pass largo 
solids. The impeller is extra wide and has few vanes. This results in 
relatively low efficiencies since the liquid cannot be given much guidance. 
The impeller is made of cast iron and may be either semionclose'd or fully 
enclosed (Fig. 23). Tho speeds range up to 1,750 rpm and the heads are low 
(20 to 40 ft). To prevent the paekmg boxes and impelicr rings from being 
packed with dirt, provision may be made to flush them continuously with 
clear water. , The suction lift should be low because the liberated gases tend 
to cause the pump to become gas bound. For this reason the inlet portion is 
well rounded to decrease the flow resistance, and the shaft may be vertical 
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may be used. The air may be cooled between the stages, either by sea water 
for larger sizes or by circulating ^ for the smaller ones, Figure 34 illustrates 
a motor-driven compressor of this latter type. The operation is regulated 
by a pressure-regulating governor. (See idso page 1634.) 

ROTARY PUMPS 

The chief use of rotary pumps is to handle fuel and lubricating oils. They 
are simple, small, lightweight, and rugged. They have no valves but do 
require close clearances to maintain efficiency; hence they will not give 
satisfactory operation when used with abrasive fluids. As the leakage is 
reduced when the fluid handled has a high viscosity, they are particularly 



0 <50 80 120 160 200 240 

Rated copacHy, gallons per minute 

Fig. 35. — Fuel-oil booster-pump efficiencies, rotary or constant-displace- 
ment type. 


adapted to that field. They are self-prim'ing and will handle fluids containing 
entrained air or gas, or fluids having relatively high temperatures and low 
suction pressures which may cavitate. Discharge pressures of 2,000 psi 
and above can be obtained with capacities up to 3,500 gpm. 

Only the three types most commonly used in the marine field will be 
considered: the screw, eccentric piston, and gear types. Figure 85 gives the 
approximate efficiency at rated capacities and percentage of rated efficiency 
for fuel-oil booster pumps of these types; 'Fig. 36 gives similar values for fuel- 
oil service pumps. These pumps frequently have a jacket for heating the 
viscous oil or for water cooling if desired; ; • , , ' 

Screw Pump (Fig. 37). The driven clement is the center rotor which 
has a helical thread.' Two other idler rotors'mesh -with'iti Fluid is trapped 
in the spaces between the rotors and is dischar^d at higher pressure. The 
pump shown has right aiid left helices to-balanco the 'end thrust. The fluid 
enters at the ends of the rotors and is dis'charged at tho center. ' ■ > 
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to place th& impeller closer to the;irater level, TLe same type of pump is 
used to handle ballast. • , 

Fire pumps may be single-stage, angl^ or' double-suction, or as two-stage 
units with opposed impellers (Jig. 24). They develop a pressure of about 
125 psi and are generally made in standard capacities of 500, 750, 1,000, and 
1,600 gpm. Flushing pumps are of the same type, but generally develop 


pi 



less pressure. Since they handle .sea water, they are bronze fitted. As they 
are used only occasionally, and the flows' are not large, the efficiency is not too 
important. Beliability ahd low-first cost are more essentisl. 

RECIPROCATING PUMPS 

Glassification. Hedprocating pumps are divided into - two general 
classes: direct-acting or steam pumps,, and power or motor-driven pumps. 
The former have two cylinders in line, one steam and the other fluid. They 
are connected by a rod as 'shown in lig.'25. ' Thelatier are frequently driven 
through gears or a belt, and the power is taken from a crank (Fig. 26). They 
are designated es simplex, du^cx, taijflci, etc,, depending upon whether 



Ruled copncit^, gallons per minute 

Fig. 36. — Fuel-oil service-pump eficieDdes, rotary or constant-displace- 
meut type. 

Gear Pump (Fig. 39). Pumps of this type consist of a pair of gears (spur 
or helical) enclosed in a olose-fittiuB casing. One gear drives, while the other 
idles. Fluid is trapped in the space between the teeth and discharged at a 
higher pressure. 

In designing the installation of fuel-<^ pumps, it is necessary to ensure 
that the suction pressure is k^t above the vapor pressure of the oil handled 
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one, two, tliree, etc., flmd cylinders are used. Multieylinder pumps tvill 
have a more even torque fluctuation than the single-cylinder type. The 
pump piston may bo either single- w double-acting. For marine work they 
are generally mounted vertically to save floor space. 

Mechanical Details. The steam end of direct-actiag pumps getiernlly 
has a cast-iron liner inserted in a steel Q^linder, while the water end usually 
has a bronze liner fitted to a catiNron -cylinder. The rods are made of 
stainless steel when fresh water is h^dled, or. of monel tnetal for salt water. 

The valve on the steam end of’direot-aclawg pumps is generally of the 
conventional D slide-valve or piston type, and usu^y operates without cutoff, 
i.e., there is no expanaon of the stem in the cylinder. As the ’exhaust steam 
is frequently used for feed-water heating, this practice is not too wasteful 



■Aha. 25,— Worthington steam-driven reciproiatirg pump. 


and it ensures dependable action. The valve is actuated by the piston rod, 
shown in' Fig. 25. 

For the moderate pressures uajal in marine work, the water valves are 
usually of the spring-loaded disk or poppet type. The valve seat is fixed 
to the frame either by threads or by a sliidit taper. The disks aro made of 
rubber for low-pressure cold water; while for low-pi-essuro hot water and for 
lubricating- or fuel-oil services, metol dislK ace employed. For all high- 
pressure service the disks are generally made of fabric impregnated -with 
phenolic-base gum. 

Design Factors. The size of direct^acriiig pumps is specified by three 
numbers in the following order:; steam cylinder diameter, water cylinder 
diameter, and stroke, all in inchw. '/ 

The leakage past the piston 'or plunger, the valves, and the packing is 
known as slip and generally accounts to 1 to 5 percent, depending upon tlie 
pump type, dearances, etc. 

The efflezency of reciprocating pumps is the ratio of the fluid horsepower to 
the inchcated steam horsepower. Thewaterhp = gpm x heacl,jnpsi/l,715* 




Fia. 20.— WorthinBton moiar-drivon reciprocating power pump. 
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to prevent cavitation and vapor Imding, wliich would reduce the pump 
capacity and result in generally unfiaiisfactory operation. Figure 40 gives 
tho vapor pressure of various oils as a function of the temperature, The 



32 44 56 68 50 92; KW 116 128 140 152 164 176 188 200 
TemDerc^lLireof liauid stjrfc(ce.“F. 

Fig. 40. — apor pressun chart for various fuels. 


absoluto Buctioa pressure should -be-a sale margin above the values given 
on the chart for satisfactory operation. 

-GEHEEAL 

The approximate discharge prassures'in-'^u'n'ds per square inch of marine 
pumps ate ^ven in the accompanying table. These values may be used for 
preliminary estimates of heat balance and costs, but they will of course vary 
with different ships. 
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d tKc radicated Btcara horsepower = plA«/l98,OW), where p is the gleom 
esaute in poirads per square inch, A the cj^ndflr area in. square inches, 1/ the 
:oko in inches, and n the rpm or number of douWe strokes per minute, 
pprosimate efRcicndes which may be used for estimating purposes may bo 
■kentiom Fig. 27. 

The rubbing speed oi a pump in feet per minute is F = Z^/6,_ where the 
raibots have the meamoga pven, above. Conservative operating speeds, 
nown as basic speeds, for dhedracting pumps handling cold water or 
quids of a viscosity not over 250 SSU are ffven in Fig. 2S issued by the 
lydraulic Institute, and apply to* both simplex and duplex pumps. For 
igher temperatures or viBeostieB, the speed is reduced in accotdancs with 
qg. 20. These charts represent aver^ commwciid practice rather than 
he values to be used for specially dcagnod pumps. 



Fia. 27.'-~Steam'dnven rcciprocaUog pump nvcchahi&al efficiency. 


The force developed on the stoaia end should bo at least 50 percent greater 
than that on the water end to swore reliable oper^ion, i.e., " ( ~ j =* 1.5, 

where p is the pressure, and P the cyEndcr diameter, and the subscripts 
8 and w refer to the steam and water ends, respectively. If a factor of 94dj 


percent is assumed for the and volunw loss due bo the rod, the Sow from 


a douhle-actiug pu»p is Q = O.O064SD«*IiR * 9.0385i0«2F, the synibola 
bong those given above with Ihe addition ttiat is the i^aoieter of the 


water cylinder in inebes. 


To prevent cavitation and consequent flow stoppage in the suction line, 
the suction lift (the vertical distance from the water surface to the top 
of the pump discharge-valve deck) most be kept mftiin safelirsite. Figure 30 
issued by the Hydrautic Institute pves th^e valuea as a function of the water 
temperature. Curves 7, N, and M are, rwpeotiTely, the theoretical, normal, 
and mariimim possible suettoa Site at aea level. The horisontal distance 
between f and N reptesente the aditional head required to prevent cavita- 
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Pump Discharge Pressure 

Ballast : 35 

Bilge .'.V 35 

Ciroulating . 10 

Condensate booster,’ or feed booster i 50-80 

Feed (main) l.OSPj + O* 

Fire , ■ 125 

, Flushing; 50 • ■ 

Fresh. water 75 

- Fuel-oil service 400 , 

Fuel-oil, transfer. ' 35 

Ice water circulating 20 

Lubricating-oU service 60^ 

; Refrigeratioa-condenaer circulating..'. ‘ 25 

■' ' Sanitary or flushing • 86 

' is the boiler pressure, and C a constant that equals 65 if an economizer is used; < 
if it is not. " ' ■ ' 

i The capacity of these punips iti gpm approximately equab , 


where shp is the ship shaft horsepower. 
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tiou. It includes an allo-nrance for air in the water and the hydraulic losses 
usually found in a short suction line with one bend and a fluid velocity not 
greater than 3 fps. For water temperatures greater than 212 F the same 
differential of 12 ft between curves T and N must be maintained. 

Basic speed curves for amplex, duplex, aud triplex power pumps are given 
in Fig. 31, as issued by the Hydraulic Institute. The temperature and 



Fig. 28. — The Hydraulic Institute curve of basic speeds for simplex and 
duplex direct-acting steam pumps. 


viscosity correction curve of Fig. 29 also applies to this figure. Figure 32 
gives the approximate cilidency for pumps of this type, which is defined as 
the ratio of the water horsepower to the required horsepower input. 

A relatively new type of power pump having a variable Stroke is the 
Aldrich-Groff Pow-Savr, illustrated in Fig. 33, which is particularly suitable 
for pressures over 250 pd at tie diBebarge, as for boiler-feed pumps. Tiio 
pump b driven by a constant-speed motor, F, through herringbone reduction, 
gearing from motor to crankshaft, <?, which operates the connecting rods, H. 
The other end of each rod, H, U pivotaUylconnected to links, /, by the con- 
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FATJL DISEBENS 

From "MecbanicjJ Enpneers’ Handbook,” edited by Lionel S. Marks 


ItemBKCES: Simona, ''Compressed Air,” MeOntv-Hiil, Peele, "Compressed Ait 
PLaats," Wiley, Hania, "Compreesed Air," McOrasr-Hili. Innes, "Air CompreMoti 
and Blowing En^efii’' Van Nostrand. Von Ibeiing, “Die GeblEae,” Springer, Berlin, 
Hireoh, "Die Luftpumpai,’’ Jineeke, Hanover. Osiert^ "rbeorie tmd Konetruklion 
der Kolben- und Turho-Kompressoren,'' Spiinger. Souebd, “Kolbenverdichter," 
Springer. 

Types of Compressors. For presEures below that of the atmosphere, 
many types of compressors are available. Pans (soe p. 1668) are usually used 
for exhaust Eystems for handling foul air nod shavings or other light material. 
Jet blowers (p. 1639) are also used, and for the low pressures occurring in 
condensers, piston and special centrifugal or impelbr types are employed. 

For compressing large quantities of air to pressures of 5 or 10 Ib, and in 
some cases pressures as high as 100 Ib and over, centrifugal compressors 
(turboblowers, p. 1656) arc being inCTeasingly used. 

Piston compressors are built for pressorea as low as 1 lb above atmos- 
pheric, and single cylinders are used with "single-stage” compression to 
preBsvtres of 80 or 100 lb per sq in. gage. 'Wheti higher preBSUiee are 
desired, the compression is divided into stages, with intercoolers between the 
cylinders. Two-stage compressors are used for pressures from 80 or 100 to 
£00 lb, three-stage for pressures up to 1,200 lb (in small units up to 2,000 
or 2,500 lb), and four-stage for preesures of 2,5(^ to 5,000 lb per sq in, or 
even higher. All these types of piston comprMsors may be driven by steam 
or ioteroal-combustlon engines, electric motors, or water wheels. 


Table 1. Density of ^ at Various Temperatures, 
Pressures, and Degrees of Humidity 


Temperature, 

r 

Weight of i cu 
It of dry tir (at 
Id lb per BQ in. 
or 20 in. of 
Hg),lb 

Increase or de- 
crease o( weight 
for each 0.1 Ib 
change in pres* 
sure, lb 

lacreiwe or de- 
cmae of weight 
lor each. 1 in. of 
Hg obange of 
pressure, Ib 

Deoreaes of 
wugbt ter each 
10 percent in- 
creaac in relative 
humidity, lb 

31 

0.07693 

0.000549 

0.002698 

0.000019 

35 

0.07642 

0.000546 

0 002681 

Q.00002I 

W 

0.07565 

0.000540 

0.QD2654 

0.000025 

45 

0.074911 

0.000535 

0.002628 

0,000030 

50 

0.07417 

0.000530 

0.002602 

0.000035 

55 

0.07340 

0.000525 

0.002560 

D.{ICf0040 

60 

0,07272 

0.000620 

0.DD2S54 

0.000051 

65 

0.07203 

0.000515 

0.002530 

0,000039 

70 

0.07134 

O.OOOSIQ 

0.002506 

0.000070 

75 

0.07068 

0.000505 

0.002482 


00 

0.07Cfii3 

0.000500 

15.M2457 


B5 ' 

0.06938 

0.000495 

Q.D02432 


00 

0.06875 

O.OOD490 

0.in24Q6 


95 

0.06811 

0.000485 

0.002384 

0.000147 

100 

0.06752 

0.000480 

0.002359 

0.000172 

105 

0.06694 

0.000475 

0.002334 

0.000199 


DATA OK AIR 

Specific Weight, Table I will be found useful in determining the density 
of air at various temperatures, pressures, and degrees of humidity. 
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Table 2 gives the density of Baturated air at various temperatures and 
pressures. 


Table 2. Density of Saturated Air in Pounds per Cubic Poot 
at Different Barometric Pressures 




Barometer rending inches of mercury 


F^’ 

28.5 

29.1) j 29.5 1 29.7 | 29.9 j 30.1 

30.3 

30.5 1 31.0 




0.08191 

0.082451 0.08381 



0.07756 0.07890 0.07943 0.07997 0.08051 

0.06104 



0.07541 

0.07674 0.07606 0.07859 0.07913 0.07966 

0.08019 

0.08072 0.08205 


0.07461 

0.07592 0,07724 0.07776 0.07829 0.07681 

0,07934 

0.079861 0.08118 


0.07381 

0.07512 0.07642 0.07694 0.07746 0.0779£ 

0.078511 

0.07902 0,08032 

55 

0.07303 

0.07431 0.075M 0.076»3 0.07663 0,07715 

0,07766 

0.078181 0.07947 

60 

0.0722^ 

0.07353 0.07479 0.0753C 0.07581 0,07632 

0.0768! 

0,077341 0.07862 

65 

0.07145 

0.07272 0.07398 0.07*149 0.07495 0.07551 

0,07601 

0,076511 0.07777 

70 

0.07063 

0.07192 0.07313 0.07363 0.07417 0,07467 

0.07511 

0.075681 0.07693 

75 

o.am 

0.07112 Q.07236 0.07286 0.07335 0.07385 

0.0743^ 

0.074641 0.07603 


0.06901 

0.07032 0.07155 0.0720^ 0.07253 0,07302 

0.07351 

0.074001 0.07523 

85 

0.06821 

0.06950 0.071^ 0.07121 0.07178 0.07211 

0.0726/ 

0.073161 0.07437 

90 

0.06741 

0.06868 0.06939 0.07033 0.07085 0.07131 

0.07183 

0.072301 0.07351 

95 

0.06665 

0.06785 0.06904 0.06952 0.07000 0.0704! 

0.07095 

0.071431 0.07263 


O.Q658I 

0.06700 0.06818 0.06S66 0.06913 0.06960 

0.07008 

0.07055 0.07174 


Specidc Heat. The instantaneous specific beat at constant pressure of 
dry air is given by F. G. Swann as 0.24112 + 0.000009(, and the specific heat 
of water vapor as 0.4423 + O.OOOISt, where t is the temperature, F. The 
specific heat of moist air with any degree of saturation may then be found 
by multiplying the weight of air by its specific beat and adding to this the 
product of the weight of water vapor and ita specific heat and dividing 
the sum by the weight of the mixture. Table 3 is calculated on that basis. 

For dry air at high temperatures, see p. 367. . 


Table 3. Specific Heats of Dry and Saturated Air 


! 

Temp, r 

Specific heat ef | 

Temp, P 

Specific heat of . 

Dry air 

Saturated air 

Dry air 

Saturated 

air 

66 

0.2417 

0.244 

85 

0.2419 

0.2474 

65 

0.2417 

0.2447 

90 

0.2419 , 

0.2486 

70 

0.2417 

0.2452 

95 

0.2420 

0.2498 


0.2418 

0.2458 

too 

0.2420 1 

0.2512 

80 

0.2418 

0.2465 

105 

0.2420 j 

0.2526 


The specific heat of air having any relative humidity may be found from 
Table 3 by interpolation. For example, for air of 40 percent relative humidity 
and at 80 F, the specific heat will bo 0.2418 + 0.40 X (0.2466 “ 0 2418) or 
0.2437. 

The variation of the specific beat of air with pressure has been investi- 
gated by Holborn and Jakob {Z. Yer. dent. Ing., 68, p. 1436). The mean 
specific heat at constant pressure for the temperature range 20 to 100 C 
(68 to 212 F) is given by the equation lO^Cp = 2413 + 2.86p -f O.OOOSp* - 
O.OOOOlpi, where p is the pressure in kg per sq cm. Values of the specific 
heat of air at constant pressure C, as determined by various observers are 
tabulated at the top of page 1637. 
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^Adapfed from Prof. CZRrhhardSjPnirofy-LogJcmp. Diagram 
. Vritv. of III Png, £xp^rirnenf6h{ion BuHeiin Ho. £S, 

, Fia, l.—Clart for Calculations on Compressed Air. 
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curve. The curve hag two brauc^os which approach more and more nearly 
two straight lines called tho asymptotea. Each asymptote makes with tho 
principal axis an angle whoso tangent is b/a, Tho r elations between e, a, and 
h are shown in Fig. 48: 6® = — 1), ac « Vo* + = 1 + (6/c)*. 

The semi-latus rectum, or ordinate at the focus, is p = fl(c* — 1) ab’/o. 

Any section of a right circular cono made by a plane which cuts both nappes 
of the cone will bo a hyperbola. (Compare also Fig. 3, p. 174.) 

Equation of the Hyperbola, center aa origin: 


0 * 




HP ~ (s.y) is on the right-hand branch, PF = cx -a, PF' 
If? is on the left-hand branch, PF^~ex-\-a,PF ' « ~ex -o. 


cj-t-a. 


Equations of Hyperbola in Parametric Term. (1) i « o cosh u, 
y = b sinh u. (For tables of hyperbolic functions, see pp. BO and 61.) Here 
uinay be interpreted as A/cb, where A is the area shaded in Fig. 40. 




Fio. 60. 


(2) £ a a soe r, v B b tan v, where c is an auxiliary angle of no special 
geometric interest. 

Polar Equation, referred to focus os origin, axes as in Fig. £0: 

T = p/(l — « cos fl). 

Equation of the Tangent at hhiX'-a^iV =Q*b% 

The line p = fliz -f fc will bo a tangent if fc = ± Va’m’ - b’. The tan* 



Fio. 61. Fio. 62. Fia. £3. 


gent at any point? (Fig. £1) bisects the angle between?? and??'. The locus 
of the foot of the perpendicular from the foevm on a movbg tangent is the 
circle on the principal axis as diameter (F^, 52). The locus of4he point of 
intersection of perpendicular tangents is a drde with radius Vo* — b*, which 
will bo imaginary if b > o (Fig. 63). 
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Properties of the Asymptotes. (FSg. S4.) HP is any point of the curve, 
the productof the perpendicular distances fromP to the two asymptotes is con- 
stant, = a’bV(fl* + h*)- Also, the product of the oblique distances {the dis- 
tance to each asymptote being measured parallel to the other) is constant, and 
equal to W((i’ + 6’). If a line cuts the hyperbola and its asymptotes, the 
parts of theline intercepted between the curve and the asymptotes are equal. 
The part of a tangent intercepted between the asymptotes is bisected by the 
point of contact. The triangle bounded by the asymptotes and a variable 
tangent is of constant area, ~ oh. If a line through Q perpendicular to the 
principal axis meets theaa 3 nnptoteaiiij&and£(( 8 ee 54g. 54), then QB X QS = 
6*. If a line through Q parallel to the principal axis meets the asymptotes in 
U and V, then QU XQV = 0 *. 



I'm. 54. Fig. 6S, 


Conjugate Hyperbolas are two hyperbolas having the same asymptotes 
with semi-axes interchanged (Fig. 55). The equation ofthe hyperbola oonju- 

ealelo-, - j-, = I, 13 ^ = - 1. 

Conjugate Diameters are lines through the center, each of which bisects 
all the chords paralld to the other— a chord which does not meet the given 
hyperbola being understood to be terminated by the conjugate hyperbola 
(Pig.65). If mi and 77W are the slopes, then roiun “ bVo*. Each asymptote, 
regarded as a diameter, is its own conjugate. If a parallelogram is formed 
by tangents drawn parallel to a pair of oonjugate diameters, its vertices will 
lie on tho asymptotes, and it? area will be constant = 4al!. If a', V are 
conjugate semi-diamoters, and w the angle between them, then a'^ •' 5'* 
= o’ - b’, and fl'b' = ob/sin w. 

Equilateral Hyperbola (a = &). Equation referred to principal axes 
(Fig. 56) : s’ - y’ = o’. Nora, p » a. Equation referred to asymptotes 
as axes (Fig. 67): = oJ/2. (See also Fig. 3, p. 174.) 

Asymptotes are perpendicular. Eccentricity = Any diameter is equal 
in length to its conjugate diameter. 



PiQ. 66. Flo. 67. 
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! B X « Jl 

1 10 20 -tt JO ' 

Cf '.....I 

1 0.2?I9 0.3221 0.4791 0.777} 

' D.24W 0.252/ 0.274/ 0,3)2} 



122 1 

1 

212 

[ 752 







0.2480 0,27/9 O.Ml I 

'0.24M 6.2471 0.2600.0,2541 

0.2430 



For the specific heats of ibdustnelly important bydrocartoji and other 
g&ses, SS8 pp. SOI, 367, 

Calculations of the changes in Ae pressure, roliune, and temperature ol 
sar durifig tomptMaoB or espansoa arc f3<^itated by tive diagram Fig. 1, 
adapted from the "Entropy-Log TemperaUiro Diagram for Air" by Prof. 
C. R. Richards (Dn». 5*0., BaK. 63). 

Ic Pig, I the vertical lines represent the voiiirae in cubic feot occupied by 
1 lb of sir. The Jinee slightly inclined to the vertiiwl represent the sbaoiato 
pressure in pounds per sq;Bare inch. The i'nes at an .angle of 45 deg represent 
temperature in degrees Fahrenheit, and tho broken inclined lines represent 
entropy. These last lines are paralleled in 
finding the results of an adiabotio change, and 
if tbe change follows a ptKj'* « >,fi“patJi, the 
e&ects are etudiod by paralldibg lines for 
various values of n at the lower right-hand 
coraer <?/ the Sgure, aU of vbieh pass through 
tbe 4(10 point oa tbe left of the figure. For 
eiample, the adiabatic eypaasion of 1 Ib of 
air from a pressure of 100 lb aWpor eq in. 
and a temperature of tfiO F to a prosaire of 
14.7 lb abs will result in a final temperature 
of - 100 F, This expansion follows ' the 
dotted line of the diagtum, but if theexpanfion' ' 
follow^, the equation pjFi« = 'jaFt'--, the 
final temperature for any pressure range 
would be found by following ,a line panilld to the lino marked Ji ' = 1.^ from 
the upper to the lower pressure. ' If Bai% an'cipaoMcm ocoiirivd betmn 100 
ib abs per sq in. and 16(? T and 14.7 Ib abs, the rewltihg temperature would 

be -SF, . ' ■ f I . ■ , :■ ■; 



Fia. 2 .— rComproBaion 'Tem- 
peraturea.' 


' With ftdiabatfe cbmptesaion, th« W temperature Ti (F.&bs) iaglven 
formu la Ti a.Tj i(a «ngle-stage aJmpression; by Ti = Ti 

V to r two-stage coiupressaon and perfect intercoolipg;’ and by Jj « 

for three-stage. Values of Ts may be obtained readily from 
the chart devised by F: W.D’NaJl aad-^wn in Ilg. 2, in, which the ordinates 
give the iactora by which the isitial absolute temperature Ti ' (F) is to be 
aiUtiplied to obtain 'the sbsokfeitwnpftTature ft fot various ratios- oi 
P!tOpi(aeealsoTabl6l7,p.'31S),- . , • . , „ 


BLOWEliS AND COMPRESSORS ’ ■ 

for-8ir preasi^ ^og from 6 oz'i^ iQ.lbior 
even 12 lb per sq m. Tbe best efficiencies of tlds type of blower, however, we 
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The lose in capacity for stage compression will bo reprosented by the follow* 
ing formulas, in which Pi is the initi^ and ps the final pressure; 

- l]; IW.ta«e: o[(£)^‘ - l] 

Figure 21 represents graphically the part within the brackets of the pre- 
ceding equations. Knowing the actual clearance and fcbo pressure range, the 
effect of this clearance on capacity can bo found. For example, with a 
pressure ratio of pj/pi a 8, the chart shows Uus value for single-stage com- 
pression to be 3.3. The capacity for these conditions and a 4 percent clear- 
ance will be 1 - (0.04 X 3.3) = 1 — 0.132, or 86.8 percent of the piston 
displacement. Clearances in the larger sizes of com- 
pressors vary from 2 to 4 percent; in smaller machines 
they are greater, being in some cases as high as 5 or 6 
percent. 

The indicator card would be a true method of measur- 
ing the volumetric efficiency if the temperature of the 
air after being drawn into the cylinder were the same 
aa that of the atmosphere and if the pressure at the end 
of the suction stroke were the same oa that of the 
atmosphere. This is never the case. 

The compression efflclencj is the ratio of the ^7o^k 
required to compress adiabatically all the air or gas 
delivered by the compressor to the work done within the 
compressor cylinder, as shown by the indicator cards. 

Compression efficiency is sometimes expressed in terms of isothermal 
compression, though this practice ia discouraged by the A.8.M.E. in its Power 
Test Code. Tablo 4 gives conversion factors or multipliers for converting 
compression efficiency adiabatic base to corresponding efficiencies based on 
isothermal compression with perfect intorcooUng. 


Table 4. Factor for Converting Compression Efficiency Adiabatic 
Base to Compression Efficiency Isothermal Base 


Ratio of 
compression 

Single stage 

TwOstase 

Ratio of 
oompresaton 

Two stage 

Three stage 

1.5 

0.9« 1 


9.0 

0.864 1 


2.0 

0.920 ! 


ID.O 

0.859 


2.5 

0.890 


11.0 

0.854 


5.0 

0.S64 


12.0 

0.858 


3.5 

0.838 


13.0 

0.833 


4.0 

0.813 


14.0 

0.828 


4.5 

1 0.795 


16.0 

1 0.813 



1 0 780 


18.0 

1 0.798 



1 0 770 


a.o 

1 0.793 


6.Q 

0.759 


22.0 


■ 0.873 

6.5 

0.752 

0.88S 

25.0 




0.746 

, 0.883 

30.0 




1 0.738 

i 0.879 

35.0 




1 0.732 

1 0.874- 

40.0 




1 0.725 

1 0.869 

45.0 


0.835 
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usually secured below 5 lb pressure, but the mmplicity of the machine gives 
it an advantage over compressors of the iHston type and frequently warrants 
its installation for the higher pressures indicate when designed for this 
purpose. As the machine operates by displacement, it is usually preferred 
to a centrifugal blower for cupola practico because its positive action will 
maintain tbe air supply if the cupola tends to clog. For other uses of air at 
pressures below 8 oz, tbe fan is ordinarily more economical. 

Blowers of this type may bo arranged to give either constant volume or 
constant pressure and to handle eiiber liquids or gases. They consist of a 
caring containing one or more revolving impellers of various forms of design. 

F^e 3 illustrates a cress eectuon of a Roots blower. Tho two impellers 
are symmetrical and are driven in opposite directions 
by gears outside the caring. The impellers do not touch 
each other or the casing, but the clearance is reduced to 
a minimum in order to reduce riip or leakage. The j 
amount of this slip or leakage may be determined by t 
operating the machine with a dosed discharge, at a V 
speed sufficient to maintain the required <^scliargs 
pressure. Tbe amount is usually largest in machines 
of smallest capacity, <.e., a machine displacing 0.75 _ 5 c * 

cu ft per rev at a preasure of 1 lb will have 0 slip ^ ® 'pf ° ^ 
of from 60 to 70 rev, while a machine having a capacity Blower, 
of 800 cu ft per rev will have a slip of from 3 to 
6 rev. For intermediate capacities, the slip will 
vary proportionally and increase with higher pres* 
sursB as the square root of the disdiarge pressure, I 
i.e., at 4 lb pressure the eb'p will be approximately 
twice that at 1 lb. 

Blowers of this typo built by the Roots<C«i> 
nersville Co. are suitable for capacities rangii^ - u ^ 1 • 

from 6 to 10,000 cfm at pressures up to 5 to 10 lb ^.-Nash Turbme 
per sq in. at speeds ranging from 250 for the vacuum rump, 
larger sizes to 1,200 rpm for the smaller siscs. They are commonly used 
for cupola service, for sewage disposal plants, for low-pressure gas boosters 
iu manufactured gas plants, mid (or bloww service in general. 

In most blower work, the so-called hydraulic formula for horsepower 
will be found satisfactory; bp Q(pt — pi)/3S,000, where Q is tbe cu ft 
of air compressed per min, pj tbe initial presBuro, and ps the final pressure, 
I'd per sq it. 'lo get tiie aduat horsepower at tbe ^ait, the ’Horsepower 
should be divided by tbe effidency, wbidi will vary from 0.80 to 0,90. 

In the liquid packing ring type of blowers used for vacuum pumps or 
air compressors, water forms a seid between the auction and the discharge 
chambers. The turbine vacuum pump, shown in Fig. d'fNash Engineering 
Co., South Norwalk, Cona.),UBesabulgcd outcasing and obtains two impulses 
in every revolution. A rotor revolves in an elliptical caring partly filled 
with water. The water approaches and recedes from the huh and in this 
manner acts as a liquid piston displacing the air in the spaces between the 
vanes of the impeller. 

Starting at the point near the suction port, the chamber or space between 
the vanes is full of water. As the vanes rotate, the elliptical casing per- 
mits the water to be thrown out by centrifugal force and air is drawn in. 
After the inlet ports are passed, the water is forced back into the rotor by 
the elliptic casing, gradually compresring the air. When the rotor spaces 
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The mecbaiiical efficiency of aa air compre^or is the work done in the 
air cylinders divided by the work done in the cn^ne cylinders if driven direct 
by steam or gas engine, or by the work delivered at the belt if the compressor 
is bolt driven. 

Actual Values of Efficiencies. Tests of piston comprossors show extreme 
variations of mechanical efficiency from 76 to 97 percent, with approximate 
averages for the more common azes of 90 percent. 

The volumetric efficiency of piston compressors varies from 50 to 76 per* 
cent for single-stage 100 lb mnehines to 80 to 90 percent for multistage 
machines in which the first-stage pressure does not exceed SO lb per sq in. 
Where actual measurement of the air delivered by a compressor cannot be 
made, the volumetric eEBcaency may be very closely determined from the 
vacuum that can be developed by the compressor with the intake completely 
closed. The teat to establish the vacuum devdoped with closed suction may 
be made by closing the intake of the 
compressor and allomng it to discharge 
into the atmosphere, or, if it is a muld> 
stage compressor, by allowing the first- 
etage cylinder to discharge into the 
atmosphere. 

I e =1 -Pi(l -«)/P.i 
where e ®= volumetrio efficiency, per 
coat;Ps = absolute pressure under which 
compressor (or first stage) normally 
operates, lb per sq in. abs;?* ■ normal 
suction pressure, lb per sq in. abs; 

V B vacuum developed on closed SDction, 
in. of mercury; b *■ barometer, in. of 
mercury. 

Average values of volumetric efficiency 
for single-stage compressors with various 22.--Vohm6tTic Efficiency 

percentage clearances, talong into ae- at Various Compreseiou Ratios and 
count leakage, heating, and other factors, for Various Percentages of Cylinder 
are given in Fig. 22. Clearance. 

Compression efficiency varies with 

the number of compressions as well as oil factors affecting volumetrio 
ciffciency, oxcupif cibiriincB. ^venegw or gwnf rai'cres, caibuihi'cti’ on on. 
adiabatic base, are given below for atmospb^ic intake pressure. 

Discharge sir pressure, lb per sq in., pge 10 20 30 40 60 80 100 

Compression efficiency (adiabsrie base) 0.74 0.82 0.88 0.80 0.89 0.00 O.SO 

Horsepower Required to Compress a Gas (sec pi 319). The horsepower 
required to compress a gas in a single-stage compressor is 
n— I 





where Fi represents the volume {cu ft) of gaa compressed per minute and pj 
and Pi the pressures lb per eq in. abs. 


Values off— I may be obtained from Table 16, p. 314. Since this tabu- 

■ • \J>i/ 

lation is for expansion from pi to pi, the valuM of pi/pi of the tabulation aro- 
tho same as ps/pi in tbs preceding oxpreraon. 
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have reached the outlet ports the ak has been compregsed to the ierminaJ 
pressure and is then discharged completely by the reentering water. 

Liquid-packed ring-type rotary compressors are BUitablo for pressure 
ranges up to approximately 75 lb per sq in. and vncuum up to approximately 



Fig, 6.“~TwO“Stage Sliding-vane Compressor. (Allis-Chalmers "Ro-Twin.”) 


27 in. Hg in a single stage, Two-stage oquipmont is available for higher 
pressures. Standard sises are available over a wide range of capacities. 
They are used to advantage whore Ibe wr or gas to be compressod jnuet be 


oil free, for example, in certain cbem- 
ical processes or sewage dispossd. 

SlidJog-rane rotary compres- 
sors, originally developed more than 
25 yews ago, have been used exten- 
sively in Europe and have been in- 
troduced in the United States by 
Yeomans Brothers Co., the Fuller 
Co., and the Allis-Chalmers Co. 
The priaeiple of operation is shown 
diagrammatically in Fig. 6. Com- 
pressors of this type are built for 
discharge pressures up to 125 lb 
per sg in. in capacities up to about 
2/MCl xoxiihi.'m. 

are generally used for pressures up to 
50 lb per sq in. and two-stago ma- 
chines for higher pressures. They 
ate designed to operate at standard 
electric motor speeds ranging from 
3,600 in the smaller eisea to 4S0 ipm 
in the larger sizes, 

Steam-jet Blowers. Steam jets 
have long been used for "blowing” 
or exhausting in order to maintain 
combustion in locomotive bwlera, 
usually employing the exhaust from 
the engines through properly sb^>ed 



“■~1 r 

J. \m J 


Fra. 6a. Fio. 65. 

Fig. 6a. — ^Korting Exhauster. 

Fig. 66.— Korting Steam-jet Air 
Comproeaof. 


‘ nozzles.” This type of air compreflsor or exhauster also finds extended 
application for emergency use and at timos in permanent installations for 
removing foul air from mines, factories, ship holds, and for gaa exhauatetB, for 
securing forced draft, and for handling gases under low proasurea in certain 
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Hepiesanimg the intMcootet pteasuw by pi, die w>rk done in bo & cylinders 

of'B two-stage ooiopressor will be ' ' ' ^ 

” .+ ( 1 ) ■'"] 

With perfect intcrcooling, piVi = T ho p tecfeding esptcasloQ for the 
total work will he a minimum when'W « Vp»^* 
ilia’?rM5vre,lltpff3ats,«/0<«i>rown» ' 

IS 17 16 IB'S? It R ft n ID-'S 7 6'. 5_ ^ "h I \ 0 



■i^l^SSSSSS^itSSaSSSSKOm'llll 



■■■■■■HMimiamM 


I \ l i, 5 6 f 1 « 9 » W ft {; 19. 1^ 15 

j } i i j I I Pfessyre fetJo. i j } t { j j 

'10,400 9,600 8,800 8.005 7,205 6,«0 IJIW W 4-OM 5W0 2,400; 1,600 ,800, 0 

!' I S'l'lbpermfii^GasIkamin j } 

500 240 ■ leo • . • . . l20 60 0, 

Up per 1,000 fnfl of Gas Dram in jwr Min 

Fw. 23.— Chart for Deternuning tho Work Done in Singlo-stnge Gas Com- 
pression (Lvi^o). 

The proper iutfircoolcc pressures for.thrco-staeo compression arc 
First intercooler, p » second intercooler, p - 

The inmimum work done in compressing a gaa ia given by 


■/j,i\2b I 

I — I - 1 for twcf-sta^e compressors 


PI -1 

33,000 n—1 lVpi/ • 


With perfect iatercooling, the volumea of the cylinders should be inversely 
as tie pressures cl the gas admitted to them. 

Trofessor Lnoke {"Engineering Thennodynamics'’) gives a number of 
charts for solving graphically nuuiy of the problems of gaa compression, 
of which Fig. 23 is a very convenient one for determining the work per cubic 
foot and the horsepower per 1,000 ra ft of gaa compressed in a single stage to 
any pressure up to 15 times ita initial pressure and for various kinds of com- 
pression curves from the isotfaennal to the adiabatic. 
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ctemioal industries. Among its advantages are simplicity, ease of opera* 
tion, small space, minimum of rep^, mid ease of regulation. 

Figure 6a shows a Kortir^ exhauster for reraoviug air, and Fig. 6& a 
Korting compressor of the steam-jet type. These machines are built in 
capacities of 10 to over 20,000 cfm and usually operate with steam at from 
60 to ICO lb gaga pressure. la some cases, they are operated by water under 
pressures from 1 to 45 lb gage- A. von Ihering ("Die GehliUe’') reports some 
tests as to steam consumption which in^cate 0.19 to 0.37 Ib of steam 
required per 1,000 cu ft of air handled, the larger sizes being the moro 
economical. 

Steam-jet exhausters are used principally for lifting liquids as, for example, 
in creosoting plants, for lordng or ingoing air or gases through liquids, for 
priming centrifugal pumps, etc. A typical performance is shown in the 
following table: 

1 In. Steam JefPrimer 

(Steam-operated air exhauetcr, cubic feet of free air per minute) 


Vacuum, in. of mercury {barom 80 in.) 


lb per an in, gage 

IM 

5 

6 

10 

15 

23 

1 “ 

25 

<0 1 

9 

0 





SO 

40 1 

17 


9 



1 0 

75 

40 1 

19 


11 1 

7 

2 


ISO 

40 

20 

15 

13 

S ' 

2 

Ll_ 


Vatar-Jst eshausters arc also used for priming and other purposes. 
Typical periormance data lor water under 70 It head are given below. The 
second line gives the free air exhausted per lOO gal of water. 


Vacuum In in. of mercury (bwom 30 in.) 4 5 7 20 15 20 25 SO 

Air in ou ft per 100 ga! of water 23 18 13 8.5 4,5 2.2 0.8 0 

Eydiaullc Compressors. Several devices have been made for utilizing 
falEng water for the purpose of compressing air without the use of any 
mechanical moving parts. The moat successful of these 
is the Taylor compressor, shown diagramrnaticaliy in 
Fig. 7. In the figure, air tubes are represented at C, all 
terminating at the conical entrance B to the downflow 
pipe E. The water supply is furnished through the 
flume D. As the water falls, it draws air through the 
small tubes, carrj'ing it down to the separating tank (?, 
where it is hberated at a pressure depending on the 
weight of water in the vertic^ pipe if. The compressed 
air is then conducted through pipe JC to the place 
where it is to be used. The vertical distance from M to 7.— Taylor 

the tail race L represents the fall of water that Is Hydraulic Air 
available. Compressor. 

In this system, the compression is iBothenP» and the 
compressed air is saturated Trith moisturo. The oxygen content of the air 
is reduced, which renders the air less beneficial for purposes of mine ventila- 
tion if the exhaust from the ^ tools is plwued to assist ventilation. The 
system offers a very simple solution for utifizmg water powers when the 
market for compressed dr jusUfies its installation. It has the advantage of 
simplicity with a minimum of operating expense, and very high efficiencies 
are secured. The first coat of the installation is likely to be high. 
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Id Fig. 23 the diagond lines represent various absoluto pressures for the 
gag drawn in, and the curved lines applv to various hinds of compression 
curves. The lower horizontal scale ©vcs pressure ratios, work, and horse- 
power. In using the curves, follow 
verti cally from the pressure ratio to 
the n curve, horizont ahy to the inlet 
pressure line, and vertically down- 
ward to the horizontal axis where 
the work and horsepower may be 
read. For eiamplc, if the compres- 
sion ratio ifi 6, the compression 
curvefollowstheequationpiVi’** = 
and the gas is at 14.7 lb per 
sq in. abs; there will be required 
4,960 ft-lh of work per cu ft of gaa 
compressed, or 152 hp per 1,000 ca 
ft of gas per min. 

If the compression for the same 
pressure range (or to 88.2 lb per aq 
in. abs) had followed the isothermal 
compressioE curve, it would have 
required 3,880 ft-lb of work per cu 
ft, or 120 hp per 1,000 cfm. 

Figure 24 enables calculations to 
be made for work and horsepower 
for two- and three-stage compres- 
sion, when Used in cenneciion with 
Fig. 23. The dotted lines represent two-stage and the full lines three-stage 
compiession and are marked according to the character of the compression 
curve. The horizontal scale shows pressure ratios and the vertical scale ratio 
of work or horsepower for two- or three-st^e compression to the work that 
would be required for single-stage eompres^on as determined from Fig. 28. 
For osample, for a pressure ratio of 8, or a dieebargo of 1 17.6 lb per sq in. abs on 
a suction pressure of 14.7 lb, the work for a compression following the equa» 
tion would be 85.2 percent of the work for the same conditions 

single-stage if two-stage were used and 81 percent of it if three-stage com- 
presaion were used. 

Effect of Altitude. As the density of the atmosphere decreases with the 
altitude, a compresso’’ located at a high altitude will take in a smaller weight of 
air at each stroke. The reduction of pressure at the inlet affects the power 
expended in compressing the mr, but the decrees in power required does not 
vary in the same ratio as the decrease in capacity. For this reason, compres- 
sors to be used at high altitudes should have the steam and air cylinders prop- 
erly proportioned to meet the varying conditions at different levels. Table 
6 shows the variation in capacity and horsepower for various altitudes. The 
altitudes given are heights above mean sea level and are subject to correction 
for temperature and latitude. From the table, it can bo aeon that for a two- 
stage compressor discharging at 100 lb pressure when operating at an altitude 
of 8,000 ft the weight of air compressed will be only 76 percent of that at sea 
level and the horsepower required will be 85 percent of that at sea level. 

Figures 25 and 26 show the performance of Epical single- and two-stage 
compressors, respectively, when opmating at sea level and different altitudes 



Work Done in Two- and Threo-stago 
Gas Compression (Luckc). 
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used. For the lo?:er pressures, compression is generally accomplished in s 
single stage. For large size (ylindera (300 to 6,000 dm) , the limit of pressure 
per stage is generally set at not more than 3 to 4 compressions; for relatively 
small sizes (50 to 300 dm) the limit may be as high as 7 or 8 compressions, and 
for very smaD capacities (1 to 50 cfcn) 15 compressions is not uncommon. 



Fig. 9.— Double-acting Air Compressor with Feather Valves. 


When the total pressure does not exceed 500 to 600 lb per sq in., cylinders 
of the double-acting type are generally used. A typical design is that shown 
in Fig. 9, which illustrates a Worthington feather-valve cylinder of moderate 
size. For very high pressure, particularly for the third and fourth atago of 
muiUstage compressors, cylinders of the angle-acting plunger type give the 


■IlIBi 




Fig. 10. — Four-stage 4000 lb Compressor, 

best service. The plungers he either ring-packed or packed with soft 
or Bcmipliable metallic packing uring gland and stufEng-box construction. 
Figure 10 shows a four-stage 4,000 Ih compressor. Compressor cylinders and 
cylinder heads should be as completely jacketed as possible. The air porta 
and passages are generally proportioned to limit the average air velocity 
through them to not more than 2,000 fpm. For compressors having a piston 
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• inlet cldsed when the predetramincd pressure is reached, 
pressoTB, a doable-beat r&lreisuscd, 
which is placed on the air-inlet dnct 
and controlled by air pressure from 
the air receiver. This valve is set to 
shut off completely all the incoming 
air when the receiver pressure rises 
above a predetermined point. In 
order to relieve the high-pressure 
cylinder during intervals of unload- 
ing, high-pressure rdief valves are 
used. 

A total-closure suotion \inIoader is 
shown in Fig. 28. The diaeharge pressure 
acting on the piston A compresses the 
spring .ft; when the port C is uncovered, 
the eir has accesa to the underside of the 
valve D and closes it. 

Another widely used type o( compressor 
regulation is the variable deamnee con- 
,trol The compressor cylinder (Rg. 29) 
is equipped with clearance valves 
. A , S, C, and A. These valves open com- 
jnunlcation between the cylinder and 
the clearance pockets B,E. The dear- 
once valves are piped to a regulator 
controlled by the aii pressure, 

A third type of compressor for varia- 
ble volume at constant speed is shown in 
Fig, 39. Inthieaccmbmatiouof clear- 
ance and suction-valve by-pass coatrol 


For larger com- 




c; . 


Fig. 29. — Variable 
Clearance Compressor. - 


Aliacted I-Open laZrOpen laWpsi ZDsseii l- 3 - 30 pen 



'Capaciij lOOPtrairt ISPtrCojf SOPerCeob ZSPsrCgnt OPerCod 
Fig. 31.— Cards ftora Comjwessor vritli Combination Clearance and Snetion- 
Valve By-paas Coatrol. 

is employed. ' The first step of unloading is eSeoted by means of a clearance pocket on 
one end of the cylinder, the second by holding open the auction valves on the same end, 
the third by holding open the sucUon valvea on the other end and permitting the first 
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speed of not more than 700 fpm, the intake pipe connection varies in diameter 
from H to 5^ 0^ cylinder diameter aod the discharge conticction Irom 
to H of the cylinder diameter. 

Piston speeds, commonly used for mp and gas compresBors, have been 
greatly increased ance the practicai elimination of the mechanically operated 
vfilve and the iatioduction of modern li^tweight plate and strip valves. 
Although some compresaors are now built for piston speeds as high na 830 fpm, 
it is considered better practice to limit apeeds to 650 to 750 fpm, with tho 
lower limit for smaller units and the higbw limit for larger units, Eotativo 
speeds arc fixed to corrcEpond to these piston speeds and' vary from 8D0 for 
6 in. stroke oompressors to 150 rpm for 30 in. stroke compressors, 

The large quantities of air required for blast furnaces and Bessemer con- 
verters were, until recently, usually supplied by piston compressors of largo 
capacity, driven either by steam or gas cugiocs. The turboblower directly 
driven by steam turbines or electric motors baa supplemented almost com- 
pletely the reciprocating piston blowing tuba for this servico. 



Piston compressors used as blowers for blast furnaces and Bessemer 
converters usually operate at disebarge pressures of 15 or 20 lb gage rrith 
piston speeds as high as 800 fpm, In order to provide sufficient valve area, 
it is necessary to increase cyhnder clearance to ta percent of tho 
piston displacement. Figure 11 shows the head and valve arrangement of a 
typical small-sized Wowng tub. 

Compressor valves are generally of the automatic type as distinguished 
from the mechanically actuated type. For small compressors, or tiie high- 
preasure stagos in h^h-pceawre compressors, poppet vnlvca of the single-beat 
cup type are most extensively used (Kgs. 12 and 13). For all other services, 
some one of the various li^iweight plat© or strip valves are used. Plate 
v^ves may be classified into three groups: (I) rigidly attached disk valves 
with integrally connected rings and spring dement, (2) semi-attacbed strip 
or ribbon valves, (3) unattached and independent pinto valves. The Inger- 
soll, the Worthington Feather Valve, and the Chicago Pneumatic Simplate 
axe typical examples of valves falling in the three preceding classifications. 

In the lugeraoil valve (Fig. u), the valve disk is made from a tliin sheet 
of steel. The outer portions of_thi8 disk are used as vaive rings, and tlio 
inner portion is used to &.ve the’^k eki^aty and to guide it. The valve 



REGVLATION, REHEATING, LVBRICATION 


1653 ' 


suotici raJvcs to function, and the last step <a oompleto aaloading is eSected by holding 
open all suction valves, completely by-passing all air entering the cylinder. Typical 
indicator cards are shown in Fig. 31. 

The petforinanca of a 15^ and X 10 direct-connected compressor 
equipped with combination clearance and by-pass volume control and oper- 
ated at 3G0 rpm against 100 Jb discharge pressure with atmospheric 
intake at sea level is as follows: 


Item ’ ^ 

Full load 

load 

Wload 

Displacement, cfm..,. 

Volumetric efficiency, percent. 

Actual capacity, efm i 

Total bhp ' ...........I 

Bhp per 100 cfm 

Total electrical bp 

Electrical hp per 100 cfm. I 

782. 

84.1 

664. 

125.7 

19.10 

135. 

20.3 

1 495, 

98.5 

1 19.75 

105. 

21.] 

1 332. 

71.5 

1 21.5 

77. 

23.2 


Regulators. Variable capacity control is obtained in various ways. 
One method uses solenoid-operated three-way valves to control the admission 
of air pressure to the compressor unloading elements. 

The solenoids, mounted on the compressor, are arranged 
to unload when deenergized and, therefore, may be elec- 
trically interlocked with a motor starter for automatic 
initial unloading . The electric circuit to each so Icnoid 
is completed through a governor instrument which may 
be mounted remotely from the compressor. 

A combined speed and pressure governor 
(Ingersoll-Rand) for steam-driven compressors is illus- C 
trated in Fig. 32. It is of the hydraulic typo, operated 
by means of a small oil pump A driven from ^s com- 
preesM shaft. Raising or iowering of tbo rack and 
weight B, which is a part of the governor, controls the 
cutoff position of the steam valves and varies the speed 
of the compressor. Movement of the weight is accom- 
plished by a change in the pressure of tic oil under tho Fig, 32.— Corn- 
plunger. The pressure variation is a resultant of the bined Pressure and 
simultaneous action of two separate methods of regula- Speed ■ Governor, 
tm. Pump A, which is chain driven from the main (Ingorsoll-Rand.) 
fihait, produces a flow of oil under pressure acting against 
the governor plunger. Variation in steam pressure produces a change in' the 
oil pressure and causes a movement of the weight and rack and changes tho 
cutoff in such a way as to restore the required speed. Variation in the demand 
lor air or gas also affects this oil pressure by means of a diaphragm-operated 
valve D which by-passes a portion of the flow of oil. The diaphragm is con- 
nected to receiver pressure. 



Wafer Jneketa, Intercoolers, Kecelvors, and Aflercoolora. In rood 
modern practice, the nnmber of square fed of cooling surtaee per 100 ctt ft of 
fine air per mmute with hrass tabes and for comprcsBlon to 80 to 125 lb mra 
IS about as follows: ^ 


Cooling water temp., F 

Cooling surface, Bingle-stase, sq ft! 
Cooling surface,' two-stage. sq ft. 


60 70 80 00 
16 ' 17 ' 20 23 
13 13 14 15 
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IB held rigidly through the elastio central portfoa. ^ The spring loading of the 
valve is effected by meahs of spring elemcntS'/orming part of the cushion 
plate. The lift of the valve does not exceed >4 in. • In the IngersoU channel 
valve, two or more parallel valve members, shaped like a channel,' lift' uni- 
formly from their seat for their entire length.' The back of the channel forma 
the seat, against which it ishdd by a flat ribbon spring, bowed against the 
val'vc guard at the middle and against tire channel at the two ends. The 
fiat spring is the width of the chan'ntd optsung, which forms the spring retainer. 
Tho valve channel is retained in poation by recesses in the guard at the ends. 
The lift of the valve is approximately H in. The Worthington feather 
valve is shown in Fig. 15. -The valve proper is made up of a series of thin. 

flexible strips of ribbon steel, hcldin /rrsmjv 

position over rectangular openings 
in the seat by curved milled guards 


in the valve cover. The valve 
strips have a lift of about K in* at 
the middle and about }i in. at the 

ends, giving large lift areas. Rib* Valve Cushion plate Seat 
bon steel springs are placed over Fro. I4.—IngetBoII High-speed Valve, 
each valve atrip, bowed ag^t the 
guardatthemiddleand'againBtthe / gP 
valve strip at the ends. In open- ^ 

ing.'thQBpringallowsthestriptoliftj^^^Zu ; | 11 rtLI-jM l 

uniformly for half its lift and then\ .n- , jj i u b, >!ia| l 

flex against the curved guard for \ ttt — ^ r -' " - J y 

the rest of its travel. The Chicago 

pneumatic simplate valve is „ ^ ,, , _ 

.howi in Pie. la. Thov.iv6»t_ .Jt'* .0“™ 

hl» Ctaliiar port, ov.r *bich m l«--WortimglOB Peator Teive. 
ploced, concentrically, thin ring 
valve elements. These are held 

down by means of a number of mKf?ej5nil 

small helical springs. The lift oi 

the outer or larger rings is generally 

not more than M in., and that of „ . 

the inner or smaller rings is some* - 

times made somewhat Use. W>-Samplate Compressor Valve. 

The area through tho valves for any compressor depends upon the piston 
speed and also on tie rotative speeds. In eome designs, the area through the 
intake valves is made larger than that through the discharge valves. Gen- 
erally, however, it is made the sarae. In low-pressure compreasora, or blow- 
• ing tuba, the 'valvo area is made large enough to give an average velocity of 
3,500 to 4,000 fpm. For higher pressures (30 lb per su in. and over), 5,000 
fpm ia conadered satisfactory. For high rotative speeds and relative low 
piaton speeds, the limits pven above may be somewhat exceeded, and for 
low rotative speeds and high piston speede they represent tho hmit of good 
practice. 

Vacuum Pumps. A vacuum pump is esaentially a compressor. It 
takes its suction at low absolute pressure, compresses through a large num- 
ber of compressions, and generally discharges to the atmosphere. For con- 
denser service, a vacuum pump must develop a vacuum varjing from 27 to 
29)4 in. of motcuiy. For other sorncea, for example pumping gas out of oil 
wells, vacuums from 15 to 28 in. of mercury are common, Vacuum pumps for 
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The number of gallons of cooling water required for aftercoolers (A), inter- 
Doolers W, ^^4 tjj'aniet pa «i It a 

^von by The Compressed Air Sodcty as follows: 


Apparatus 

No. of 
etages 

Compresuon 
pTMimK, 
lb gage 

[ Waksr temperature, F 

60 

70 

1 80 

90 


2 

80-100 

2.5 

3.0 

1 5.S 

4.0 


2 

80-100 

2.9 

3.4 

4.0 




80-100 

4.0 

4.5 

5.2 




80-100 

0.85 

1.0 

1 1.2 

1,4 




0.5 

0.6 

1 0.7 

0.9 



60 

0.6 

0.7 

0.8 

1.0 



80 

0.7 

0.8 

0.9 

1.1 

3 

1 

100 

0.8 

0.9 

1.0 

1.2 


Receivars are used to supply a reservoir of air, to equalize the pulsations 
in the air coming from the compressor, to collect the water and grease held in 
Buspenaion by the compressed air as it leaves the compreaaofi to reduce tha 
friction of air m the pipe system, and to cool the air as thoroughly as possible 
before entering the transmission system. To facilitate the removal of water 
from the compressed sir, 
an afteroooler is fre* 
quently u«ed. It pre- 
cipitates the water and 
thus reduces difficulties 
in transmission lines and 
tools. 'When the trane- 
mission pipe lino ia long, 
receivers should be placed 
at both ends of tho pipe. 

Figure 83 gives the 
heat transfer in Bw per 
hr per aq ft of surface per 
deg P mean temperature 
difference between the air 
and water with different 
air velocities in fps for 
aflercooleTS. Thnn ivt 
an air velocity of 50 fps 
and for an air density of 
0.2 lb per cu ft, the heat transfer rate is about 48. This valuo, however, must 
bo corrected for the velodty of the water. On die assumption that tho latter 
is 1 fps, the correction factor from the curve ia 1.4. The corrected heat 
transfer rate is 48/1.4 = 34 Btu. 

IteheatetB. Heattng the ear just before expansion may increaso the 
efficiency of the system and, in adffition, "wU Increase tho temperature at the 
end of expansion and prevent the freezing up of tho motor. 

In quarry work, Stoves aro eometimea used for preheating the air. In 
locomotive work for mines and surface use, hot water ia frequently employed 
for this purpose. 

Reheaters are usually capable of nrang tho temperature of the air to 
from 200 to 600F, although common practice shows temperatures of 250 
to 350. In figuring on reheatera, it is usual to assume that 1 lb. of coal will 


CwrecKonfbrforfcrWaHr 



Fig. 33. — Heat Transfer Rato for Aftercooler, 
^chutte and Koerting Co,) 
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high vacuum' aro either of the close-clearance type or of the flash-port type. 
An example of the'latter developed by Wheeler is shown in Fig. 17. One 
suction valve is used which turns alternately to admit air to one end of the 
cjdinder and then to the other. ' A flash port, cored in the suction valve, opens 
communication between the clearance space of ono end of the cylinder and 
the compression of the other end, just as the suction and discharge passages 
are closed. A row of poppet valves controls the discharge. The close-clear- 
ance type of pump is identical in constraction 
with that of any air compressor. The vidves, 
usually of the plate or skip type, are placed 
in the cylinder heads in order to reduce 
clearance to a minimum. For high vacuum, 
fwo-stage pumps are most commonly used. 

Figure IS shows a single-cylinder two-stage 
vacuum pump developed by the Worthington 
Corp., in which the air is first taken into one 
end of the cylinder and then discharged 
directly into the other end of the cylinder, 
which has a large clearance volume, where it 
is compressed and discharged into tho atmos- 
phere. Pumps of this type develop a vacuum, 
on closed suction, equivalent to a pressure of 
I less than 0.1 in. of mercury absolute. 

I The capacity of single-stage vacuum pumps, 
or the volumetric efficiency, may be very ap- 
proximately measured by the vacuum de- 
veloped with the intake completely closed. 

Q=D{V-Vc)/B, where Q is capacity, 
cfm; D the displacement; V the vacuum 
developed on closed suction; 7® the working 
vacuum; and B the barometric pressure, all in 
in. of mercury. The alr-handling capacity 
of vacuum pumps on condenser service must 
bo calculated not from the observed vacuum 
but from the partial pressure of the mr tak- 
ing into account the vapor pressure of the 
steam entering the cyhndcr with the air. 

Injection compressors for Diesel en- 
gines may,^be .either two or three stage; tho 
latter, however, is preferable. In order to 
regulate, the capacity, one of three methods 
i8generallyused:‘(l) throttle valve in the compressor intake, (2) bleeder valve 
from the first stage discharge, (3) clearance , pockets in the low-pressure 
cylinders with valves for opening or closing them as' occasion demands. 

AIR COMFRESSIOH 

For the theory of air: compression, see p. 319. 

Mean Effective Pressure in • Multistage Compression. The mean 
effective pressure, with complete, intercooling, referred to tho low pressure 
piston, is expressed' by 'the formula ' 



Fig. 17.— Wheeler Flash-port 
Vacuum Pump, 



Fig. 18. — Single-cylinder Two- 
stage Vacuum Pump. 
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pve from 8,000 to 10,000 Btu to tlie m As theQ>ef5ific heat o( air is approii- 
mately 0.24, 1 ib of coal -mil ?jbso the tompctaluro of appiosimatcly 100 lb 
(oT 1,200 cu ft) of free aii 300 deg. 

Ti^iaerease in effic-iency te&\iltSng from reheating is greater with tools 
that use air expansively thaji vrilh saachines UUdng in air for full stroke. 
Sometiaree it is not desirable to have th® wr enteriog a tool at a tempera- 
ture above 300 F because <sl the effect of this Hgh temperature on the lubri- 
cation. For these conditions, small portable hot-water 8 tove-t 3 T>o reheators 
are available in capacities of ^ to 81% cu ft of air per roin. 

tubrication (See p. 1902). If oil is fed too tumidly in the air cylinders or if 
it is of unsuitable quality, there is a gradual occutaulation of carbon, which 
interferes with the free movement of the valves and may actually choke the 
passages and produce high temperalurea aufficicat to produce ignition or 
esplDSion. 

Exploaione haye taken place from the introduction of keroslno or naphtha 
into the air cylinder for the purpose of doaning the v^ves and cutting away 
the carbon depoats. This is a vtay effottive "nay of cleanSag valves and 
pipes, but is a source of danger and shordd be abaolntely probilntod. 

In order to reduce the danger of esetsave temperatures, fuBlblo Safety 
alarm plugs may be inserted in the discharge lino. These are usually set Cor 
a temperaturo of 350 F for a ain^e-etage compressor working at 40 lb gage 
pressure, tor a two-stage compressor at 100 lb ga^, and for a tlireo- or four- 
stage compressor delivering at 1,000 lb gage. A WO F plug is furnishod for 
nee with a aaglo-stage compressor dischargiiig at 100 lb gage presauro. 
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where iV represents the number of stages and n is the exponent of the compres- 
sion curve. Figure 19, from a chart pktted by F. W. O’Neill, shows the 
relation between the mean effective pressure and the initial pressure for 
various pressuTe latioe pj/pi Trith adiabatic compieasion and complste 
intercooling. For isothermal compresaon, pst “ pi logs (pi/pi). 

Wet VS. Dry Compression. The ideal method of compressing air when 
it is to be stored or allowed to cool before being used is tbe isothermal, and in 
the earlier types of compressora this was attempted by so-called wet com- 
pressors, by means of which it was posable to secure compressions approxi- 
mating piFi'-* “ jaFi'-*. The mechanical difficulties involved and the 
necessary low speeds with conse- 
quent small capacity have led to 
the use of modern "dry compres- ^ 
sors," which in small siacB have ^ 
cylinders with cast-iron ribs for - 
radiating heat and in large sizes z g 
have water jackets Burroun^g the - 
cylinder. ThecooEngthussccurcd ^ 1,^ 
is sufficient to keep temperatures 
from being excessive, but as a rule ^ 
the compression curves ore above ® 
pyi.u s constant. Dry compres* 
sion has the advantt^e of higher 
speeds and larger capacities. 

Effloisnoiea. Th« volometrii!' Effective' Piemit. k 

efficiency of m air or see com- Aj, CompreEilon. 

pressor is the ratio of free air at 
intake pressure and temperature actually drawn 
in, to the piston displacement. The principal ^ 
sources of volumetric loss arc wiredrawing, heating 
of the air during admission to the cylinder, leakage 
past valves and pistons, and reezpansion of the 
clearance air. Except for tbe lost item, none of 
these losses can be directly measured, so that a 
determination of volumetric efficiency involves the o'— 
actual measurement of the air delivered. The jVtj ari—AJi- 
low-pressure orifice la generally used for tka ’ 'gorCard ^ 
purpose (see A.S.M.E. Power Test Code for 
Compressors). Figure 20 shows a typical compresaor card. The clear- 
ance loss is proportional to ilfJC. If the clearance expansion line fol- 
lows the equation p/Fj" = p^Fjc", where the clearance C = F,r/L, 



Va'we# cf 



then Vk/L * 
be written 


(p;/P5)"C* The volumetric loss due to olcaranoe may also 


Fg-Fj 




Example. If pj is 94.7 lb per sq in. aba and (7 is 2 percoat, the volumetric lose due to 


clEBranoc will be 0.02j^ ~ l] = 0.0656. 


CENTRIFUGAL COMPRESSORS 

BY 

JOHN AVERY 

Frota “Mechanical Engineers’ Handbook,” edited by Lionel S. Marks 

REnitENCEs: Eck-Kearton, ''Turbo-GebKao und -Kompreasoren," Springer. Kear- 
ton, “Turbo-blowers and Compreaaore,’' Pitman. Ostatag, "Kolbea und Turbo- 
kompressoren," Springer. Zerkowte, “Thamodynamik der Turbomasclimen,” 
Oldenbouig. lltBride, ''Centiifogol Compressors,” Gen. Elee. Set., May, 1932. 
A.S.M.E, Test Code for Centrifugal Compiessois, Edauaters and Fans, Part I. 

Centrifugal compressors are umilar in design and constniction to cen- 
trifugal pumps. The pressure that can be produced depends on thepevipierd 
speed of the impeller -wheel, the dena^ of the fluid handled, the tjrpe of 
impeller blading used, and the number of wheels. Sines air and other gases 
are relatively light, the centrifugal compressor must run at high speed. The 
compressibility of gases introduces a phenomenon, imt present in centrifugal 
pumps, known as ‘‘pumping,” or "airging,” which occurs at low load. 

Advajitages. The high speed of ceutrifugal compressors makes them 
especially suitable for drive by steam turbines or electric motors. They can 
generally be direct-connected to their drives, but in some cases speed- 
increasing gears must be employed, particularly when the volumes to be 
handled arc relatively small. 

Centrifugal compressors for pressures below I lb per sq in. are generidly 
Imown as Woicers or fans. In those machines, the kinetic ener^ 'ql the gas 
at the impeller esit is usually aUowcd to dissipate itself in eddies. For 
pressures greater than 1 lb per eq in., the kinetic energy is normally recovered 
as pressure by means of a diffuser. For mr pressures of 6 lb per sq in. and 
-undw, a an^e impdler is generally sufBoent. Higher pressures geaerall-y 
reqmie two or more impellers in eeries. More tban one impeller may also be 
required for pressures under C lb if Ibe gas handled Is lighter than air. Multi- 
stage compressors for pressures up to 30 to 35 lb gage are generaOy uncooled. 
For higher pressures, they are provided -with ^ecial means for cooling the 
gas during its passage from stage to stoge. 

The centrifugal compressor is characterized by small dimensions, relatively 
light weight, and freedom from vibrations. The only rubbing parts arc the 
bearings. The internal clearances between the rotor and the stationary parts 
are generally quite large. The air or gas Is delivered in a steady stream, free 
of pulsations. No oil enters the mr or gas stream, a deshable feature in many 
cases, particularly for chemical plants. 

The centrifugal compressor is very fierible and easy to regulate, responding 
rapidly to changes in demand and lending itself readily to such forms of 
regulation as constant volume, constant suction pressure, and constant 
discharge pressure. 

Limitations. Although a centrifugal compressor -will maintain a fairly 
constant pressure over a wide range of quantities, there is, for every speed, a 
certain quantity below which tiis operation -will bo unstable. This breakdom 
point or pumping limit can be poshed back towm-d lighter loads by making 
the discharge -vanes very few and th«r inlet angle small or by omitting them 
entirely. Also, when working on that part of the pressure curve where the 
pressure remains constant or increases with the quantity, there are usually 
pressure surges or pulsations which, although slight in themselves, may be 
greatly intensified by a sort of resonance effect if the volume of the inlet and 
discharge piping happens to have a certain critical -value. A slight throttling 
1656 
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To Conatnict a Tangent at any ©ven point 7* of a hyperbola. In Fig. 58, 
drawPi andP5 parallel to the asymptotes, and take OS = 2(OA) and OT « 
2(0B). Then Sr is the tangent at P. 



Fia. 58. 


To Construct a Hyrierbola, ^ven the asymptotes and any point P 

(1) In Fig. 59 let TPT' beavariableline tliroughP, and lay off T'P' = TP; 
then P' is a point of the curve. 

(2) In Fig. 60, draw PA and PP parallel to the asymptotes. Lay off 
OA' “ a(0A) and OB' = (l/n)(OB), where nia any number; and through A' 
and B' draw parallels to the axes; these will meet in a point P' of the curve. 



Fiq. 69, 



Fio. 60. 



Fio. 61. 


(3) (Fig. 61.) Take any point K in the ordinate PM, and draw OK 
meeting the line through P parallel to the z-axis in R. Draw a parallel to 
the i-axis through K and a parallel to the p-axis through P, meeting in Q. 
Then Q 1& a point ol the ourvo. 


THE CATENAEY 

The catenary is the curve in which a flexible chain or cord of uniform den- 
sity -mU hang when supported by the two ends. Let w 
= weight of the chain per unit length; T == the ten- 
sion at any point P; and Tf,, T, = the horiaontal and 
vertical componentB of T. The horixontal com- 
ponent Tf, ia the same at all points of the curve. 

Thelengtha = Ph/uiisoallcd the parameter of the 
catenary, or the distance from the lowest point 0 to 
the directrix DQ (Fig. 62). When a is very large, 
the curve is very fiat. For methods of findi n g o in ’ 
sny given case, see problems 1-6 below. 

The rectangular equation, referred to the lowest ■ 
point as origin, is y = a [coah (®/o) - 1]. • (For 
table of hyperbolic functions, see p. 60.) In case of 



5?, 

a 




D 

Q 


Fiq. 62. 
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** - I* , 

very flat arcs (o large), V “ ^ + ...5« + approximately, 

BO that in such a case the catenary dosdy reaembles a parabola. 

If the perpendicular from 0 to the tangent at P meets the directrix in Q, 
then DQ = arcOP s andOQ = » + o. The radius of curvature at Pis 
P = (y + o)’ /a, which is equal in length to the portion of the normal inter- 
cepted between P and the ^ectrix. 

Problems on the Catenary fFig. 62). When any two of the four 
quantities x, y, s, T/v arc known, the remaining two, and also the para- 
meter a, can be found, as follows: 

(I) Given x AND 1/, Compute p/x, and find from Table 1 the value of the 
auxiliary variable z. Then compute a = x/z, a = a sinh z, and T = 
wacoah s. Or, having 2, find «/xand ttx/7'byuBingTable83and2inver8ely, 
and hence (since x is known) compute « and T/ts> without the use of a. 


Table 1, Givinq z when y/i is Known. Then o = x/e 



0 12 3 4 5 6 7 8 9 

on 

OfKIfin 

0.0200 

0.0400 

0.0600 

0.0600 

0.0999 

(11199 

(1 139ft 

0 1397 

0 1793 

u 1 

tl 1993 

0.2191 

0.2389 

0.2586 

0 7?«1 

0,2978 

0.3173 

0.3368 

0.3562 

0,3756 

u? 

i 0.3948 

0,4140 

0.4332 

0 4322 

0 4717 

0.4901 

0.5089 

0.5276 

1) 3463 

0.3648 

03 

0 5833 



0.6381 

0.6561 

0.6741 

0.6919 

0.7097 

0.7274 

II 7449 

QA 

|0 7W3 

0,7397 

0,7969 

0.8140 

0.8311 

0.8480 

0,8647 

0.8814 

0.8980 

0.9145 

03 

1 0.9308 

0.9471 


0.9792 

0.9951 

1.0109 

1.0266 

1.0422 

1.0576 

i 1175(1 

0.^ 

1.0883 

1,1034 

1,1184 

1.1334 

1.1482 

1.1629 

1.1775 

1. 1920 

1.2064 

1.2207 


Nora, y/s - (ooeh t - 1)A. 


(2) Given x and T/w. Compute wx/T, and find from Table 2 the value 
of the auxiliary variable z. Then compute a » x/z, y ss a (coah 2 1) and 
BBS sinh 2. Or, having t, find y/z and t/x by using Tables 1 and 3 inversely, 
and hence (since x is known) compute y and s without the use of a. 


Table 2. Giving 2 when tw/P is Known. Then a »» x/t 


«ra/r 

0 12 3 4 5 6 7 8 9 


o.odoo 

(10100 

0 0700 

0.0300 

0.0401 

0.0501 

0.0601 

0.0702 

0.0803 

0.0904 


0.1005 

0.1107 

0.1209 

0.I3II 

0.1414 


0.1621 

0.1725 

0.1830 

0 1916 


1) oiin 

0.2149 

0.2256 

0.065 

0.2474 


0.2695 

0.2807 

0.2920 

0,3035 


0.3130 

0.3267 

0,3385 

0.3505 



0.3874 

0.4000 

0.4129 

0.409 

1)4 



0.4666 

0.4806 



0.5248 

0.5403 

0,5562 

0,5726 




0,6249 

0.6436 

0.6632 


0.7051 

0.7277 

0.7517 

0.7775 

0.6 

0,8053 

0.8357 

C.86» 

0.9082 

0.9541 


I.I11D 





Note. vix/T = z/coeb ». If vx/T is less than 0.6827, there are two valuea of *, one 
UsatbuD 1.20b zsi one greater than l.SOO; only tite arsaller of these values is tsbulstedi 
If tw/ris greater than 0.6627, the problem is impoeslble, 


(3) Ghtn X AND s. Compute «/x, and find from Table 3 the value of 
the auxiliary variable t. Then compute a = x/z, y = 0 (cosh z - 1), and 
T B tea cosh 2. Or, having z, find y/x and va/T by using Tables 1 and 2 
inversely, and hence (Bince x iB’fcnowx^ compute y and T/w without the use 








. .. SHEOnT ■ 

of the inlet will always stop.tliese pnlsationa by making the pressure curve 
slightly drooping. 

Theory, The theory of'tlie centrifugal compressor ^follows closely the 
theory of the centrifugal pump, the main differences being due to the com- 
pressibility of gas. ' - ' ' ■ _ ■ ' 

A rapidly rotating impeller whed (Fig. 1) draws in the gas at its center, or 
eye, and discharges it at high velocity into an annular diffuser. The diffuser 
reduces the velocity of the gas and converts its kinetic energy into pressure. 

The impeller wheel may take one of several' forms. ■ The most commonly 
employed forms are the backward blade'd, in.wbich the blades curve or slope 
away , from the direction of rotation, and the radial bladed, in which the 



Fra, 1,— Single-stage Centrifugal Com* Fio; 2.— Velocity Diagram 
pressor with Backwaid-bladed Impeller a, oi Radinl-bladcd • ImpcUeT 
■[Jnbladed Diffuser h, and Spiral Volute c with Bladed Diffuser. ' > 
(£-F-(? = Velocity Variation; 5-C-D = 

Pressure Variation). ’ ' 'V 

blades are straight and extend radially. Br some few cases, a combination 
of the two types is used. Each type has features of, advantage for specific 
conditions. In general, tlie.Tadial-bladcd wheel produMS a higher pressure 
for a given peripheral speed, and may bo .operated at ^higher; speeds than 
the backward-bladed wheel. .. On the other lumd, the backward-bladed wheel 
gives a somewhat steeper pressure-volume characteristic, has a lower pumping 
limit, and possesses a non-overloading 'power-input c^racteristic which is of 
particular value with motor-driveri'units. ' 

Figure 1 shows a typical single-stage centrifugal compressor with backward- 
bladed wheel, illustrating the distribution of velocity and .pressure in the wheel 
and, diffuser, .j, Figure 2 shows a radid-bladed 'wheel in combination with a, 
bladed diffuser.,'.'' . i • 

Notation. Reforringto’Fig. 2, let. , 

D«(Da) = impellerunletiC^Q’diametor, ft , ,■ ,,, ,• 

u<(«o) *= impelierdnlej (cjat)_pmphcrsJ.v<5lpoity, ft per sec 
Welwa) = absolute inlet (exit) velocity of gas, 'ft per' see , '' 
p«(iia) = relative inlet (earit) velocity of gas, ft per sec 
bt(ba) = impeller inlet (exit) ai^e, deg 
' = angle between tc«.and Ur,!deg . ‘ 
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during compression, dticr by mesna of water jackets or intercoolers. They 
are espeoiaiiy siutable for plants where steam is available, enabling them to 
be direct-connected to steam turtles. Six to eleven stages are commonly 
employed (Pig. 9). 

Centrifugal Compressor Applications 
Among applications of interest to Marine Engineers arc the following; 
Befrigeiation Compressors. Centrtfugsl conipressois are used for mechanical 
refrigeration units in iarge eapacilics handliag ammooiit. methylene cliloride, ethyl 
chloride, Freon II, and water vapor. 

They have found greatest appUcation in uanectioa with water-cooling system.? for 
air-eonditioning wwk. For this service, either Freon 11 or water vapor is generally 
nsed hi this coanlry. As a i»n»qoeBt>e of the high density of Ficon \\ (the weight la 
about 4.5 times the weight of air) and the low ratio of specific heats. large pressure 
ratios can bo produced in a few stages. For most water-cooling applioationa, two or 
three stages are suiGcient. The design of such compressors involves special methods of 
preventing leakage of refrigerant and air inBllratloB. 

l&ternal-GombuatloQ Saglnss. Centrtfugd compressors are used to supply 
scavenging air to largo two-stroke Diesel enginee. For this service, pressures from 1.75 
to S lb gags are required for oonventional stationary engines and higher pressures— up 
to 6 or 6 lb— for high-speed marine or traction engines. Singlo-stngc compressors 
driven by electric motets are usual, although in some cases centrifugal compressors hnvo 
been geared to the engine shaft. For supercharging gaeolinc end Diesel engines, cen- 
trifugal compressors driven by exhaust gas turbines are quite commonly used. 
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da = angle between tHa and ««> deg, or inlet angle of discharge vanes, 
if any 

pi = initii pressure of the gas, including the velocity energy (if 
any}, Ib sqin. 

Ti = temperature of gas corresponding to pi, deg F abs 
di = density of gas corresponding to pi, Ib per cu ft 
j9i, Tt, di = corresponding values for the final conditions of the gas as it 
leaves the oompiessor 

i = ratio of spedfic heats of gas, taken as 1,395 for air 
r = ff./Ti) - 1 = - 1; tor ail = ta/p,)'-’-" - i 

8 = spedfic gravity ^ gas at inkt condiUons, referred to that of 
"free air” as unity 

Q = quantity of inlet gas, eu ft per see 
ek = hydraulic effidwey, referred to adiabatic compression 
H = the theoretical (or total) head, or height against which the gas 
is raised, ft, including all hydnnilic losses 
N * rpm. 

For values of Y see TaWe 17, p. 315, 

Total Pressure Rise. The fundamental equation giving the value of H 
is as follows: 

S = (l/p)(u«tr« cos da -- «,», cos ii«) 

» (l^) (««* - ««* + Va- - »,5 +*«*-»*) 


For eingle-stage compression, 


This is equal to 


Ckdiffe - 


144pifc .V 

when d< « 90 deg (no inlet guide vanee) and bg s 90 deg (radial discharge). 
Assuming pi ■ 14.7, Ti » 520, k « 1.395, th » 0.72, and substituting, 
pi = 14.7(1 + (ita’s/4,300.000))*-“. For small pressure riM, with di =» 90 
deg, P2 - Pi “ 0.0000165e»n«**ll + (va/n«) cos hs]. 

Fluid input horsepower is the horsepower applied to the gas and is 
independent of the actual pressure rise obt^n^. Fluid input hp ^ 

<?d3H/660. For dt » 90 deg, this becomes 0.00000432Q«io*(l + 

X cos ha]. 


Theoretical Horsepower. This is the horsepower aecessaxy to com- 
press (and deliver) Q cu ft of gas per eeo from pi to pt. When the compressor 
is not artiflcally cooled, it is common to refw it* performance to theoretical 
adiabatic horsepower. The formula for theoretical adiabatic horsepower ia 


i 






For normal :dr (li; » 1.395), thisformula becomes 

Pf = 0.9252pi^S(Pt/p«)‘-“* - 1] = 0.9252piQF 
Values of F for air are ©ven on p. 316. A more extensive tabulation is given 
in the A.8.M.E. Test Code for Centeifugal Compressors. Table 1 may be 
used for rough horsepower cdculatione, when the inlet pressure ^i) is 14.7 Ib 
abs. The figures given refer to an inlet volume of 100 cfm. 


Table 1. Theoretical Adiabatic Horsepower 

Knol press, lb. per 

sqm. gage 1 2 3 5 10 15 20 30 40 50 

Theoretical hp per 

100 cfm 0.425 0.83 t.2J 1.95 3.58 4 98 6.25 8.4 10.3 11.9 
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Referesceb; Innes, "The Fan,” Techural Publishing Co. Lorenz, "Neue Theorie 
und Berechnung dcr lircisdradw,” Oldenbourg, Keller and Marks, “Tbo Theory and 
Performance of Asial-flow Fans,” McGraw-HQL Spannhake, “Centrifugal Pumps, 
Turbines, and Propellers," The Technology Press, Cambridge, Mass. 

Symbols : jj = total ptessure, in. of -water, above barometric pressure 
p, = Bta-fic pressure, in. of -water, above barometric pressure 
Pt = velocity pressure, in. of water 
V = absolute velocity, fps 
D s= velority of air relative to fan wheel, fps 
- Vu = rotative component of velocity, fps 
d = deaaty of air, lb per cu ft 
5 « area, sq ft 
Q = volume, cfm 
T = absolute temperature, deg F 
Pi = absolute or barometric pressure, in. of mercury 
Air bp =* air horsepower 
bbp = brake horsepower 
G = mechauicol efficiency 
N = rpm 

D B diam of fan wheel, ft 
A * (an outlet area, eq ft 

FUNDAMENTAL FORMULAS 

Pressure, as usually understood, is called Static pressure in fan engineer- 
ing and is measured above barometric pressure. The pressure set up by 
velocity impingement is called velocity pressure; the sum of the static 
pressure and the vriodiy pressure is the total pressure. 

Pressure in pounds per square foot is equal to the energy per unif volume 
in foot-pounds. Static pressure is the potential energy, velocity pressure 
is tiic kinetic energy, and total pressure is the total energy per unit volume. 

Pan pressures are determined from Veadings of duct pressures. The total 
ptetsuTe rise p of a fan is the increase in totrd pTcssure tiirongb the fan as 
indicated by a difierealial reading between two impact tubes facing the air 
current, one in the fan inlet and one in the fan outlet. 

The Static pressure of a fan p, is the total pressure rise p diioiaiahed by 
the velocity pressure in the fan outlet. 

The velocity pressure of a fan is the velocity pressure in the fan outlet. 

Velocity. The velocity pressure, p„ is conventionally expressed in in. of 
water. The relation between p, and the velocity of a gas of density d lb per 

cu ft is given by 

V = 18.3\/p^/d fps = l(l96v^ Df/d fpm 

Ail horsepower, or fan power output, is the horsepower determined from 
the product of tho volume of air Q and the pressute rise p 


Air hp = 


62.8pQ 
12 X 33,000 


0.0001575pQ 


where p is in in. of water. 
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For a fltn^ pressure rise, tic eipisUoniip «=058160(|>! -pi)inaybeuse6. 
For iigher presaiiresi this eQuatioa bolds when the mean effective pressure 
p, is eubstatuted for ipt - pi). For more sccurato values, see under Air 
CompiBBBon, p. 319. 

Table 2 gives values of p« for various values of pj - pi when pi « 14.7. 
Table 2. Mean ESecUve Pressures 

(flj - M.7)lbpersqin, 1 2 3 5 W IS 20 3D 40 

pllbpGTBqm 0.87 1.9 2.8 4.S 8.2 11.4 lU 19,1 23,2 

When the centrifugal compressor » watcr-cooied— which is generally the 
case for pressures above 35 lb per sq in gage— it is common to refer tic 
performance to theoretical isothermal compression rather than to adiabatic 
compresHon. In this case, the ibeorctical horscpoiror is 
Pj =5 0.0035Qpi logio Ips/pi) 

Table 3 shows the theoretical horsepower for isothermal compression when 
the inlet preasure pi is 14.7 Ib abs. It also shows the ratio of theoretical 
isotherm^ horsepower to theoretical ndiabalio horsepower. 

Table 3, Theoretica,! Isotbormal Horsepower 
Find press, lb per sq in. 

gage 30 35 40 60 60 70 80 100 120 

iBOthernial bp per 100 ofm 7.1 7.8 8.4 9.6 10.4 lU 12. D 13.2 14.2 

^ ^ ^ ^ ^ 

XuabauD sp 


Losses 

Eydiaulic Losses. The actual total head produced ie always less than the 
theoretical bead H because of the hydraulic losses occaacned by friction of tbe 
gas in passing through the compressor, because of shocks and eddies caused by 
abrupt changes in velocity or direction of flow, and because of leakage losses. 
The ratio of the actual total head produced to the bead tbeotetically obtain* 
able is termed the pressure coefflcient. 

The hydraulic efficiency is tbe ratio of Uio theoretical horsepower to tho 
fluid input horsepower, or e* = fiOSpiF/diff, 

For di B 30 deg, 


214.16flpir 

SUaHl + (»«/««) 008 hal 

I^ith a small pressure rise, and d, = 90 deg. 

- W>.600(p5 - pi) 

(Ua^u + Ift/tt,) coa 6«] 

The hydraulic losses affect the pressure riee as well as the power leqiured; 
mechanical losses affect the horsepower also. The mechanical losses are 
bearing fosses due to friction and rotaiion lots, or diek friction of the impeUers. 

The order of magnitude of these losses is indicated by the following values, 
from Kearton, for an uncooled centrifugal compressor, expressed aa percent of 
the power input: 

Eyimului fossss.- surface friction of gas, 5.2; shock and oddy losses, 6.6; loss 
due to increase in indicated work due to non-oooling, 1.5; leakage, 2.0. 
M«kanicfli losses: disk friction, 7.23; bearing friction, 1.57. Total losses, 

. "^bexatio ' ' )wer reqmred at the compressor coupling, which 
includes all hanioaj as wdl as hj^raulic, to the theoretical 

horsepower 1 haft efficiency Cr 
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In many installations, the Ian velocity pressure is wasted end only tho 
static pressure is useful. For static-pressure power p, is substituted for p. 

■ The efficiency of a fan is the ratio between the horsepower output (air hp) 
and the boTsepower input (bhp). e =* air hp/bhp. 

The statio efficiency of a fan is the ratio between statioprossuro power 
and the horsepower input. 

Standard air density is 0.075 lb per ca ft. Thia figure is the weight of 
1 cu ft of air, under average eondiliona of temperature, humidity, and bare- 
metrie pressure. ManufactuiOT’ publicationaof UMea K\d curves are usually 
based on this standard air denaiy. 

The approximate air density is d « 1.325^/7', whOTePi is the barometric 
pressure in In. of mercury and T is in deg P abs. For moat fan testing and 
calculation, the density determined by thia formula w'ill iiitroduco no appreci- 
able error. 

Fan pressures and horsepowers vary directly as the air density 
Pan Characteristics 

The performance of a fan can best be presontod graphically. Ths accepted 
chart uses volumes as abscissas and pressures, horsepower inputs, and 



cfEciencies as ordinates. Tiic forms of the pressure and horsepower curves 
depend on the type of blading. They are characteristic of the particular type. 
Fig-uiti \ tiitfwa a ‘lypicti'i Btirndanl Jorm ol plotting o5 Ian perlormanco, Tvilili 
total pressure, static pressure, horsepower, and total and statio efficiencies. 
Curves of the Fig. 1 plotting are necessarily drawn for a given size fan at a 
given.gpeed. 

Other plottings of more general application arc also used. , Fans function 
in close agreement with dimenaonal theory, and dimeriBionlcss plotting of 
fan curves is common practice. , . . 

A simple form of dimensionless plot is shown in Fig. 2. Tha abaciseas are 
in percent of volume at zero static pressure, the wide open volume. The 
ordinates of tho pressure curves are in percent of maximum pressure. Simi- 
l^y horsepowers are in percrait of maximum. Efficiencies arc without 
dimension and are not changed. With the percent scales for abscissas and 
ordinates of a similar order of magnitude, this plotting preserves the character- 
istic shapes of the curves. Foe other foriM of plotting, m p. 1682. • 

Systeni Characteristics, The pressure rejuired to deliver air through a 
resistance depends on tho'volume of Sow;' Tho relation between volume and 
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Speeds of Compressors. ' The 'larger fte volume to-be handled, the 
larger must be the diameter of the impdler, if proper proportions are to be 
maintained. On account of centrifugal stresses, tip speeds are limited by the 
available materials for the impdlers, and the larger the impeller diameter, 
the lower the speed. The following taUe gives representative maximum rpm 
for various sizes of compressors:. . 

Table 4, Eepresentativs Compressor Speeds 

Inlet, vol, 

cfm 1,300 2,300 4,000 7,000 124K)0 20,000 28.000 40,000 60,000.90,000 

Speed, rpm. 25,000 19,000 14,000 10,000 8.400 6,600 5,600 4,600 3,800.2,700 

In practice, higher or lower ^»eds may be employed, depending on the type 
of impeller and the availaUe driving units. Extremely high speeds are 
obtained only with exhaust gas-turlniie drive. 

Efficiency of Compressors. For esfimafing purposes, a round figure of 
70 percent may be taken aa the adiabatic efSoency £d good imcDoled cen- 
trifugal compressors at deagned load conditions. Tho following table gives 
representative commercial effidencies of centrifugal compressors of good 
proportions for various rated capacities. 

Table 5. Representative Compressor Efficiencies (Ho Water Cooling) 
Met vol, flfra. 1,200 2,300 4.000 7,000 12,000 20,000 28,000 40,000 60,000 90,000 
Adiabatic eff,. 0. 00 0.635 0.655 0.675 0.69 0,71 0,715 0.72 0.736 0,74 

Higher efficiencies hare been obtuned in practice; blasMurnace blowers 
and single-stage blowers of large capadty have shown well over 8} percent 
adisbario efficiency on test. As a rule, however, extremely hi^ efficiency 
calls for espenaive refinements which arc generally not commercially justi- 
fiable. Abnormally long and narrow impellers may show poorer efficlencioB 
than indicated above, such wheels being sometimes used to avoid high rpm; 

■ The performance of water-cooled compressors is generally referred to 
theoretical isothermal compression. Three methods of cooling may be used. 

1. Cooling of the DiSusers Only. This method is generally used with 
moderate pressure (30 to 40 lb gage) and serves mainly to redtlce tho final 
temperature of the compressed gas. The saving in horsepower 15 not 
appreciable, 

2. Cooling by Means of Water Jackets, This method is used for 
pressures from 35 to 100 lb gage and over. The available cooling surface is 
limited and jacket cooling is generally used up to about 70 lb oiJy. Figure 9 
shows a compressor for presaures up tO'70 lb gage with jackot cooling, 

3. Cooling by Means of Intercoolers. With this method, the com- 

pressed gss is led out of the compressor at intervals during compression and 
returned to the sufcceeding stages after cooling. . . , ’ ' ^ 

The following table shows representaUve offidencleB (Teicir&d fo isothei^cl 
compression)' of water-cooled centrifugal compressors, for various rated 
capacities: ' , ' 

Table 6. Representative Compressor Efficiencies 

(With Water Cooling) 

inlet vol, cfm,-. 5.000 7,500 10,000 20,000 30,0.00 

Isothermal eS, weteriackrted e(mp.,701bgago.i.. 54 57 65 CO 60 

rsoth<Km6le,5,inV6t'oook4«05np.,i<Wlb6agB. ‘ 60 66 64.5 66' ■' 66 

Centrifugal Gompressor Constants and Characteristic Curves '' 

Quaritity'Cbhkant’. ' ThcquabUtyofgas'delivered'byaoentrirugalconi- 

presaor is proportional to dr'qtfitQtt^'conBtant' = 0/uo‘DoJ>«.'' ■ ' 



1670 


CENTRIFUGAL AND PROPELLER FANS 


pressure can be plotted’ to give a cum, the system characteristic. The sys- 
tem characteristic is best plotted with vdumes as abscissas and pressures as 
ordinates. It is shown on the Im ch^acteristic chart Fig. 1. The crossing 
point of the system characteristic and the fan pressure characteristic is the 
point of operation. ^ 

The fundamental system characteristic is that of the fixed resistance 
system. lu such, a system, the pressure varies as the square of the volume, 
giving a simple parabolic curve. Most discussions of the relation of system 
and fan characteristics are limited to this parabolic form. Other character- 
istics are empirical, and are of limited use. 

Compound system characteristics are frequently encountered. Further 
consideration may permit their analysis into a combination oS fixed resistance 
systems. An important one is the multiple-nozzle arrangement for steam- 
boiler combustion. The reaatance is due to the duct losses, which are sub- 



Fifl. 2. — Dimensionless Plot of Fan Characteristics. 


staatially parabolic, to which is added the constant pressure required for 
nozzle combustion. The addition can be made ior each nozzle gi%nng iso- 
lated points each one of which determines its own fundamental parabolic 
characteristic. 

Equivalent Orifice. The equivalent orifice is a useful concept. If tho 
total pressure delivered to a sy^m iB converted to velocity, the equivalent 
orifice of the system is the area which, multiplied by that velocity, gives the 
volume flowing through the system. Phyacally, the equivalent orifice may 
be considered an ideal nozzle of 100 percent coeffident of discharge. The term 
is an old one in fan engineering aiid*originaIly was the equivalent thin plate 
orifice of the same effective area as above. Allowance was made for the vena 
contracta with a coefficient of 0.625. This coefficient is subject to modifica- 
tion by stream forms, and the ideal noaale concept avoids such confusion. 

Orifice ratio 0 is a dimensionless number that serves to relate the per- 
formance of geometrically rimilar fans of different sizes. 

0 = QID’^/lgP/i 

where Pis in pound foot unite. _ 

This true orifice ratio is equal to the equivalent orifice Qf ■\/2gPjd divided 
by or by the fau-outlet area wludi is proportional to D*, since the square 
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Compressor Constant. A compressor model can be used with practically 
the Bame efficiency lor variona comHnationB oi quantity and pressure eueb 
that it « Q/y/vi, where K is the 'compressor constant, Q and pe are the 
desired quantity and mean effective pressure, respectively. The compressor 
constant can be more conveniently written ns ^ • 

Similar, Compressors. Two compressors are similar when they have 
the same compressor, constant. ' .In ainilar compressors, all impeller and dis- 
charge-vane linear dimensions are in the same ratio as their impeller diameters, 
sad their impeller and diacharge vano an^es are, respectively,' equal. For 
the same rpm, the quantities delivered by similar compressors will vary as 
the cubes of their diameters, the pressures will va,ry as the squares of their 
diameters, and tho shaft powers will vary ss the fifth powers of their diameters. 
For the same wheel speed, the quantity and tho power will vary as the square 
of the diameter, bub the pressure will remain. constant. 

Compressor Coefficients. In order to make the tests on different com- 
pressors, or on the same compressor under different circumstances, comparable 
on a common basis, various coefficients are computed corresponding to tho 
given obsei-vations and those coefficients are plotted as characteristic 
curves. From these curves tho pressure, power, and hydraulic and sliaft 
efficiencies can readily be computed for any quantity of gas and any rpm. 
The departure of tho ratio Co/wa from that vjdue for which tho compressor 
was designed determines largely- the efficiency of operation. Therefore, 
Db/mo or its equivalent Q/tto ’is gcnerallyused as the abscissa for the charao- 
teristio curves of a' compressor, aad it is designated as the load coBfflcienfc 
Ce. It is also frequontty represented by Q/N. , The fluid input coefficient 
[Ci) represents; the horsopowW coiresponding to any given observation 
divided by the cube of the wheel speed. For the case of axial impeller inlet 
and radial impeller; exit, = 0.00000432'(23/'Uo,= 0.000004320*8. Evi- 
dently the characteristic !curve of Ci against C« is a straigU line making an 
' angle with Ce who^e tangent is 0.00000432«; it may be drawn independently 
I of the actuil observations; In -general, C< '» 0.000002l65Q7Vw#^ 'whero 
i a 2gli = - 5^2 -r lie* “ to** ; Tho pressuro coefficient 

/for normal mr corresponding to' the obscrvcd-'pressuro rise [ps -pO, is 
' Cf = YTilua}. The theoretical power coefficient is C( = 0.02571CeCy. 
The characteristic curve for Ct should bo computed and drawn from readings 
I from the smooth curve of Cp against Co. -The shaft power coefficient is 
C, = shaft hp/uo^ The rotation loss .coefficient is Ct = 0.0737 X 10"' 
' Da^dm, where dm is the average density of the gas between pi and p 2 , lb per 
( cu ft. By adding the values-of Cr-to the values of Ci, a characteristic curve 
;(practically a straight lino) of fluid input plus rotation loss is obtained, and 
';-this curve vulli-in a correctly designed compressor, nearly. touch the shaft 
.power chmacteriatio curve at lie value of Q/u« corresponding' to tho rated 
’load of the compressor. ' l:, 

; Hy^aulic and Shaft Efficiencies. The ratio of Ct to Ci for any value of 
C, gives the hydraulic efficiency for that.particular,Ioad; ' (For C* == 0; the 
, general formula ca ■ = .6,080 Cp must He used.) Slmilariy, ratios . of Ci to C, 
■give values of Cj, the shaft efficiency. '.The efficiency curves -thus obtained 
will of course -be smoother and more reliable than if the efficiencies.were com- 
puted directly from the individual observations of pressiire aiid power.. 

I , Characteristic Curves..^ Besides' affording ' Smooth curves of 

I hydraulic and ^^t^efficiencias, a;'wt''of'’-^'Macteri8tid,'curves‘s8'8hown in 
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o{ the wheel diameter is directly proporlioiud to the fan areas h any line of 
geometrically similar fans. ... j v .j'c t 

The conventional orifice ratio is simpler to calculate and has a different 
numerical value. It departs from the fundameatal units, and the ratio 
between eqmvalent orifice and iaa area is leas apparent. For convenience 
g is considered constant, d taken as standard air, and p in inches of water. 
The ratio rernwns dimensionless only if the dimensions of the changes are 
understood. 

0 » Q/D^ 

At constant orifice ratio and constant density, for fans of geometrically 
similar design, the following relations are valid: 

Q kDW 

p « J)W* 

HpccDim 

For any given fan, D is constant, and at constant orifice ratio the Ian laws are 
(1) volume varies directly as tie speed, (2) pressure varies as the square of the 
speed, and (3) horsepower varies as the cube of the speed. 

For fans of different sizes hot at the same tip speed rND, the volume and 
horsepower vary as Ds, pressure remaining constant. 

For a given orifice ratio, the velocity relations of air flow to blade speed 
are constant, and the efficiency of geometrically similar fans is indepeadont 
of sizQ or speed throu^out a wide range. This principle is the basis of the 
fan industry and is used by fan manufacturers in preparing the tnWes and 
charts that they publish. An esunple of such a ^art is the Hagen chart, 
Eg. 17. 


DESIGN OF CEKTBITDGAI. FANS 

Ca^ng. The fan casing collects the ait delivered from the .mpeller and 
directs the fiow into the connected duct. Ik is commonly a spiral or scroll. 
The sides of the casing are plane and parallel. In such 
a space, the law of the constancy of the Tncrment of 
momentum, or rirculation, requires the spiral to bo 
logarithmic. 

ff - fij “ JI log fr/rs) 

Egure 3 shows a typical layout of fan spiral. 

More complex forms of housing are sometimes used 
for various reasons. But performance at high efficien<gr 
is more readily secured with the sunpler logarithmic 
caring. 

The value of the constant ^ can ha determined ■pin, q _t 
aerodynaraically as the ratio of the tai^fttial com- mip 
ponent to the radial component of the mr velodty ^ 

leaving the fan wheel. This rational procedure uaunlly results in a casing 
which 15 much too large for comroercial conrideration. 

Kiperiment stows thit tho inner edje of tto ton onilet may be located on 
the center Ime of lie fan and the i^jiral swept -from ftis point around to 
form an outlet substantially wnere. Tin outlet ana sionld rire a velocity 
preasme 10 percent of the Blatic at the epedfied volume. K is then dot«^ 
mined by trial and enor to eivo the tetiuited mtp. Btute 4a eiowa n 
• conventional spiral so determined. ■ . . 
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CENTRIFUGAL COUPRESSOES 


Fig. 3 enables one readDy to draw reliable pressure and power curvea against 
quantity for any gjven wheel speed or rpm. In that case, the load-oooffioiect 
Eoale may be replaced i:ty a quantify scale, and the readings of the Cp and the 
C, curves will give the data for the corresponding pressures and powers. (In 
Rg. 3 the wheel speed has, iu all the coeffidents, been replaced by tho rpm.) 
The system of charactoriatic curves is found to hold true for various sizes of 
centrifugal compressors, centrifugal blowers, and centrifugal pumps, giving in 
each case consistent curvea regardless of tho actud speeds, pressures, and 
powers. Only in ventflating-fui blowers do there seem to be occasionally 
some serious diecrepandes near the point of muimum efhciency. 



Numerical Ezamples 

Power Sequired. Imd the power reqtured to compress adittbilioally 20,000 cu ft 
of air per min from atmosphere to 30 lb per aq hu gage, the shaft efficiency of the com* 
pressor heiog 76 percent. 

SoirnoN! From Table 1, tie Iheoretical horaepoa'er >a 8.4 X 20,000/100 “ 1,680 
and the shaft bp fa 1,680/0.75 - 2,240. 

Squivaleat Suction PreStuie. "What mictioa can he obtained with a compressor 
rated to deliver 2,S00 cu ft o( air per mia asdnet 2 Ih per sq in. gage? 

Boloton: The compressor is rated for an tnitiof pressure of 14.7 lb pet eq in. Since 
the pressure rofie depends only on toe itoeel speed, the hydraulic efficiency, and the 
initial temperature, all ef which are aqppoaed to remain toe same, toe initik suclicn 
pressure is (Ii.7/16.T) X 14.7 “ 12.84 Ib per aq in. abs and tie suction obtained is 
14.70 — 12.94 1,76 Ih per sq in. 

Squlralsut fteasure when Comptessiag Gas. "What pressure can be obtained 
when compressing water gas with a stsadaid unit rated 2S,000 cu ft of air per min 
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CENTKrFVSAL AND PSOPELLER FANS 




Modern design alloiva -wide variation in fan outlet area for a given ivlieel. 
But a good proportion, vrliich confonns to the 10 percent rule above, is ■ 

■ A = 

Calculations for casing oJFifi,4a. P = 3 ft; J. = 6 sq ft; ■\fA = 2.45 ft = 

J> 3 

n; 3 in. => distance to cutoff; ’ll “"2 ~ ~ 

fleg; 0i ~ fid = E log (3.45/1.25) deg K » 922. Equation of spiral 0-9(1 
= 922 log (ri/1.25). 

Cutoff. There must be a transition from the spiral flo'W in tie housing to 
the straight line flow in the connected duct. Figure 45 shows the application 
of the principle of directing vanea to accomplish this result. Tests show 
that the value of this multiple vaning is negii&ble. The inner vane, the 
cutoff sheet, is worth while; the commcrcifil caring most used is as indicated 
in Fig. 4e. The cutoff sheet extends into the outlet 10 to 40 percent, the 
lesser amount for the backwardly curved blade fan wheels and the greater 
amount for forwardly curved blade Ians. 



Fi< 3. 4.—Ean Caring Scrella. 


The cutoff sheet continues tiie curve of the spiral. The nearest point of 
the cutoff sheet to the wheel should be from 3 to 5 In. m a fan of 3 h diam. 
Larger diameters requite a greater distance, and smaller wheels permit less. 
Exact proportion is not necessary as noise rather than effidcncy Is the deter> 
mining'faotor in tiring this dimension. 

Width of Casing. The nile given for the size of the fan outlet, i.e., a 
velocity pressure 10 percent of the static, and the desideratum’ of a sub- 
Btantiaiiy square outirt deterromethewidtholtbe casing as Nveh as the augle, 
or throw, of the spiral. • ’ 

Commercial' fans aio probablytiie best guide to theoretically indetcr- 
minate dimensions. Fan housings are frequentiy standardized for a given 
. wheel diameter and the same housing used for fan wheels of different types. 
Tests indicate conristently good performance. The discovery — a purely 
empirical one — that forwardly curved Mado and backwardly curved blade 
wheels would operate successfully in the identical housing has indlcatcd' that 
the amount of the cross-sectional area in the housing is more important than 
• tiio tbsposition of that area. ■ , ' ^ 

The flow'in the casing'iB'&’ComplmE acdun’of a spiral' flow around the'fan 
' shaft center line and a vortex around tiie spiral center line of the dasing. This 
- latter vortex continues' spinning down.',ihe outlet duct:. It c'an'b'o changed, 
' and BQtaetimca eliminate, by'-chan^x^ the perition of the wheel ariolly 
in the housing. Such change does not affeict the trie fan perfomahcel ' The 
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deteminatioii'of the Bsial'Ioeation'of -the'wK^'m the easing is a' matter of 
structural advantage, • ’ 

Faa Inlet/ The fan irdet is a cdnTcriing'paasftge, ^preferahlo curved, 
leading from the ambient air or from an inlet duct to a smaller diameter at 
the entrance to the fan wheel. Some designs are 'improved. by a small 
expansion of the' inlet piece immediately before the wheel — the so-called 
Ventun passage. The wpstream iirgo'ead of tbo inlet aheuid have an area 
substantially equal to the fan outlet. .> The smaller end at the wheel is deter- 
mined by the wheel propor^ons and may reduce in area of passage as much aa 
40 percent. • ■ . 

■ The clearance, betwetm inlet and impeller is important; ,the clearance 
requirements are different with different fan types. In the backwardly 
curved hhade fan, the inlet ciearana should be'snu^, of the order'of H i<i' 
in a 3 ft diom fan. The volume recirculated through aliiTge clearsnco reduces 
the fan output materially if clearance is aa much as W in. With radial-blade 
fans, moderate clearance variations havolittio effect And with the forwardly 
curved blade type, a large clearance not only does not harm the performance 
but actually is necessary for stability to minimize pulsation. 

Inlet Ducts. Kecent invesUgations have emphosized tho important 
effect on fan performance of the actual inlet connections. The ducts leading, 
to and from a fan are designed usually to escapo beams and other limitations 
of space, and such duct work may seriouriy 
affect ian performance. Tbo variation in 
the form of ducts is so great tbathorulos 
can be given for particular application. 

Figures 5, 6 , and 7 show three general ' 
forms,'- . . 

In Fig. 5, the air is brought straight up 
to an inlet box, making a right-angle bend 

to get into the fan inlet. The loss in . pjQ, g, 7 ^ 

efEciency, which in this cose shows itself • inlets of Ton’ Casings. ’ ’’ ' 
in a drop in pressure, will amount to ap-i • • • 
proximately 15 percent. This large loss is not explainable by any friction or' 
eddy-current loss in the connection itself but is duo to.the poor distribution of 
the air flow into the whoci. , , '' 

In Fig. 6 , the air is led into the inlet box at on angle and'will terid to produce 
a spin in the direction of wheel rotodon; This action will, reduce tho hbrsc- 
power taken; by the fan and will decrease the effidency. .'This decrease in 
efficiency is due to decrease in pressure of a much larger 'percentage than 
the decrease, in horsepower. In extreme coses, .this form of .connection has 
reduced the pressure to ono-balf that which Ian m capablb'of supplying 
with open inlets. ■ ‘ . 

In Fig. 7, the connection is bron^t ia from the other direction;-producing 
a epin agatest the wheel rotation. • In -tins case, there is little or no decreaso 
in the fan pressure. The decrease in efficiency is large, ho'wevor, and shows 
itself as' an increased horsepower. An increaao in horsepower of 25 percent 
is quite usual and may go as high.as 50 percent. 

Fans should be selected from tests made with the inlet connection in place. 
Laboratory research can detormine suitable inlet ducts, called conventionally 
inlet boxes; of such proportions that' the ‘fan 'performance iis affected o'nly' 
slightly. ■■'With 8 ueh a;boxj'ev(m angidar- connections, with.suitable vaning 
to give Btrmght flow-into the-tested-inlet box, will-give satisfactory results. 
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CENTiUPUGAL COilPRSSSOItS 


The absolute velocity of the gas tfic is computed from Q, Dr., and the axial 
width of the blade (radial-inlet type), u, is computed from De and the 
rpm. The ratio wju, gives the tangent of the impeller inlet angle b« (absence 
of impeller inlet guides, which is Jhe usual case, is assumed). For the axial- 
inlet type, t«c is the average vclocily in the annulus between the hub and the 
casing inlet and u* and be vary 'wilh. the diameter, giving a helical edge. The 
impeller inlet passag® hsiBbt i3 the perpendicular from the tip of a blade 
to the surface of the neat blade. Its theoretical value is [rDc X an &<) jzi, 
and this should be increased by 10 to 30 percent. The ipm is generally 
determined by that of the driver or ly other considerations. From the 
formulas given before for pressure rise, the wheel speed and the outer 
impeller diameter Do can then be determined by assuming a reasonable 
value for the hydraulic efficiency Qi. The rotation loss should now be com- 
puted to make sure that it is not esceasive in comparison with the theoretical 
horse power. The impcila stresses should also be computed to see that they 
are not excessive for the available material. Increasing the number of 
slages will reduce both thciototion loss and the stresses. The inner diameter 
of the discharge vanes should be I.lDa to 1.2Ds, Three to six vanes are 
ample for most purposes- The overlap of one vane on the other, or the 
definite passage between vanes, need not be very peat. The discharge vane 
angle d* is found in the same way as explained for the inlet gas quantity 
being multipbed by a compression factor according to the wheel speed Ug, 
as per Table 7. Generally, 4 is made between 3 and 5 deg, The theoretic^ 
passage height of the discharge vanes (perpendicular to the axial width) 
is (irDa sin de)/zi, where sj is tie number of discharge vanes (same axial 
width of impeller and discharge vaoesisassomed). TheoctujdpnssagDheiglit 
should be 60 to 100 percent larger. 

Table 7. Compresrion Factors 

Impeller wheel 
speed, ft per 

sec 200 230 300 350 400 450 500 550 600 650 700 

Compression 

(aetor 0,989 0.982 0.974 0.965 0.955 0.9440.931 0.017 0.903 0.888 0.871 

Centrifugal-compressor Tests. Instructions for testing centrifugal 
compressors and for conecting test results to guaranteed conditions are given 
in the A.S.M.E. Test Code for Centrifugal Compressors and Exhausters, 
Part 1. 

For measuring volumes, a nowle with wdl-rounded inlet and smooth 
polished intenial surfaces, proportioiied na defined in the A.S.M.E. Test 
tbdW, siiraiVf bo usea' p. Fte ul'uneter siouiu’ be seibcted so tfiat 

the required range of volume can he obUuned with a total pressure drop 
(including velocity head) of not less than 10 or more than 40 in, of water. 
If greater prcssui'e drops are required, the usual simplified formulas require 
correction. For air under usual atmospheric conditions, the following table 
will serve to give a preliminary estiinate of •Uie necessary nozzle diameter. 

Diara of nozzle, in 3K 4M 5>f 6K 8H HW 16 20 

CfraatlOin.pressdrop.... 425 720 1^25 2,050 2.650 4.000 9,000 17,500 27,500 

Cfmat40m.pre6sdrop.... 850 1,440 2,450 4.100 5,300 9,800 18,000 35,000 65,000 

Cla^caUon 

, Centrifugal compressors are gmsally employed for pressures in excess of 
1 lb gage, For lower pressura, ,eoDV€ait|oDal types of fans and blowers are 
used. Three basic classifications are m genial use; Single-stage, usually 
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■Dntested inlet comieotioM built 1)7 fhe tinsmith should be aroided or proper 
allowance made. 

Outlet Connections. The tcantition from the spiiti fiow in the hou^g 
to the flow in the duct is a turbulent chaDge with an action similar to that 
of abrupt expansion. Outlet ducts continuiug the fan outiet area serve to 
convert a portion of tbe high vdodtdes into static pressure. Expanding 
outlet oonnectiona naturally convert a large portion of the initial velocity 
pressure, but, due to the varying directions of the fan outlet flow, they arc not 
as efieotive aa 'wo\id ^peaj. ttoy letum only 50 to 70 percent of the 
reduction in the velocity pleasures os giun in static. 


Difiuser Casing. The diSuser catii^ permits a circumferential discharge 
of air, a discharge suitable when the tir is deUvercd into a large open space. 
The diBuser consists of two slationaty plates continuing the sweep of the side 
plates of the wheel and leading tbe air outward to a 
large diametijt. 

The diffuser functions to convert velocity into static 
pressure by increasing the radius of the ait spin and by 
increasing area. In the diffuser, no encigyisimpartcd 
to tbe air, and constant energy requires constant curcula* 
tion. Clioulation is the product of tangential velocity 
times the circumfereQce, and consUuiey of ctrculstios 
requires a tangential component varying inversely with 
the radius. 



A diffusion of the radial component of the velocity 
also takes place owing to an increase of area with increas- 
ing radius, but no quantitative predetermination of con- 
version is possible ae the discharge from a fan impeller 
is ncft centinuons. The diacharge wnaiata of rets from 
the spaces between blades, and the radial expansioD of 
these jets does not follow any ample formula. Figure 
ff shows a typioai arrangement of fan and diffuser caaing. 



Pio. S.—Fan and 
Diffuser Casing. 


In general, diffusers and fan boutings are designed empirically with some 
help from the theorem of constant tirculation. 


Ian TfhoeW. San-wbce\ ptoportioua are subject to wide variation. 
Stresses in material or the combination of specified duty and speed are often 
determining factors. The rignificant preportione are the number of blades, 
the ratio of inlet diameter to wheel diameter, and the ratio of axial width to 
diameter. Tbislslter ratio is Important only as a maximum; reduced widths 
are always aUowable. 

The following table ^ves tbe jffoportions of fan wheels according to com- 
mercial practice; 


ItuTober 
Of blades 

Ratio of : 
inlet diwa ' 
to wheel 
dJsm ^ 

Ratio of 
width to 

1 

0.88 

0.55 

1W4 

0.78 

0.35 

1 

0.75 

, 0.2t 

6-12 

0.50-0.70 

0.38-0.4S 
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employed for air pressures froia 1 fo 6 fb gage, aitbougli pressures as liigi as 
15 ib gage liave been obtained with a dogle wheel; ciiiltistage, air-cooled, 
.ordinarily employed for air prcsroies from 6 to 30 Ib gage; .and mziltistage, 
water-cooled, ordinarily used for ^ pressures fro!ii.S0 to 12S lb gage. 

Siagle-stago centrifugal com- 
pressors (turbo-blowers). Three 
general constructions are used. 

OvEBSUKG Type. Tho impeller 
wheel is overhung on the extended 
shaft of the driving machine (see Kg. 

4). A very compact unit TcsultB. 

Pedestal Type. The impdler ' 
wheel is supported overhung on Its 
own shnit and has its own bearings, 
contmned in a bearing pedestal which 
also may support the blower casing. 

The sh^t is flexibly 'coupled to the 
driving machine. Figure 5 is an 
example of this construction. Fzo. 4.— -IngeraolURand Single-stage 

DotniLE-DiiiST Type. A double- Cktmprcssor. 

sided impeller is mounted on a shaft 

supported by a bearing at each end, the shaft heing ficably coupled to the 
driving machine (see Fig. 6). 

Single-stage oentrilugal compressors aro commonly used lor supplying air 
to foundry cupolas and to oil and gas-fired furnaces; scavenging large two- 
stroke Diesel engines; supercharging four-stroke Diesel 
engines; pneumatic conveying of light materials; 
ventilating mines and tunnels; gas boosting and 
exhausting; emptying submarine ballast tanks; blow- 
ing coating on paper. 

Multistage CeutTilugal Compressors (Air- 
cooled). These machines are usually employed for 
dr pressures from 6 to 301b gage, but, when handUng 
gases lighter than sir, may be used for lower pressures. 

They are built in two genml types. 

SrsQLE I hjekt. Theairorgascntcrsatoneeadaad 
passes successively through the various wheels, to be 
discharged at the other end (see Kg. 7). 

Dootie Inlet. ThenuiDbCToffmpeilersiedQubled 
and arranged in two opposed groups. The $it or gas 
is then drawn in at both ends and discharged at tlm 
center (see Fig. 8). This type is relatively rare in the 
United States, being used for exceptionally large 
volumes at low pressures and for larger sizes of re- 
frigeration compressora. It is qdte common h 
Europe. 

For special oases, double-inlet and mngtc-inlet im- 
pelleiB may be grouped in the same caring, hat this constTactm is rolaJiveJy 
rare. 

MjiltiBtaie oeatflugd comprMwra ot faimcooM typs ore commonly raid 
lor toe lollomng appliontiom; Uart-turnace Uottias,- coppor-epnyerier bloir- 
mei BeMema-oonTerter bloKine; m (ahmHfes and boosting; aet.llon ,oI 



Fig. 6. — Pedestal- 
typo Single-stage 
Compressor. (Roots- 
Connersviile Blower 
Corp.) 
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pio. 8.— Half Section of AUis^halraere Double-inlet Multistage Centrifugal 
Compressor. 
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CEKTRIFVBAL /JID F^^TELLER FANS 


, Figure 9i shows the usual- diagram for ait' approaching the wheel -with 
velocity F, which combiDos with ur, revcraed, to give the velocity n relative 
to the wheel or blade. The directdon of, a determines the angular setting of 
the blade. The catrance portion of the blade may be tangent to a or inclined 
a few degrees from tangw<^ dependent- upon the particular blade shape 
contemplated; 

Figure 96 shows the inlet vdodty diagram for a positive value of an 
inlet'spin Fu. positive in the same direction' as the wheel rotation, 'With 
reverse inlet spina tho action produces unsatisfactory and often unstable 
characteristics. 

Figures lOo, 6, and cate the outtetTelodty diagrams for backwardly curved, 
radial, and, forwardly curved blades, respectively. 

The height of the diagram, indicated by the velocity vector F,, is deter^ 
mined in each of these cases — and also for any special inlet diagram such as 
96 — from the design volume and the rffectivo area through which that volume 
flows. 

• In Fig. 106,^ the relative velocity oiB tangent to the blade, tiH" is perpendicu- 
lar to the wheel radius. The actual eit velocity F is tho resultant of v and ur. 
Fu,, the rotative component of F. is projected from F to the dirootion of ur. 



Ra. 10.— Outlet Velocity Diagrams, 


Yelbclty diagrams present arational basis for comparing the characteristics 
of the three types of blading. Characteristics are determined at constant 
speed so the ur vector will not change. If tbo volume decreaBcs, the vector 
Vf decreases, and, os the diroction of v docs not change for a given blade, 
Fu increases with backwaidly curved blades, is constant with radial blades, 
and decreases -with forwardly curved blades. 

As the pressure of the (an depends on the product of Fu X ur, the pressure 
change is the same as the change in Fu, and the pressure characteristic of the 
backwardly curved blade fan rises with decreasing volume, is constant for 
the radial blade, and decreases or faUa for the forwardly curved blade. 

of increasing volumes with the designation droopinff for the backwardly curved 
and Ttsing for the forwardly curved blade.' The decreasing volume basis is 
preferable as'dircotly sppb'cable to considerations of type desirability. 

The desirable qualities of a ton are atalality, Bucccssful operation in parallel, 
freedom from pulsation and, from the driver point of view, a non-overloading 
horsepower demand. • ' 

I Stability. The factors of fan output ate pressure and volume. Stability 
of operation requires that the factors change oppositely; f.e., a reduction in 
volume should be opposedlyan^creaee in pressure. The backwardly curved 
blade'fah.is inherently.^ble. The radij-blade fan is stable as to static 
pressure but not sb'where'total pressure may control the action. The for- 
wardly curved blade fan is inheraitiy’unstalde. . 11 ', 

' Duct' work had. a characteristic &lso. With most ducts, the presBure 
decreases 'so much with' decreased volume' that even the charaot'cristic of the 
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Tables. Givino z Wheit s/a: is Known. ..Then a ° xjz 
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ANALYTICAL OEOlSSfUr 


Note. Tlie co-ordbatea of the mid-poiat ilf of AB (see Fig. 63} are lo = 
0 tanh"* (6/h). Vs = (L/tanh 2 ) - a, ao that the position of the lowest point 
is determined. 

Correction for Sag in Chainii^ Uphill (Fig. 64). Let I = length of 
tape (corrected for stretch and temperatnre), w = weight per unit length of 
tape, A - angle between the chord AB and the horizontal. 



Fio. 63. Fig. 64. 


If the tension P at the upper end is blown, compute vl/P and find k from 
Table 4. If the tension Q at the lower end is known, compute wl/Q and find 
h from Table 5. In either ease, chord 


Table 4. Gm^’Q k || Table 5. GmNO k 
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050 

m 

m 

m 

m 

m 

136 114 

067 060 

035 

016 004 


Note, fc = 1 - ((1— Vl — 2»» an « + m’J/Im an Ail, where m = vl/P and n is 
f iran b y 

(1 - Vl - Zmsinu d-rn’lsecu = Irinh"* (tou) - Bmh"> (tanu - m8ecu)Itan A. 

Also, Q P — (1 — A) sin A, wbm k is the value in Table 4 corresponding to 

the pven values of P and A. 

Correction for Stretch in ChMnins Uphill. Let L = unstretched length 
of tape at worldng temperature, w = w^ht per unit length of tape, A »= angle 
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forwardly curved blade fan has excosB prcarare requirement at reduced volume 
and because of duct reaction bscomca stable in spite of its own unfavorable 
eharacteristic. 

Parallel Operation. Two or more fans operating on a singlo duct system 
must have suitable characteristics for such operation and be properly selected 
as to point of operation. Parallel operation requires that the sum of the out- 
puts of the fans equal the duct capacity and that this equality exist for only 
one set of conditions. In mathematic^ phraseology, the eharacterisrics 
of the fans and duct must be satisfied and uniquely. 

Figure 11 shows the graphical analysis for parallel operation of two fans. 
The duct characteristic is the usual parabola, and tbo fan characteristic is 
typical of the backwardly curved blade type. One fan operating on the duct 
will deliver the volume and pressure of their intersection A, If an identical 
fan is added to the system, the volume and^pressure will be greater. The 
exact point of operation may be determined by constructing the “limit 
curve.” At a series of pressures such asP, plot the volumes L' which when 



tion of Two Fans. ; ation of Two Fans. 

• added to the volume'of the fan \rill equal the volume of the dutt characteristic. 
-Draw the limit curve throu^ the points. •. Thcaatersection B of limit curve 
.and fan characteristic 'gives the point of operation of , each of two identical 
fans. . • .1 , •.!, . . I , s' 

' - For' successful operation, ithere'should be only one such point; 'Further, 
the intersection angle should not be 'Small or tiiere'may-be hunting: .The 
requirements are best presented by a comparison of Fig. ll,-:'which indicates 
successful paralleling, 'with iFig.’ 12, which shows, on incorrect! combination. 
FiguTd'12 shows' the I analysis ior. -forwardly curved' blade' fans; ;The limit 
curve is constructed 'in'the same'manher'asin-Fig. 11,'butiiiFig. 12 there aro 
.two intersections 'dnd betweenithem a superposition of. the two curves. Any 
attempt tb'pardiel fans -with such chmactciistics 'will be successful' only by 
accident. 'The'-point' of equaliload-division in. both Figs.- 11, and 12''was 
selected for efficient Operation-, and correotly.repreaents the'-bomparison of the 
parallel .bperation-of the :tw6;typeB: ’It is apparent. that, with a different 
relation between duct andifan ^oractoiisticB which would permit the equal 
division of load to occur at a larger orifice cm tbe'fsn curve, successful parallel 
operation is possible feven, with, the forwaidly.corved blade fan, but only, at 'a 
sacrifice, aslthls region, of-the fan dutpiit is in tite range of low efficiency.' 

Figures 11 and 12.Bhow alsb-an iibp<»tant' advantage of 'the 'self-limitihg 
iorsepoW of the backwardly curved blade'fan;=; When!two fans are installed 
on one duct system, the reliability of partial load operation with.one fan in 



JfAGKETIC'-'AIfD' HiEGTOCfil' VSITS IBS'/ 

' Jermeability (/i)'is the ratio of tiie density to tHe magnetiz- 

iiigforw(=B/ifj'. 'Actu^itra'ttieratidoftbemdgneticfluxmsnyelomeQt; 
of a medium to the flux which wouW exiat if that element were loplaced wi_th‘ 
air', '1ilie uirnl Sefeg oh' the clemtet itema^g undianged. ^ ^ 

Eeluetdvity ■ (>)' is thefeluclatice' betWMn 'any two_ parsUel laoca of 1 cm- 

cuboo{themedium.'-''r{is-tberetnprd(^ofi)ermeability. ^ 

Reluctqmce ((R)' is resistance ■to’inaeielic' fiow. In -a- homograeous 
medium' of unifo™ cross section 'c^ reluctmice ia equal to the length divided 
b'y 'thQ product 'of the area and-'pefineabili^,' tho length and area being 

expressed in tentim'eter units (di'-i/Ap). 

Permeance ((P) iatheicdprocsJ of reluctwicc. • ' 

Current (I, i). 'The practical unit of current is the ampere, which is 
equal to one-tenth the absolute unit of rarrent luid is the current^that flows 
through a conductor having a resislnnco,of I ohm and a difference of potential 
of 1 volt between ite endA' The 'alfi'ol'uie unit of current is that current winch 
flowing in a conductor perpendicular to the lines of force in a field of unit 
intensity causes to be exited on each ca\titactcr of the conductor p. (unit) 
force of 1 dyne. One ampere (direct current) will deposit 0,001118 g of silver 
per sec from a standard silver solution, ' , ’ ■ 

Quantity (<?)• The practical unit of quantity is the coulomb and is that 
quantity wWch passes a cross aection of tie conductor in 1 sec when the rate 
of flow is 1 amp. 

Potential Diflerence or Electr'omotiTo Force (B,; F.’ cmf). i Electro- 
moti-re force tends to cause flow of electricity. The practical unit of electro- 
motive force is the volt. ’ A conductor cutting flux at the rate of I maxwell 
per see has induced in it’ one absolulo unit of emf.^ . The volt U T0> times 
the absolute unit. 

Resistance (i?, r). The practical unit of redetance is the ohm ,{fl) and 
is that resistance through wluch the foil of potential ig l volt when tho 
current is 1 amp. The ohm equals 10’ absolute unite of rcsistanco. ; 

Conductance [G, p)..’ 'Conductance is the recipmeal.of resistance and.ia 
expressed in reciprocal ohms or mhos (y) (‘‘mho" le ohm spelled backward). 

Capacitance (C)» 'Tho praoticfd unit of capadtance.is .the farad (/) 
and is that capacitance the potential of wUch wdl-te vaited ,l volt by thft 
addition of a charge of !■ coulomb. Aathe farad ia too large ,a unit for practical 
purposes, the microfarad (fq), which is onc-millionth of a farad, is generally 
nsEd. 'Pot cHpaertora such as mo 'used for radio, purposes the micrb^micro- 
farad (Mh/), or 10"^* farad, is a more suitable unit. The magnitude of tho 
Hucrofarad is 9 X 10* that of the egs electrostatic unit (atatfarad). 

Dielectric Constant or Permittivity («). The dielectric constant of 
vacuum is unity and that for air is practically' the same. Tho dielectrio con- 
stant is the ratio of the condneti-vity of ^ dielectric for electrostatic lines to 
that' for vacuum. Therefore, it is the -ratio of :tiie electrostatic capacitance 
of,a' given’capacitor. with a ccriniu dielectric to the capacitance of the same 
capacitor with vacuum as the dielectric. i 

Self-inductance (L). , The practic^iunit of eolf-inductance is the henry. 
The hemy is also called' the Cq 0 fflcient;t)t self-induction. An' electric 
rarmt has an inductance of 1 henry vriieri-arate of change of .1 amp per see 
™l induce an emf of 1 volt. 'It-abo follows that ia such a dreuit 1 amp 
Wll proance lO* linkages of maguetic-liiies 0>roduet of turns and -flux) in 
the circuit, ance'a change of 10* linlcag* per 'abroad is required to induce 1 
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the event of the fmlure of the other unit is usually of importance. With a 
Belf-limiting-horeepower fan, there ifl no posmbility of overloading the driving 
motor. With the other types of fane, tiie excess load with single-fan operation 
on a parallel system must always be conadered in selecting motors. 

Pulsation. Fans used for high pressures can, under some conditions, 
develop a severe pulsation. No exact pressure can be stated below which this 
action cannot occur, but it seldom ht^pens below 15 in. of water. In rdost 
fans at one-sixth to one-third of the d^ga volume, there is a hlouiback out 
of a portion to the inlet and a definito puffiness in the dischaige. Fans should 
not bo used for tho higher pressures at the btowback point. 

Pulsation is most severe when the fan discharges into a large duct or 
chamber with a volume content 6 percent or more of the volume per minute 
of normal fan output. A chamber of this size can be set into violent pulsation 
by a fan, not only at the blowback point, but also at any portion of its char- 
acteristic curve where the slope of the curve shows decreasing pressure with 
decreasing volume. Pulsation can also be set up by an apparently stable fan 
in double-inlet arrangement when there is a large difference between the flows 
to the two inlets. 

DESIGN OP PBOPELLEB FANS 

Velocity diagrams for propeller fans are usually drawn for a uniform axial 
velocity. Figure 13 shows a typic^ propeller fan dia- 
gram where vr is the reversed epeed of the blade sec- Xit 

tion under consideration, V» the axial velocity of the 
air, Vi the air velocity leaving the impeller, and r, the ® 

mean relative velocity drawn to bisect V«,. v, is wr 
the theoretically correct velocity to use in the equation . — ^Voloc- 

relating the circulation and the lift coefSdenl. Diagram for Pro- 

r=MC».l. poUerFm. 

Propeller fans are inherently of the backwardly curved blade type and 
have cbaractenstio curves somewhat simiiar to those of that type of centrif- 
ugal fan. The propeller curves ate changed in tho low-volume range by on 
outward radial flow progressively iDcreasing to a maximum at sero delivery. 
When no air is delivered from the iropdier, the air flow consists of two eddies 
entering the impeller from both sides in the region near the hub and leaving 
near the tip. This action increases both pressure and horsepower. Figure 
14 shows the characteristic curves of an efficient propeller fan. This fan has 
a small pitch angle, 16 deg at the tip. The fan performance is perfectly 
stable throughout the full range of the cum. This quality of stability will 
hold for moat propeller fans up to 17 deg and with careful design, with con- 
stant circulation at the design point, even up to 20 deg. For steeper pitches, 
instability occurs with a break in the cum as indicated in Pig. 15. 

The small-pitch angle fan has the advantage of high efficiency and stable 
operation. Its disadvantages are low capad^ and ffigh speed. Because of 
this high speed, these fans ate noisy for a given duty and for the bigtw 
pressures present a difBcult struoturid design problem. 

Steep-pitch fans deliver large volumes, are less noisy, and can be built 
for high pressures — but dl at a sacrifice of stobility and efficiency. 

The commercially desirable propeller fan is the medium-pitch type from 
:17 to 20 deg. It usually has wide Uades, taking up, in projected area, more 
than 50 percent of the ciicle. The cascade ratio, spacing to chord, is less 
than unity. 
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Tolt. One henry is equal to 10^ absolote units of self-indacfaiice. If the 
permeability is constant, L * n^vn/I hemy, where up is the c£s linkages 
and I is the amp. 

Mutual Inductance (.lO* Wien a change of current in one circuit 
induces an emf in a second dreuit, the two circuits are said to have mutual 
inductance. Theunitofmuiualinductaaceistheheniy. "Whenachange 
of current of 1 amp per sec in dther of two separate dreuits induces an emf of 
1 volt in the other dreuit, thdr mutual inductance is 1 henry. Also, 1 amp 
in one circuit produces 10’ cgs magnefic linkages in the other circuit when 
their mutual inductance is i henry. If .\fis the jnntual inductance of two dr- 
cuits and tis the coefficient of coupling (£a, the pro portio n of flux produced 
. by one drenit which the other) dien df = where Li and Lt 

are the respective selfdnductaiites of the two dfcuits. 

Tablet. Electrical Units 



Cwnnfc I - r/Z, I - Q/l 

Qoaality.... 0 ■/< 

EectroaodTe forte. . B = ~/Q 

R^taute... B « P/f* » C/f 

Reastidtr p - Ri/L 


ConducSiTitr X ■ 1/p 

Caoacitaaee.. C = Q/S 

bductaaes t = r.«I0*yi 

Time constant i/fi 

Period or cyde T « 1// 

Frequency / » 1/T 

.AaenUr rdooty u « ??/ 

Inductive resctaacc. . Xt ■ 2r^ 
Capadtivemetance. Xc = 1/2t}C 
Besctaace X » Xt - Xc 


Conductance G *= SfZ- 

Snsccptsace B « X/Z- 

IdEutlance 7 « 

« l./Z 

Declric power P ‘^EI^PR 


Ampere lO”* 

Coulomb ID"* 

.Ampe:^b^»lr jtO 

VoU 

Ohm 101 

Ohms per rircnlar 

mS-ioot 

Ohms per eeati* 
mcler cube.... !&• 
ilhos per unit vol- 


Farad 10 ** 

Henrv )0* 

Second 1 

Hctr>-per ohm,, . I 

Second. 1 

Cycles per second 1 


= £1 cos fl (a-c) ] 'W’ai 


.r, j 1 I t\ XT COS 9 reslP 

-jj 

Peaedre factor CTsug _ leaetiveP 

El apparent P 


Joule iO' 

‘ti’atthuui 34X111' 

KUowntt-boar.... 36X10“ 








SSS3-Si^?S-555=“S 

SiSj-"'*' ■? 

"Viion u„5 ••.» ■7t 

nW iptks inlet ti!.,''““ “'“ tai hl 

Mfflponent of ^ ® J,T 

looify serves nn ^50 

Stationary deflecting or '^■'-r 

'’an.es past the vbeSZ 

tangential, Teloeih? c, ., jf T 

pressure. 'Tie v!^ '‘''to..,Btatic 

airfoil shnn prefer- ? • S i 

''roulatjoh eguaffriT^'^*’ ^ Uj?()d:2f- 

mlsliop, L “llowMce o,u '■■ ■' ■ rropellcrrm 

based on Ttayare ' r-r-~__ ' '' ' ■' 

oascade with additiow^*'”® ■ *'“"i i^t 

i?' ‘lioWa aid «S 

“pW cotreotionTr • '^““ob^dOrfaLl 
'fftoir' resnlieil Ite’ ®«". aati.- 1! ^ 'rT 

component tie Bv;„i ■'•'• - a 5 c ~:r~T- 

‘‘'."ipap «lMiiy 'f,“?‘l'' “"i K' Ife,-I5-^Oh * 
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Power (P). Tie practical unit rf powff u the wgitt.' One "natt is pio- 
duced when 1 amp flows under an ctol ot 1 volt- O&c watt equals 10 erga 
per sec.' One'kilowatt equals watts. 

1 watt' = 0.00134 hp -« 44.26 ttrlb p« ma « 0.2380 g*c^ per aeo « 0.73T 
ft-lb per sec, = 0.0569 Btu per tain. : 

Watts = volts X amp X coane of sziglo of phase difference (or power 
factor) witli alternating currents. - 

Volt-amperes or apparent power =» volts X amp (a-c). 

Energy (W). Watthours and kilowatt-hours ore the units of energy 
used in commercial electrical work. 

1 , wbr => 3,600 joules « 2,655.4 IWb « 860 IT g-cal =» S.413 Btu = 
0.001341 hp-hr. 

The practical unit of electrical energy is the joule. One ■watt-second 
equals one joule. One joule is produced whea a atwy cutreut of I coulomb 
per sec., i-c., 1 amp flows through a rcsistanco of 1 ohm for 1 sec. One 
joule ia equivalent to Q.2389 t-eal and also equols 10’ ergs, (An erg is a 
dyne-centimeter.) 

COKDtJCTORS AND RESISTANCE 
Materials. The matorlBls generally used for the transmisBion and distri- 
butioa of electrical energy are copper, alttminum, iron, and steal. For 
resistors and hestors, iron, Btc?eJ, commerrial alloys, and carbon are most used. 

Copper is the meet commonly used electric^ inductor; it is always used 
for instated wires and cables. 

Aluminum is used to considorablo extent for bigh-voltage transmission 
lines, beeausa its weight is one-balf that of copper for the same ooaduotanco. 
Moreover, the greater diameter reduces corona loss. It has 1.4 times the 
linoat coefficient of expansion so that changes in sag with temperature are 
greater, Because of its lower melting point epens fail more readily rrith a^^ 
overs. In aluminum cable steel-reinforced <A.C.S.R.), tho trattr strand is 
a steel cable, ■which gives added tensile strength. Aluminum is used occa- 
sionally for bus bars because of ite large, ra^ating surface for a given 
conductance. 

Steel, either galvaniaed or copper clad, is used occasionally for high-voltage 
tranamission spans where tensQo strength is mom important tha-a IdEh 
conductance. Steel is also used lor third rmls. ■ ' 

Eesistivity or specific resistance is the resistance ol a sample of the, 
material having both a length and cross section of unity. The reaiatnnce' of, 
a oentimetei-cube and circulaT-iQil-foot (see below) are the two most 
common units of resistirity. If I is the leng^ of a conductor of unifonn 
cross section a, then , its •resistance R ~pl/a (i) where p is the resistivity. 
With a rft-mil-ft p ia tire resistance of a car-mil-ft and a is the cross section 
inoirmils. Since® » fa is the volume of a conductor i? -pl^/v »p5/o*(2), 

A circulai-mil is a unit of area equal to Ijiat of a circle whose diameter is 
1 mil (C.OOI in.). It ia the unit of aioa which is used almost entirely in 
this country for wires and cables. . To obtain the circular rails of a solid 
cyliadricaf conductor, square its diaract^ expressed in rails. For example, 
the diameter of 000 A-W.C. sdid copper wire is 4l0 mils and its croas'sectioa 
ia (410]’, QT 168,100,' rfr mils. Th« diameter in mils of a solid cylindrical 
condurtoria the square root of its cross’section expressed in cit mils. 

A ciroular-inil-foot is a conductor baring a length of one foot and, a 
uniform cross section of- one circular miL lu terms of the copper standard 
(see Table 4, p. 1892) the le^stancB of a drcular-mil-foot of copper at 20 C ia 
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Jot diffusion vane determination, tins approsimate method of caacado 
correction is satisfactory.' 

The same method is applicable to propeller blades but tends to give 
slightly higher values of Cl than ate ehown by the wind-tunnel tests. 

Aml-fLow Multistage Compressors, Adal-fiow impellers and diffusiDu 
or guide vanes permit a compact multistage arrangerncnt for high pressures. 
Rotative speeds need not be escesshre. Efficiencies are higher than those 
of multistage centrifugal comivessoTS. With a oompresaion ratio of 4, 
efficiencies of about 85 percent have been obtained. 

The disadvantage of the axial-flow design is its tendency to 
pulsate within a normal range of output. To limit the num- 
ber of stages and the rotative speed, a steeply pitched blade 
with a large angle of attack is demraUe. The pressure 
characteristic consequently exhibits the unstable break or dip 
characteristic of steep-pitch propellers, as previously referred 
to in connection with Fig. 15, and the break is located at from 
50 to 80 percent of tlie design capacity. Centrifugal com- 
pressors also have a pulsation range, but at 20 to 30 percent of 
normal output, a percent of rating which for most applications 
is below the useful demand. 

The field of the axial>Bow compressor is therefore limited 
to fans with asubatantially fixed reristance system (see p. 1947). 

An'lnstance of such duty is the compressor end of a constimt' 
output gas turbine. 

Multistage Compressor Theory. The same general 
laws apply to the action of compressors as apply to low-pres- 
sure fans. For fans, however, an implied constant density 
simplifies the statement of the laws. Compression requires 
more exact and specific di^ussion. 

The simple fan laws (p.i671) become for the compressor 

(1) the inlel volume varies directly with the speed; 

(2) the wotTc per pound varies as the square of the speed; and 

(3) the horsepower varies as the cube of the speed. 

As the changes in velocily pressure through an axial flow compreeBor are a 
negligible proportion of the developed pressure, the increase in static pressure 
may be considered identical with total pressure rise. 

Compressors are rated on inlet volume, proaaure rise, and an efficiency 
based on the corresponding adiabatic work. This adiabatic efficiency 
decreases with increased speed and the consequent increased pressure ratio. 
The true efficiency of a bladed impeller is substantially unaffected by speed. 

Adiabatic work and efficiency arc smtable criteria from the standpoint 
of the purchaser, but the deagner can work more readily and intelligently 
from a formula that allows for added heat due to an efficiency less than unity. 

Multistage-compressor Design. Practicability reqmrcs minimum 
axial lengths per stage. Compressor impeUera, therefore, have a large number 
of narrow blades, resembling » I^aons-turbine-rotor element. The number 
of blades is usually 60 to 100. mSorion van^ are likewise many and narrow 
and prime to the number of Impellk' Uadca. Blades and vanes should be 
of streamline cross section. As stoeamlining in metal requires expensive die 
work, a uniform impeller blade and diffusion vane is preferably used for all 
stages. The blade height be reduced in the later stages to allow for 
compression and maintain uniform entrance velocity. 
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10.371 ohms. As a. first ^prmdmation lO-ohms may frequently be .used 
(also seep. 1760), . . r-j • ' ■ . ! 

At 60C a'circular-mil-indi of copper has a resistance, of; 1.0 ohm.. Tins 
is a very ,c,onyeuieat, unit of rcastivity for-magnet coils since, the resistance is 
merely the length of copper in indies divided by its cross section in cir mils 
(see.p. 1772), - . . , , 

Table 2, Properties of the Metals and Alloys , 



•Reaistivib’. 20 G 

.0. 



•-:-ro 

£c® 

Metals 

■ Ctn-oube 
(microhms) 

1 

25“ 

Hi 
£ *0 

Metala 



"5 

8 

hi|' 


2,828 

17.01 

0,0039 

Monel metal. . . 

411 

259 

0'0019 


41.7.. 

251.0 

0.0036 


.95.783 

576 










Brass ........ 

61,5 , 

370 

0.0015 

Platinum.. 

ID.OOI 

60,2 

0.003 


3,600lo4,IlK 


■(-) 

2Ag + lPt.... 

24,33» 

146,4" 

0 00031 






1.629 

9.8 


(graphite) . . . 
Copper 

720 to812t 

1.724 

10.37 

(-) 

0.00393 

Steel: soft. ..... 

Glass bard . . . 

Silicon 4 per 

15.9 

45.7 

95,6 

275 

0.0016 

Gold 

2.44 

14.7 

0.0034 

«nl 

Transformer,, 

51.15 

U.09 

308' 

667 


Electrolytic.. 







74, 4 to 97. 8 
22.0 







Lead 

132 

0.003B7 

^DC.. 

5.75" 

34,7« 

0.0037 


Max. working tsmperoturts, C. Cu, 200; 600; Pt, 1500. 

«0C. ► Furnace eisetr^M, 8WC. 

(See Table 24, p. 1766, for properties of resistor alloys.) 

Temperature Coefficient of Resistance. The resistance of the pure 
metals increases with temperature. The resistance at any temperature tC 
is R = i2(i[l + «t]_ (3) where Rv is the resistance at 0 C and cs is the tem- 
peratriro coefficient of resistance. Tot copper, a = 0.00427. 

■With any initial temperature ti, the resistance .at temperature iC is B ,= 
Bi[l 4:,ai(i — fj)l (4) where Bi is the resistance at temperature fiC and ai 
is the temperature coefficient of redstance at temperature fi (see Eq. 6). 

Inferred Absolute Zero. Between 100 C and OC the resistance of 
copper decreases at a rate which is practically uniform and which if continued 
would give a resistance of zero at — 234.5C (an easy number to remember). 
If the resistance at h C is iZi and the resistaace at k C is Bi, then 

Ri/Ri = {234.5 + fa)/(234.5 + fi) (5) 

For any initial temperature fi the value of cn is 

ai = 1/(234.5 + W (6) 

.Ezamplo. The rcsistanoe of a copper coil at 2$C h 4.26'ohiQS, Determine its 
resistanen at 45 C. Using Eq. (4) and m * 1/(234.5 + 25} = 0.00385, R = 4.26 [1 + 
0.d0385(^ - 25)] = 4.59 ohms. tJring Eq. (5) R = 4.26 (234.6 + 45)/(234.5 +.25) 
= 4.26 X 1.077 ='4.59 bhms. 

, American Wire Gage (A.W.O.). The A.\7.G. (formerly Brown & Sharpe gage) 
is' based on a constant ratio beb^wn diameters of successive gage numbers. The ratio 
of any diameter to the nert sinfJlw is '1.123, and the corresponding'ratio of cross see- 
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The ratio e of the temperature rise during adiabatic compression to the 
actual temperature rise has been obaerved to be prncticallyconstant as the 
speed of a fari changes. On the aesumption that this is the case, the work H 
done in compressing 1 lb of air ib 

where pi and pi are the inlet and outlet absolute pressures (lb per sq ft) 
respectively, and ibistlie ratio of epecific heats (= 1.4 for air). A usual value 
for e is 0,8 with good design. The work per stage h is pven by H/s whore z is 
the number of stages. 

From the Euler equation for axial flow, ; 

h = wr(r„, - 

Fjij, the tangential spin at the inlet of a stage, may be zero; may be positive 
spin with the wheel, diminishing the possible work; or may be negative 
spin against the rotation of the wheel, increasing the work. This last direc- 
tion of 7u will increase the tendency to and the violence of pulsation. With 
the 7u, determined, preferably zero, 7uj is evaluated. 

The total circulation F can then be calculated. F « 2ffr(7oj — ,7«j), 
and Fft = VjZ, where Fa is the circulation per blade; The blades add vanes 
may Im designed from the lift coefficients of a high lift air foil in accordance 
with the procedure described for propeller fans. 

SELECTION or FAN SIZE : 

Fan engineering is based on tests of models. The size of the model should 
not be too small; 30 to 36 in. in diameter is convenient. Curves of tost results 
may be confidently used to predict the performance of geometrically similar 
fans of any size larger than the model. Sizes smaller than 30 in. show poorer 
results and should be tested iu each size. 

The curves of Fig. 1 are for a 34 in. fan. The use of such curves is best 
explained by an example : 

Eoquired a geometrically similar fan to ddiver 32,000 cfm at 0,8 in. of water, static 
pressure, with sir at 200 F. 

Select first from Fig. 1 s point of operation. The peak of tho total efficionoy is a 
desirable point. , 

Volume 27,000 cfm; static pressure, 3,05 in.; epeed, lilOO rpmi The curve is drawn 
for a density of 0.075, whereas tho example baa the lower density d ■» 1.326 X 29.92/660 
« 0.06. As the pressure of a fan varies as the air density, the equivalent pressure at the 
0.075 of the test curve is 0.8 X 0.075/O.OD = 1 in. The equivalent performance of tho 
model at this pressure is . . ■ ; , 

Speed “ i.l00VlA05 = 030 rpm • 

Volume •= 27,000 X 630/1,100 = 15,450 cfm 

At the ssme tip speed, the larger fan must have the same air velocities so the ratio of 
the two fan areas, or diameters squared, must be in proportion to the volumes. Z)i*/Dn’ 
« = 32,000/15,450 = 2.07, where Di ia tho required diameter of the larger fan, 

the diameter of the mo^, and K the'ratio. Du = SlVSio? = 49 in. - The speed of 
the large fan is 630/V2.07 = 437 rpia. Thehorsepower with 71 percent static oflioieaev 
= 0.0001575 X 32,000 X 0.8/.71 = 5.68.’ ■ - • . 

The problem is usually complicated by tho nocesrity of fitting the required duty to 
sorne standard diameter, The sizes given in Fig.,17 are a typical commercial standardi- 
zation. A 48.5 in. wheel, is the closest to tiie 49 in. of the tentative dalculation 
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Table:, 3 . . Working Table, .Standard Annealed Copper Wire, . Solid 
i,..-. , , American Wire Gage, (B. AS.) (iv.i, i' ■ 


Gage 

No. 

"Diam; 

..mils 

1 r • , ,Cros3 section . 

s.-'OIuns ptt 1^000 ft,,., 

OhtDs.pcr 
" mile' ' 

;260 
('■= 77 F) 

.bounds . 
per 1,000 

; ft 

Circular 

mils 

^uare 

inches 

,250' 

66 C 

{•“149.F) 




' 0.165 ^ " 

■' . fi.m. 

. ' ufn 

' 0.264 

641,0 





: 0.0638 

■ ■ 0.0727 

! 0.333 

508.0 



133,000 

O.IOS 

' 0.0795 

0.0917 

0,420 

403,0 



106.000 ' ■ 

0,0829 

0.100 

■ o;ii6 



1 

! 259.0 ; 

83,700 

0.0657,. 

. 0..|26 ( 

0.146 . 

0.665 

253.0 



:• 66.400 

0 . 0521 : 

. o;is9. . 

O.IM 

, 0,839: 

' 201,0 



.'r 52,600 ' 

0.0413." 

0.201 , 

' 0.232, . 

• 1,08!' 

IS9.0 



41.700 

0,0328. , 

: 0.253 ( 

1 0.292 ; 

; I,335„ 

126.0 

5 

182.0 

33,100 

0,0260 ' 

1 0.319 

. 0.369 

1.685 

100.0 

6 

, 162,0 

• 26,300 . 

0,0206 - 

0.403 ; 

‘ 0.465 

2.13 

79.5 

7 

' 144,0 • 

20.800 

. 0,0164 , 

i o.soe' ' 

: 0 .^ : 

2.68 . 

63.0 


128.0 ' 

16.500 

0,0139:,' ' 

: 0.641- 

■ 0.739 

: 3.38 ■ 

50.0 


114.0 : 

■'13,100 

o.ora- 

' D.808. • 

■ 0.932- 

4.27 

39.6 

111 

102, Q 

10.400 

0.00815 

1.02 

' 1.18 

, 5-38 

31.4 

II 

91.0 , 

-• 8,230 : 

0,00647 : 

■ 1.28, 

: 1.48 

; 6.75 

24,9 

\i 

' 61.0: 

( ! 6,530 • 

' O.QQSfl 

1.62.,.. 

; t.ffl.'' 

8.55 

’l9,6 

11 

72.0 ■ 

' :5.ieo 

O.OIMW,; 

2.04 

2,» , 

10.77 • 

15.7 

14 

64.0 

4,110 

0.00323 

} 2.58 

! 2.97 

13.62 

,12,4 

14 

57.0 

V 3,260 

0,00256' 

; 3.25.- : 

3.75' ( 

, 17.16- 

,9.86 

16' 

S!,0 r 

2.550 

0.00203.: 

4.09 < 


21.6 

,7.82 

17 

45,0 : 

2,050 

0,(^»6I.'.' 

. 5.16 . 

' 5.96 

27.2'; 

,6.20 

!R 

4Q.0 . 

1 ' 1,620 

0,00128:: 

i 6.51 , 

i 7.51 

i34.4 , 

, 4.92' 

19 

36.0 

1,290 

0.00101 

! 8.21 

! 9.48 

•43.3 

i3.90 

in 

32,0 • 

' 1.020 

0.000802 

:10.4 

■11.9 1 

54,9' 

3.09 


a, 5 . 

810 

C.000636' 

!I3.I.. 

:i5.i 

'69.1 • 

2.45 

77 

25,3! 

642 

0.000505- 

! 16.5~^ 

:I9.0 ; 

■8^.1, 

1,94 

n 

11.6 ■ 

. 509 

O.OWOO: 

!20.8 ' 

•24.0 . 

,109,8v 

’,.54 

24 

20.1 

404 

0,000317 

i26.2 

m 

■m.i 

' 1.22 

74 

17.9 ' 

320 

0.000252. 

'33.0: 

■ 38.1 ' 

'174.1;.. 

0.970 

26 

15.9 

254 

0.000200 

41.6 

,48.0 

220 

■ 0.769 

77 

■■■ 14’2 ' 

' 202 ■■ 

O.DOOJ58’ 

•• 32.5 

• 60.6- 

■' 277' .• 

0.610' 

.,VH 

•,12-.6 

: ■ • 150 : 

0,000126 

. 66.2. • 

76.4 

. 350, 



; I1..3, 

■, 127,. 

,0.0000995 

;83.4 

J6.3,. 

.440- ; 

: 0,384 

'HI 

10,0 

■■ 101" 

,0.0000789 

HI5,. 

HI , . 

554. ' 

, .0,304 

31 

- .,6.9 


•i.wrn 

133' , 


: 702’ 

«,w, 

,32 

' fl’,0 

63.2: 

0.0000496 

•167 •• 

■'193- 

'682 

0,191 


■ ■'••- 7 .! 

. 50.1 

0.0000394 

• 21) . 

243 

, i.lM . • 

•-. 0.152 


■ 6.3 

39,8 

O.OOOfSU 

' 266 . 

307 

1.454 ' ■ • 



5.6 

■ 31.5 

0.0000248 

' 335 . ■ • 

387 

1,769 ' 


30 

- 5.0 

25.0 

; 0:0000196 

; 423 ■ 

, 488 . 

'2,250; , 

0.0757 • 

. 37 

.^,5 

' 19.8 

0.0000156 

■ 533 ■ 

' 616 ' 




• 4.0 

15.7 

'0:0000123 

‘W3 

-m- 

3,550 '■ ■ 



< . 3.5 

12.5 

■ 0.000DO9S 

; 848.. n' 

979 , 




■3.1. 

9.9 

0.0000076 

,1.070 . 

.1^30 

5,650 

0.0200 


tons ja (1.123)5 = 1.261 or IK appiOTiiaatdy. is 2;0050 'bo thafdiametera 

Menng by 6;gage numbcra have-a ratiosof »pprdriuiately,2; cross sections differins 
by 3 pE 0 numbers also haveu ratio crf-approrimately 2. -Tb.ratio of cross sections 
<liSeruig by numbers is (1.261)1-1.580, or.;1.6 approximately., ;Tb6 ratio of 
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CESTRJlr'aaiL AtfD 'PROPELLEn FANS 


With 'a knotrf"wh^'diaiii6ti!r,‘ to proetdure •becomes iaverae;' .’JC'm hi/Dr, 
“ 48.5/34 = l'.425ih:The'icqnrnient Ivolninei'for. the model ia !Q/^i’,'=i32, 000/2, 03 
15,740. ButlhisTtilnincTsatii^eeddiffeMat from, that of .the model! test'icurye, as 
the pressure corrcaptmdmg to tiiis eqoiviileiit volime iS;Bti]I;0.8 at 200 P,correoie'd io 
0.075 density, or 1 in. _ . ''•')!/ 

A parabola' plo^d on Jig. 1 tnih TertK'at thojbrijpn'bf coordkates, passing through 
15,740 cfmhnd rin.'stalic’pressilreiiB tolocus of the volume arid pressure values for 
changing speed with constant uifiee. The orifice'is set' by thd calculated equivalent 

■3r‘' 



0 2 4 6 BIO 12 14)618 20 222126 283032'34363840 
Thoosoinel.Ctf Ft per.Minu+e, ’ 

Fig. 17.— Hagca Faa Chart. 


volume and the pven preisure cometed. The iutecaecticn of this constant orifice curve 
and the static pressure cbanicteristie of to fan ^ves the volume and pressure that the 
fan.wquldddiverthroaghtiiatortoeattospeeddthetest. The values at the intei- 
seotion are: volume,' 27, ^.jefan;^ Btatio preeaure, 3 in; static efficiehfcyi 70i5.peritnt; 
rpm, .1,100. , ; . , ' ; '' 

. The speed of the test fan for to'eqmvalent conditionB Uin proportioned the volumes, 
dr the speed is 1,100 X 15,740/27,400 *= 638 rpm. For 'the 48.5 in.'htanda'rd fan, the 
speed is fl33/Jr ■= 633/I.42B «> 444 at wlaeh speed and handling ^OO.F'Wr-the fan- will 
deliver the required 32,000 cfm against 0.8 in; staUuipressure. ftt'a, static, -efficisney of 

70.ff,'taking 5,71 hp. > ' .■ • ' • , i 

' Pa.n.Ohartsl '.plmmunonlessplp^ga df fan data can' be baaed oa many 
different ratios to ^mspe^epuraoses.’ Th^e plottih'ga arc not character- 
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ELECTRICAL ENOINEERING 


croM sections differing by 10 numbers is ftpprorimately 10. The' gage ordinarily 
eitenda from No. 40 to 0000 (4/0). Wires larsei tluia 0000 must be stranded and their 
cross section is given in eir mils. 

Table 4. Bare Concentric Lay Cables of Standard Annealed Copper 




Ohms per 1,000 ft 


Standard concentric stranding 

No. 

: (Jircular 
mils 

i 

25C 
(=77 P) 

I 65C 

per ] 
1,000 ft 1 

1 

Number 
of •»«« 

Diameter 

ofjvireB, 

Outside 

diameter, 

mils 


2,000,000 

0.00539 

0.00622' 

6.180 

127 

■ 125.5 1 

1,631 


1 l,7f»,W0 

0.00634 

0.00732 

5,250 

1 127 

115.7 ' 

1,504 


1,500,000 

0 00719 

0.00630 

4.630 

1 91 

I2S.4 

1^2 


1 1,200,000 

0.00899 

0.0104 

3,710 

91 

114.8 

1,263 


1 1,000,000 

. O.OKS 

D.0J24 

3,090 

1 61 

128.0 

1,152 


900.000 

0.0120 

D.0I38 

2^ 

61 

121.5 

L093 


850,000 

0.0127 


2 620 

61 


1,062 


' 750.000 

0.0144 

0.0166 

2.320 

61 

iiO.9 

998 


1 

1 0.0166 

o.om 

2.010 

1 61 

103.2 

929 


600,000 

0.0169 

0.0207 

1,850 

61 

99.2 

893 


1 550,000 

0.0196 

0.0226 

1,700 

1 61 

95.0 

855 


' 500.000 

0.02(6 

0.0249 

1.540 

' 37 

1(6.2 

814 


450.000 

0.0240 

0.0277 

: 1,390 

37 

110.3 

772 


400,000 

0.0270 

0.0311 

; i.240 

37 

104.0 

728 


350.000 

0.0308 

0.0356 

1.080 

37 

97.3 

681 


300,000 

0.0360 

0 0415 

' 926 

37 

90.0 

650 


250,000 

O.W3t 

0.0496 

772 

37 

82.2 

, 575 

0000 

212,000 

0.0509 

0.0587 

653 

19 

105.5 . 

328 

000 

168,000 

0.0642 

0.0741 

518 

19 

94.0 

470 

00 

. 133,000 

o.oeii 

1 0.0936 

411 

19 

63.7 

1 418 


: 106.000 

0.102 

1 0.117 

326 

1 19 

74.5 

373 

1 

85.700 

0.129 

0.149 

238 

19 

66.4 

; 332 

2 

66,400 

0.162 

0.187 

205 

7 

97.4 

1 292 


3m 

0.2ft5 

0.237 

J63 

7 

66.7 

' 260 

4 

41,700 

0.259 

0.299 

129 

7 

77.2 

232 


From N,B.S., CiTcvlat 31. See Table 20. p. 1763, for the carrying capacity of mres. 


The diameter of No. 10 vire is 102.0 mils. Aa an approzimation this may be oon* 
sidered ae beiog 100 miU; the crose eection je 1Q,OOQ cii miU; the ceslaiance is 1 ohm 
per 1,000 ft; and the weight of 1,000 ft is 31.4 (lOr) ib. Also the 
weight of 1,000 ft of No. 2 is 200 lb. These facts gve many short cuts 
in estimating resistances and weights of Tarimis gsgc Dumbers. 

Lay Cables. In order to obtain, sufficient fleribiJity, tvires 
larger than 0000 are stranded, and they are desgnated by their 
circular mils. Smaller wires may be stranded ^so since sizes 
as small as No. 4 when insulated are muaily too still for easy . Ro, 1. — 
handling. Lay cables are made up geometrically as shown in Makeup of 
Pig. 1. Six strands will just fit around the single central con- a 19-8trand 
ductor; the number of strands in each snccccding layer increases Cable, 
by 6. The number of strands'tbat can thvB bo layed up are 
1-7-19-37-61-91-127, etc. In order to obtain sufficient flexibility with large 
cables, the strands themselves frequently consist of stranded cable. 

The resistance of cables is readily computed from Eg. (1), using the 
cir-mil-ft as the unit of resistivi^. 
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istic curves ia that they tend to the Bame fonn or ahaiie for all types of fans. 
They are useful as critoia of lie value of a design or for oonvemeaca in calcu- 
lation. Most generally used is a pfot of effidencies and tip speeds as 
ordinates ■with orifice ratios as absdssas. 

The upper portion of tie Hagen Chart, Kg. 17, is a plot of this typo. No 
sesde for orifice ratio is given on the chat aa tho correct absrassa is provided 
for by the lower portion, of the chart. This lower portion has volumes as 
abscissas and pressures as ordinates ^aoed as tho Buuwe roots of the pres- 
sures. A diagonal line to the origin throu^ a point of desired volume and 
pressure is the hypotenuse of a trian^e of which the volume abscissa and 
the ordinate length of sijuare root of pressure aro tho two sides. 

Fan lines aro located on the chart at distances froiu the taso lino propor- 
tional to 1/J)\ The Bame diagtaial, extended if necessary, interBccta any 
fan line forming a ti'iangle sunflar to tho pressure volume triangle. From 
these two Bimii'ar triangfes the adBciasa/nterccptfaibag the iaa hue must egunf 
F/X>*v^ that is, the orifice ratio. Tho function of t(je lower portion of the 
chart is to determine conveniently tiio orifice ratio fOr a given volume and 
pressure of any of the standard Biie fans of the manufacturers line. 

Quantitstivo results depend on the scales. In constructing tho chart the 
Bcdes ior volume and pressure may be eeleclcd arbitrarily for case of roading. 
The scale for the location of tbo fan lines proportional fo l/D^ may also be 
selected arbitrarily so as to use tho Bpace on the cliart to good advantage. 
These three scales fix the scale of orifice ratio. This ^calo can bo calculated 
arithmetically if desired but it is ^pler to constnjct the chart from a fan- 
test curve such aa Fig. 1. 

The fan line of the teat-fan size is drawn in for construction purposes. A 
volume and corresponding pressure may then bo Bcicefod from the test curve 
and located on the chart determining tho diagonal. Tbo intersection of this 
diagonal with the fan line of the test fan size gives the abscissa of orifice ratio 
to correct scale value. At that same abscissa on thg upp^^ portion of tlm 
chart the test efficiency may be plotted, also the tip speed of the teat. Addi- 
tional tip speed points are pbtt^ at tin's same abscissa spaced as the square 
roots of tho pressure. This procedure is repeated foe enough points taken 
from tie test curve to permit sccurate dctermiiiationof the curves of the chart. 


SoWng tha preceding problem by the vso of the chart (Fig. 17} theproceduro is na 
follows: Through the 32,000 volmoe and the corrected 1 in pressure point, a straight 
line is drawn to the oriea interscctingfan Fines of the atandardwod sizes. Above any of 
these inteieections can bo taken off effidenryandfipBpeedfor that particular fan. For 
example, above the 48.5 in. intersection the effidcncy is 70.5 and the tio anaed for 1 in 
static is 6,600 fpm. The rpm ie 5,600/(48.5»/12) » 443. 
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Bsample. Determine tlie reaiRtana of, 3, 600 ft rf gOOiOOO-cir mil cable at 20C. 
te. p(ofaoirmiMt) ■= IQ.37, R = 10^7 X 3^00/800,000 = 0,0454 ohm. 

' p = 10 oirniB per dr-mil-ft is often saffidentiy accurate for practical purpoees. 


EIJJOTRICAL CIECDITS' 

Ohm’s law states that, with a steady current, the current in a circuit is 
diTe<My proportional to the tolal emf acfang in the circuit end is inversely 
proportional to the total resistMce of the drcirit. The law may be expressed 
by the follovring three equationat ‘ 

I==E/R (7); E^JB IS); B (9) 


where E is the emf, volts; R the reustance, ohms; and I the current, amp. 

Series Circuits. The combined resistance of a number of series-con- 
nected reaistaacea ia the aum. of tho separate resistances. When batteries 
or other sources of emf are connected in series the total emf of the com- 
bination is the sum of the separate emfa- The open-circuit emf of a battery 
is the total generated emf, and may bo measured at the battery-terminals only 
when no current ia being ddivered by the battery. The intern^ resistance 
ia the resistance of the battery alone. The current which will flow in a circuit 
cotmecled in aeries with a source of emf is J * EJ(B + r), where E is the 
open-circuit emf, /? the external roastance, and r the internoi resistance of 
the source of emf. 

Parallel Glrcuitg, The combined conductance of a number of parallel- 
eoQoected reaistaacea is the sum of the separate conductances. 


_1 

B 


ml. +i. +-1. + . 


( 10 ) 


The equivalent resistance for two parallel rceUtonces Bi, Bj, ia 

It^^BMRi+Bi) (U) 

The equivalent resistance for three parallel resistances, Bj, Bt, Bi, is 

n BlBlR] 


BiBi + B + BjBi 

and for four parallel resistances, Bi, fit, fit, fit, 

_ BiBifiafir 


BiBjBj -|- Btfitfit + Bafitfii -}- B«BiBs 


( 12 ) 


(IS) 


To obtain the resistance of comluned series and parallel resistances, the 
equivalent resistance of each paraild portion is obtwned separately and then 
these equivalent resistances ate added to the eeties tesvatancOB according to 
the principles stated above. 

Kirclxhoff’B laws (deriTOd from Ohm’s law) make it possible to solve 
many circuit networks that wotdd otherwise bo difficult of solution. The 
first law states that; In any hrancking nelmri of v^res the algebraic sum of the 
currents w oil (he mres that met ai a peini is sera. The second law states that: 
The suvi of all the electromotive farces acting around a complete circuit is equal 
to (lie eum £>/ {lie wsistances of Us separate parts mlHplied each into the strength 
of the current that flows through it, or the Mol change of potential around otiy 
closed circuit is zero. ■ - 

In applying Kirchhoff’s laws the following rules should be observed: 
Currents flowing toward a junefion rfiould be preceded by a plus sign. Cur- 
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rents iomng !iwc,y from ajun^n sfa^d'be preceded by, a,iidmis sign. • A 
rise in potentiai should be.prooedcd by, a plus sign. (THiB occuca in going 


■HHWlli, 
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Transfonner' Copocitor Incandescent 
lamps ■ 


Arc 

Lamps 


-Open ' ' - i 
:Delto- 
Connection . 


D.-RSrT.^Double-polc^ingle-fnowsDrP.D.-t'OpuTjle-pole.clouble-throiv. 


Fig. 2.— Diagrammatic, Symbols for Electrical Machinery and Apparatus; ' 

through a'souraej.of.emrfrom the jiiega'Kvc ,to the positive 'termihal* ,an^ in 
going through a resistance in opposition to the current flow,) A drop in 
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potential should be preceded by.aminrasgn.-. (This.occur8in going, through a 
fiO,urce dfemf from the poaitiw.toithe, negative terming nad in.'goihg't^opgh 
a resistance, in, conjunction •with|tiie.,curreht flow.) 

'/The application of,Kirchhoff|3 laws’is iUnstrated by -the following example. 

Example. Determine the three currents Ii, It, 
and Is in the. circuit network {Kg. 5). The arrows 
show the assumed directions, of thc.tiirM cottmte 
■ Applying KirchhoS'fi’ficcond law' to dreiiit a_6 
d e fl, ' ’I . 

+ 4 + 0.2Ii + '0.511 7 OTs +^2 -,'6.Us 0 

or, i 

, + 6 + 1.7/1 “ 3.1Ij e 0 ; . ( 

ondfor.e d c/ff e,, • IV.-'i-:'- . • 

- 2 ■+ 0.irs + 3l! + 7j + 3 + 0.3/4 0 ■ 

wi’, , ' ' ' ' . ' ' 

; +i''+3'i/2 + i,3rayo' (i 

. .Applying KirchhoS’e first law to junction c, ' , 

-Ji-Zi-H/s'^O-- • . ''. (Ill) ' '•Kirchhoff'sLaws.'','""' 

'SoWng (I),,{II), and (III) simultaneously gires/i » -2.56i /i = +0.63, and /a.,® 
'-2.0l The minus eigne hefocc'/i aa'd U eh'ow that the actual dircction9_o{,ilow of 
these two currente are opposite the assumed directions. 

Electrical Power. 'With' direct currchts'tbc electrical power is given by 
the-product ,of the volts and amperes;^ That' is, ? = £7 watts)' '(M) 
Also; -by subatitiiting for E and 7 Eqe. (8) and {'),'P f 7’fJ watt8‘(i5); 
P as £3/J2.watt8'.(16).'' ' . /; •, 

The practical unit of power is 'the ’watt 10’ .ergs porisec. The watt .is 

too sm^ a unit for many purposes. . Hence, tiie kilowatt (kw) (1,000 watts) 
is used. • 746 watts * i.bp. *;0.74C kw. ;„1 kw *,1.840 hp. ; i'.-, 

'■-Joule’s Law.' "Wheri'an 'electric- current flows through a resistande, ’thd 
number of heat units developed is proportional to the square of. the, current, 
directly proportional to.thc'rcsistancc,' and directly proportiohai'to'ibe 
time, that the, current; flows, .-h = 0.238i)t’rt, where h represents the number 
of IT gram-calories; i the cuireat, ainp;r the resistance, ohms; and t the time, 
sec. li(lnBtu) = 0.0009480i*r(. Seep. 1689. 

■'Electrical Energy. , ^e.fuhdamental'unit of Mectrical energy is'the erg. 
The:'practical„unit 'is'the' joule or wat^second. * 10’ 'ergsi ‘ This-uhit is 
too small for most practical purposes, hence the kilowatt-hour (kwhr) js 
used. ■ , • . • , . , , , , ' ' , 

■ ■' i .■■BATTERIES'’-' ' — 

In an electric cell or battery, diemical energy is converted into electrical 
energy.';''Strictly Bpeaking.'tbd'word'battery applies to an assembly of cells, 
but the word has 'come to-'mean-sii^e units'or cells. " A battery is based bn 
the fact that a potential difference eri^ between' different elements. ' ' 'When 
two different 'elements "are immersed ■in''electro!ytB an 'emf e.vists' tending 
to send current within' t^ cell' fr^’ 'the" negative polej' which is 'the- more 
highly’ele'ctropositive; 'to the^irositive'jfole.'' 'Th6'p'olea'or electro'des of a 
battery fetm the^junctioii ’with'-tke'mcteraal'circiiiti'''- ^ 

'‘If the ext6rnat'bircuit'lB'cloi^',''-ourrenV'flowaTrom4he: batter+''at the 
jostoe Werfrode ' or 'ca( Vo‘dei'‘8Sd 'enterff the' Uttery' 'at thd 
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MAGNETIC AND ELECTRICAL UNITS 

Systems of Units. There arc two futdaroental systems of electrical 
units based dimeasionaily on the centimeter, gram, and second (c^), the 
electrostatic and the clectromaenelic. The cgs electrostatic system is derived 
from the force exerted between two unit charges of electricity at points 1 cm 
apart in a medium of unit dielectric constant. The cgs electromagnetio 
system is derived from the force exerted between two unit magnetio' poles 
placed at pomts 1 cm apart in a medium' of unit msgnotie permeability. 
The practical units such as the voU and ampere are derived from the units 
of the electromagnetic system, diSering from them only in their magnitudes. 

The mks system has recently been odopted as a standard, It is based 
dimensionally on the meter, kilogram, and second. The electrical units are 
those of the practical system. 

Magnetic calculations are usually made in the cp electiomagneric system. 

Unit magnetic pole is one that will repel an enunl and like polo with 
a force of 1 dyne (see p. 1701) at a distance of 1 cm in a medium of unit 
permeability. 

Magnetic potential is measured 1^ the work involved in moving a unit 
magnet pole from the boundary of the field to tiie point at which the potential 
is desired. 

Magnetic field intensity (H) is measured by the force in dynes exerted 
on a unit poic. In media wbose permeability is unity the field intensity is 
^ven by the number of lines of force per square centimeter taken normal to 
their direction. The cgs umt of field intensity is the oersted. 

Magnetic flux ($, i^listhemagneticflowthatexistsin any magnetic circuit. 
The cgs unit is the maxwell. 

Magnetic flux density (5) is the ratio of the flux in any cross section to 
the area of that cross section, the cross section being taken normal to the 
direction of flux. One maiwdl per square centimeter is equal to 1 gauSS. 

Magnetomotive force (5 ond mmf) is that which tends to produce 
magnetic Sux and corresponds to dectromotive force in the electric circuit. 
The cgs unit is the gilbert which is equal to Q.d-mf where nl are the ampere- 
turns. The ampere-turn is frequently a convenient unit. 
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In a' primary battery the cheoucally reacting parts require renewal; 
in a secondary battery, the dectrodieimcal proMssee are reversible to a 
high degree and the chemically reacting parts aj-o restored after partial' or 
complete discharge by reveraing the direction 6t current flow through the 
battery. 

Electromotive force of a hattciy is the total potential difference existing 
between tho electrodes on open dreuit. When current flows, the potential 
difference across the terminals drops because of the resistance drop within the 
cell and because of polarization. If £ is tho emf of the cell, r the internal 
resistance, V the terminal voltage, when current I-flows, then 

Y^E-Ir (17) 

Polarization. When current 'flows in a battery, hydrogen is deposited 
on the cathode. This produces two effects, both of which reduce the terminal 
voltage of the battery. Tho hydrogen in contact with the cathode constitutes 
a hydrogen battery which opposes tho emf of the battery; the hydrogen 
bubbles reduce the contact area of the electrolyte with the cathode, thus 
increasing the battery reastance.' Tho most satisfactory method of reducing 
polarization is to have present at the cathode some compound that supplies 
negative ions to combine with the positive hydrogen ions at the plate. In 
the Leclanch6 coll, manganese peroxide in contact with the carbon cathode 
serves as a depolarizer, its oxygen ion combining with the hydrogen ion to 
form water. 

Prbnaty Batteries 

The Leclanchj cell bae cubon for tbs poutive and tisc for tho negative electrode 
with sal ammoniac os solutbn. It ie used where only low values of current and InteN 
mlttent eervico arc desired. Id the improved type the osthedo is a porous carbon cup 
in which are packed lumps of meDganeso dioxide U> serve ae air ineoluble oxidizing 
agent. The rather high internal resietance bae been reduced by using a zinc cylinder 
for the anode and placing it aboal the carbon and as near as possible. The emf of 
thia cellie about 1.4 volts, but the terminal voltage drops to approximately 1 volt when 
in service. Tbie type of ceil row ie only of importance in that it forms the basis of the 
dry cell. 

Tho gravity cell consists of a heavy sino crowfoot as anode suspended on the top of a 
battery jar and a cathode of sheet copper in the bottom. The electrolytes are rine 
sulphate about the anode and oopper aulpbate about the cathode, The two electrolytes 
are kept eeparate by gravity. This ie a cloeed-rircuit battery. The emf is about 
1 volt. 

The, Edison piimaiy coll has a cathodv of copper oxide, an anode consisting of sine 
platea, and an dectrolyte of caustic eoda (NaOH). Tho emf is about 0.9 volt and the 
terminal voltage ie about 0.75 volt when in service. This battery can be used for either 
open- or closed-circuit work. 

The foregoing primary battens aro practically obsolete eo far as general use is con- 
cerned, They have been replaced by dry batteries, storage batteries, bell-ringing trans- 
formers, etc. 

Dry Batteries., The dry battery ie a development of the Leol!vnch6 
battery and consists of a zinc contmner wbicb servoa as the negative electrode 
and is lined with epeclally prepwed paper, or some similar absorbent material, 
to prevent the mixture of c^bon and manganese dioxide, which is tamped 
tightly around the positive cubon electrode, from coming in contact with the 
zinc. The absorbent lining and the mixture are moistened with a solution of 
zinc chloride and sal ammoniac. In smaller cells the manganese-carbon 
mixture is often molded into a cylinder tuound the carbon electrode, the whole 
ia then set into the zinc cup, and the qiace between the mold of mix and the 
zinc is filled with electrolyte made into a pasta in such a manner that it can 
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betweefl chord AB and the horizontal, F = area of cross-section, E « Young’s 
modulus of elasticity (for steel, E = 29,000,000 lb per sq in.), I = strotchod 
length (along curve). 

If the tension P at the upper end is knoira, compute tsL/r and find w from 
Table6. Then + (LP/F£) (1-m). 

If the tension Q at the lower endia known, compute wL/Q and find nfrom 
.Table'?. Then 1 =Zi+ + 


Table 6. Givinq m || Table 7. Gwinq n 


wL 

10® 20® 30® 43® 50® 60* 70® W® 90“ 

f 

A = 10® 20® 30® 40® 50® 60® 70” 80® 90® 

.00 


.00 


,1( 


.Vi 


.20 


^20 



OTHER rSEFUL CORVES 

The Cycloid \a traced by a point on the circumference of a chclo which rolls 
without dipping along a attaint line. Equations of cycloid, in parametric 
form (axesasinFig.GS): ® s' a (radu -ein«).y =o(l - cos u), where o is 



Fig. G5. 



Fig. 66. 


the radius of the rolling circle, and rad u'is the radian measure of the angle ti 
through which it has rolled. The tangont and normal at any point pass 
through the highest and lowest points <rf the corresponding position of tho 
generating circle. The radius of curvature at any point P is PC = 
4Q^n(ii/2) =2V2^ = Wicelhelenglhol the normal, PI7. Theevolute, 
otlocuB of centers of curvature, is an equal 
cycloid. To construct a cycloid (Fig. 66), 
divide the semi-circumference of the gen- 
erating circle into n equal parts (here 4) 
and lay ofi these arcs along the base (from 
to 4'). Describe arcs with centers at 1', 

2', . . , and radii equal to the chordsOl, 

02, , and sketch the cycloid ns a curve 

hiBgent to all of these arcs. Or, on hori- 
zontal lines through 1 , 2 , . . .layoffdiB- 
tances equal to 01’, 02’, etc.; the points thus reached will lie on the 
cycloid. 

, of one arch = 3«*, length of arc of one ■ arch * 8o. Area 

bounded by the ordinate of the point P corresponding to any value of « ia 
b’ (% rad u - 2 sin u -f H sin 2tt) = )5 o* — )4 j/V(2o Length of 

aro OP = 4o (I - cos « «) - 4o - 2V2o(2o - y). 



Fig. 67. 
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• The Trochoid is a more general cotVe, traced by any point on a radiui 
of the roUing circle, at distance b from the center (Rg. 67). It is a prolate 
trochoidif 6 <a, and a curtate or looped trochoid if 6 > o. The equations ii 
either case are a: = a rad « — ft sin it, ' y = a - 5 cos «. 

The Epicycloid (or Hypocycloid) is a carve generated by a point on tbi 
oiroumference of a circle of radius a 'which rolls without slipping on tb 
outside (or inside) of a hxed circle of radius c. For the equations, pui 
5 = a in the equations of the epi- {or hypo-) trochoid, below. The norma 
at any point P passes throu^ the point of contact N of the corrospondinf 
position of the rolling circle. To construct the curve (Figs, 68 and 69) 




Hypocycloid. 
Fig. 69. 


divide the semi-circumferenee of the rolling circle into n equal parts, by point; 
1,2,3. . . , and lay otT these arcs (Al, A2, A3) along the cii-cumference of th( 

base circle, as Al', A2', A3' Describe circles with centers at 1', 2', 3'. 

, . , and radii equal to the chords Al, A2, A3, . . .; then the required 
Tirrvt Ih ha. +juiij<?.uJv *fi, ■jJL *hRsn, ‘dn'dna. Or., 'vtlu ^ , dnwR wj, 

through 1, 2, 3, . . ., meeting the radius OA in 1", 2’’, 3® and th« 

radii 01'. 02', 03', . . . in 1", 2", 3", . . .;theafrom 1", 2", 3", . . , 
lay oS arcs equal to I®!, 2®2, 3®3, . . . respectively; the points thus 
reached will be points of the curve. 

The area OAP = ~ am u), where the upper sigi 


applies to the epicycloid, tiie lower to the hypocycloid, and rad u = tht 
radian measure of the angle w ehown in Figs. 68 and 69. Arc AP = 
(4 a/c)(c ± o)(l - cos J5 u); arc AD = (4a/c){c ± o). lln Fig. 69, D =4'’.' 

4o{c d; a) 

Radius of curvature at any point Pis JJ = ^ ^“1 atA.BaO; 


itD.R •= 


4a(c i o) 
ci2a ■ 


Special Cases. If a = lie, the hypocycloid becomes a straight line, diam- 
eter of the 8xed circle (Fig. 70). ‘Inthia case the hypotrochoid traced by any 
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lie solidified by either standing or bea^ng. The emf of a .dry cell ■when new 
is 1.4 to 1.6 volts. 

In block assembly the dry cells, e^cially in the smaller sizes, are assem- 
bled in series and sealed in idocks of insvfi&ting compound ■with only two 
tcrioinala and sonietimea interm^iate taps broi^t out. This typo of bat- 
tery is used for radio B and C batteries. Anotber conatTUction is to build 
the -battery, up of layers in somewbat .the manner o{ the old voltaic pile. 
Eachjceli consists of a layer of ano, a layer of.ijpafced paper, and a flat cako 
of the manganoso-cwboQ mixture. . The odle are separated by layers of a 
special material ■which Muducta electricity, but 'which is impervious to 
eleetiolytc. A sufScicnt number of such cells ate built up to give tbe required 
voltage and the 'whole battery is sealed into the carton. 

Dry ceils and batteiies fail goacr^ly into -Uitee classes: (1)- the large site 
dry cells which are 'usually approjdmfltcly 2ji in. diam by 6. in. height; 
(2) flashlight batteries ■whi^ are of-amall aio, usually 114 i®* by 
2K in. height or smaller; and (3) radio B batteries ■which consist usually 
of 15 or 30 ceUapermanently coMieclod into 
a battery which is used chiefly to supply the 
B batt^ ouHont for ladio-roceiving eete. s ..i 
£ ■^''1 

The effleieocy oi s lUodord-riza dry. battery'^ I 
dep^soatheiftteatwhiehitisdiecbai^. % 
toacettaiutaiethelowti the dvecharserate, the g ' 
greater the efideocy. .Above this rate tbe efS* § 
cleoov decrusea. ^ute 4 (ffJfJS. Cueufar 79, X 
p. 86) ehowB the eervite that may be obtaised , 
iroffl an ordinary 0 in. dry cel]. 'Tbos, jl a 
battery of dry eo^ U diaebarged through IQ i^nu 
resistance for IS min per hr to 6.8 vdt, it will, 
from Fig. 4, give 28 hr of service' per ohm. Sinoe 


I ID' 


'mnstts 

•hur 

W- 


St. 

i'^lW 111 

1 1 1 


m to Qo ii Si sit m 

Oinii KtsisUnce 

Fig. ’4.— Service Efficiraey 

itiadischM^^Quehi<5oiim8,thehour9o(eerv- Curves to Cut-off Voltage at 
jes ■Rill be 448, and since it » oaswrice 15 'aUn .Eight-tenths Volt for Various 

per hr, the total life of tbe cdl irilibe 1,792 hr, or Periods o{ Discbarga. 
about 76 days. , ■ ' 

’’ffWiTOrtiv®d«ifLVj hry vdiTrttgmrimn-^ wniAi iS wrAte. hi brfn- 
narily used, however, the dry cell sdves no more tboa 8 to 10 atnp-hr of servfco and at 
litaea even lew. The.llJ by 2^4 in. OoshtigM hattay « usually employed with n Innip 
taking 0.25 to 0.35 ainp. Under these rosditieme 3 amprhT or thereabouts inay bo 
expected if the battery is used lor not mote than bd hour dr so a day. The so-called 
"heavy-duty" rsKflo battery will gwe*bo\it 8 to 10 amp-ht wlien efficiently need, ■ ' ■ 
For the best results 5 in. dry c^a riiinildnotbensed for current drains oi over 0.5 amp 
except for very short periods of time. . FloaldiehtB should 'UOt bo used for higher than 
the ptecediug current drmo, and heavy-duty radio batteries 'will give beat rcsulte if the 
current drain is kept below 26 .loilBaiDp. 

Dry cells should be stored in a cool, dry pliu% Extreme heat during storage will 
shorten their Ufa. . The cell will not be injur^ by being froren but will be ss good as 
new ‘alter being brought back to nonoul temperature. In extreme cold tveather dry 
cells may not give more than half of Ibrir oonnai service, At a temperature of about 
-30 they fteesa solid and give ndtber voUn^ nor current. 

The atnpetage of a dry ccU by defimtion iB the cunenb that it will etvo when it is 
short^drouited through an ammeter wUch with ite leads has a resietaaeo of 0,01 ohm. 
For correct results, the amperage of a dry cell must be taken at about 70 F.- 
Tbe Weston cell ie n primary wB -med ae a eteadard of emf. It coasists of a glass 
E-lube in the bottom of one leg.of wMA is meroory which forms the positive or cothode*, 
in the bottom of the other leg is cadndam&mslenDi forming the anode. The electrolytes 
eoMist of tawcuTDua sulphatB and' cadnunm BUlpbate.' ' Th6:emf of' the unsaturated, or 
working, cell is approximately IdMSQ.vcJte. ,The saturated- ceU’oan be reproduced to 
2 or 3 parts in lOOXlOO and hence ieu Very iwwirute etandaid;. .No appreciable current 
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Equations (32) and ,(33)', are; used, for, caloilatiiig.the capacitance of .overhead 
trahsioissroalines. ' "When computanB chai^ng cunent, use voltage belvreen 
lines in (32) and to neutral in (33). . 

Capacitances in Parallei, The equiT^ent capacitance of capacitances 
in parallel (Fig. 17) " . 

Vi,;.' i-;' .-Vsi) 

Capacitances in parallel are all across- the sdme voltage. If the voltage js 
E, then the total quantity Q =C£andQi »CiE, etc;'' ; • 

•’ Oapaoitainces in 'Series.! The cqnivalettt capacitance C of capacitances 

inseries (Fig. 18) is fouhd'csfolldire:' ' - !' ••• 

. 1/C W I/G + 1/ft + 1/C, .,- ,-,. (35) 

If the capacitances are not iea^, the charge (2 *8 the same on each. : Q .*= CE, 

a = <3/Ci, j?5 = Q/ft, etc. ' -- 

Insulators and Dielectrics. Insulating materials ate applied to electric 
circuits to prevent-the leakage of cunenU Insulating-jjin^tjalB''wben used 
\rith high- voltage must not only have a high resistancc'to.Ieakoge current, 
but mu8t;aIso be able to-TCsist dielectric puncture. That is, iri addition to 
being a good insulator, , the material must he] a good dielectric. ' Insulation 
resistance is usually' expressed in megohms (10*; ohms) and the resistivity given 
in megohms per centimeter cube. The dielectric strength is usually given in 
terms of voltage gradient, common unite being volts, per mil, volts per 
millimeter, and kilovolts per cchtimetcr. Inauldtion resist me dccrenscB very 
rapidly with increase in temperature. Absorbed moistiire reduces the insula- 
tion resistance, and moisture and humidity have a large effect .on surface 
leakage, - 'j . ■ '■ •••' 

. , Transients- •• ■ *> 

Induced EMF. If a fius ^ linking n turhshf conductot'chaiigCB, o!q emf 
'c *s ^ti(dd/<it) 10"* volts ' (38) 

is induced. - . ^ - , 

Self -inductance. Let afliix ^lihkh-turna: The linkages of the circuit 
are ni> maxwell-turns. If the permcahilUy of the circuit is assumed constant, 
then the number of these linkt^ per ampere' (X 10".*) is 'the self-induc- 
tance or inductance of;the circuit. . The unit of inductance is the henry. 
The inductance is ■ 

, L » nd/(f,X W) honjys . , (37) 

If the permeability changes -with the current 

Zf .= n(d<^/di)I0"® henrye (38) 

The energy stored in the magnetic field . 

W « itt* Joules (39) 

.EMP oE Self-induction. -It-Bq. (37) be written 'Li = and' differ- 
entiated with respect to the time n(d^/d010~* and from Eq. (30)' 

.. e* — L((ii/dl).vo\ts ' ■ (40) 

This is the enif of- seU-induntion. In a dreuit, if a rate of change of current 

of 1 amp per sec induces an emf oM -volt,- the- inductance is 1 henry. - 
, Current, in Inductive .Ciro.Qit. ; If. a circuit containing resistance R and 
inductance L in senes i8;conpeoted.acros8 a steady voltage E, the voltage E 
must supply the tS drop in the aremt and at the same time overcome the' eroi 
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cad Wtak^'frbm Uie'cdT, becceBciineniiUtiiQthbdjnuat'beSiied tb'utiliteiU emf (b« 6' 
p.1997). . , . . ’.-.I .',1 . 

v'l. 1-.!!- r'. Stora^:B2.tterie5.i!> '>ii: n! 

'' In a“itorase,'battei7''tbb'cIcciroly1id a^cm miist be’ reversible. Ther'e^ 
are'^wb types' of storage 'batteKe9,‘'i3ie‘lMid-le'a^-flci4''typo’ anil 'tie' iiickel- 
iroti!-alkaline tj^e (Edison 'iiatttffy).-"’'’' 

• ‘lii the manufactuVe of the'leafi-ldid-acid.icellSthere'Bie two 'general types' 
of plates or ble'otro’dea] -IniihePlajitet^e'thelabtive material is electric'^y 
fdrmed"bf pure leid 'hy reptsaleil'iftiVisreala'of'tlid’cHfirpng current.’ Ih'^tKe' 
FautbPr iJasted plate 'the' aJcUve"nIater»l'M''dbtaihed'by'applyirig p^ste to 
supportingVids, lead'pefdxido to the i)omUvh''aiid'lcad‘Ojdde to the negative' 
plate. , , ' i 

■"•Ih 8rdcr td’bbtbih'hi'gh bapa'^ty ''per unit 'weight'it is hh'cessary to expdso a 
larga’plate’areito'the'hctioabf theirad:‘''nii8iBd6he'iiithe'Plaiit4'^late’Hy‘ 
ploPghing'.with' sharp steel' disSa ahdi'by iisihg'corfugated helical ihiectfe aa' 
activa'pb'siti'v'e riiat'enal''(Mtm’6he8t&'-ptiitfe). ‘Tn the pasted plate' a Ihrge 

area of the materi^ ia necessarily exposed to' the ectibn of the acid.' 

^hs-cKemical reactibns in a Ic^'cdll ’md/to'cxpresSed ’by' the following' 
eqWio)i,,'baaedb'a!tho.’.dduhieBUlp'hetibu'tliledry‘''- ' ’ ■' ’ " 

* ^ '/ iCharge -' -I- ■- ‘ ' .s ' ■ «'•( IT 

Lly/j'-iPbOr'-l:',:. ;pb ■V2H,SOr;-’ ':2PfaS0V ■+' '2HiO' ■' 
i-’/^ 'Positive Negative'. -Sulphuric' _' Poeitiye ’and , ' ' ' watK '• 
l'-i4 *-jplate' - 'plate.' " doid' . ’ ncgatixe.p^es ' , 4i' 


Discharge.. 


,^$^weeii the extremes of complete ‘cb'drgc aud'discharge. complex eombiha^ 
.0M„briead and sulphate aw\ fbffhcd.'* After compete 'discharge a 'hiffd 

,'.«V,'.Wa fArn.*-' elA»W tin tVn' .i- • * ' ’• Jl ) 


tioiis. 

insp^i , , , , 

plal'^s, and this is j'educiblc only .by; slow 
char^g. This sulphation is objectionable 
and'shbuld be avoided. • ■ - 
, 'Specific' Gravity. Water ie forded' with 
discharge,' and sulphuric add^o's formed on. , 
charge^ consequently the spedfic gravity ' 
must decrease on discharge andencreaae on r 

ity'for a' stationary battery’ia shown in 
smQ 



„,6J,.8, .9', 
i.. :/ : , , Ji ' r. 

t 'FiG.’.'d.— rVariations of.Spedfio. . 
Gravity in a Stationary Battery. - 
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■•Ew.'.B.— Yoltago. Qurves ,on 
- Charge .and.Discharge for Lead 

uiCeli;. -'M.. .,i 


Rg.' 5;.r With startinE.and; vehicle battmiee.it is , necessary, to operate, the, 
electrolyte from' b'etwoon I;280to‘1.300Trhein fully charged to as low aa-l.IOO 
whea'complctely di_&'oharg6d.''‘..The ctmditiori'of'charge of a battery maybe 
delemiiicd by'ifs specific' gravity.' • * - i 
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of aelf-inductioD. ' That ia £ » Bi + Ldi/dl. A solution' of this differential 
eauation gves ' 

t = (B/^{l-rBW-)amp'. (41) 

where e is the base of the natural Byslem of logarithms. 

Figure 19 shows this equation plotted when Jo =0.6 amp, B =200, L =0.6 
henry. It is to be noted that indudonce causes the current to rise slowly to 
its Ohm's law value. "When t - L/R, -the carrent has reached 63.2 percent 
of its Ohm’s law value., L/R is the time constant of the circuit. 

If a circuit containing inductance and resistance in series be short-ciremted 
when the current is la, the equation of cnircnt becomes 

t = Joe'^/f' amp (42) 

Figure 20 shows this equation plotted when J# = 0.5 amp,B = 20fl,i = O.C 
henry. It is seen that inductance opposes the decay of current. Inductance 
always opposes change of current. 



Secend 

Fii. 19.— Rise of Current in Induc- 
tive Circuit 


fSmkhclestH 


.ULi-Bt/Pj/Jj 


E M 



^O.02JMJ)WWD.IM4J5, 

10.— Decay of Current in Indue* 
. tivo Circuit. 


Mutual Inductance. If two circuits are eo rolated to each other geo* 
metrically that any portion of the flux produced by the current in one circuit 
links the other circuit, the two circuits possese mufucf inductance. It foUews 
that a change of current in one circuit causes an emf to bo induced in the 
other. Let cj be induced in circuit 2 by a change dti/dt in circuit 1. 'Then 
Cl = Mdii/di volts (43) 

M is the mutual inductance of the two dreuits. Also a change of current 
dii/dt in circuit 2 induces an emf ci in circuit 1, ci = Mdii/dt. 

Current in Capacitive Circuit. If a capacitance C farads and a resist- 
ance B ohms be connected in series across the steady voltage B, the current 
i = (B/B)£“</Cfl amp (44) 

If a capacitor charged to voltage E be disdiarged through resistance B, the 
current 

t a —(E/S)ri/CR amp (46) 

Except for sign, these two equataons are idcfntical and are of the same form as 
(42). 

Resistance, Inductance, and Capacitance in Series. If a circuit 
having resistance, inductance, and capadtance in serioa is connected across a' 
source of ste ady voltage a tranacnt condition results. If B > ■\/iL/C or 
B. = V’4L/C the transient dies out rapidly without oscillation. The value of 
B = s/iL/C is the critical damping 'resmtance. If B < Vii/C the 
transient oscillates at a frequency equal very nearly to 1/(2 t-\/LQ.' If a 
capacitor is discharged into redstance and inductance in series, those same 
conditions exist. ' ■ ■ 
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■'Battery' electrolyte may be Siaae'f^m‘'ebnbentrat^‘sulpbiiric acid' ’(oil 
of vitriol, ep ^ 1.84) by pourtnj^ the add into tke -wai^ in tbe fdllowng 
proportion^.''' -'j" 

■‘Table's/’ tarts Water to One, 'Part ‘Acid/.. I ' 

Specific gravity ■* 


V^olunie 
"ff eight.' 


'••'i;280 
--- 2 ; 75 /‘. 
i 1.6 


':■; Table 6, 
Specific gravity. . . . 
Preezing'temp 


1.200 1 . 210 ' ‘' 1. ‘240 

'•> 2 . 4 ..; ■..-=«..; 2 . 2 .,;, ...V 1 ; 9 :!.;..- 

Freezing Temperatures of Sulphuric Acid ^ ‘ . ' ' 
1.180 '■'■■=''l ;200 -* ' 'liisio-' " 1.280 '' 

i'fi t. _-0n--' -.-le-' / ^-g'o 

, ^IToltage. The emf of a lcad.c'di,;wh'cn fully^ ^charged "and idle is 2.05 
to. 2.10 volts. .Discharge lowera .the, voltage '.in, proportion to, the current 
doiring. Compieto disch^e. is -reached, at 1.7 volts. When ‘ charing , at 
constant current and nofmd,xa^,^'tlie‘.{crimnal.voltage, gradually ’increases 
from 2.2.to!2'.35 volts, then ina^eaacs-rapidly. to,'|3etween,2.5 and-,2.7^vplta 
(Fig. ,6)- . This, latter' l;no^''as',.thb. gaEsing'.jpmo'd'. , When this 

period is reached, the charging fftte should bo reduced in, order to avoid, waste 
of power tand panecossary deterioration .of the'plafps^.' , ’ |r„' ' ,,y,’ . 

'Practically all batteries have o'nprinttl-'ratihgjbasep ,oh tho,8»hr,rat9, of 
discharge. Thus 'a,326/apip*hr bat'tcry, wpuld' haye'fa’.hprjhal ‘rate of, '40 
amp. ' The ainp*hr capacity of batteries 'fills o5 rapidly hdlK incron'se in 
discharge rate., 


. . -i .. •: • ..f!, 

i' * ' Table 7i'! Effect of DlschargeiEate on Battery Capacity i’i'i 

Discbargeratei'hr 8' 5 S ui 

Percentage of ratedicapadty. ..Planllltype..; . I00.;88:!75 rSSjSl 37''il9.5.. 

Peroentege of rated capacity. Pasted type 100 ,93,;83;;G3. v, 41)25.$,, 

The following rule may be observed in charging' a, lead batteryt Tho 
charging' rate in amp may always-bo made -equal itorlhe, 'number of'.amp-hr 
out of tbe battery, i Por example, if.20P- nmp*hr\arfe,out of a battery,- a 
charging TatO'of 200 amp may be usod until the amp-hr out ’of the, battery 


are reduced appreciably. 

- ^Therc are two common methods i- 
of .charging, the'constant-current'- 
method and, the constant-poten-, 
tial’ method, , Figure 7 sbowB a - 
common method of charging with . 
cdhstant-eurreiit, the'battery being ! 
itt series '■with resistance acroas-d-c ’ 
mains;- ' 'Several” batteries . may bo-, 
connected in series: If thblpolarity 
of .the two,' wires is not known, -it 
may be determined by placing thorn 






llWol-f- P,C. Mains ■' 


■ :i; 


' LampBank ' 





in a container of salty water.j'the' 7.— -iDharging.ja, Starting Battery 

negativcwirewill'generategasmore ■ from llO-yolt Mains.,, . i.',,, 
freely than the other; By moistening^ atrip' of litmus paper with-salty water 
and'holding.the'wiresfrom'thbcl^ system clpa'e 'together 'on tMsstrip'of 
paper,; an acid' reaction' develops' ,a red spot under 'the positive^ ter'iaini and 
an alkaline reaction prpducM-a Uue.sp9t under thej'negative, . 7 'i'. ■ , 

The constant-potential method. isito. -bo, iprefe'cred„8ince’ the’' rate, auto- 
matically^apers off''as the:cell.apprdadiea; the -charged.' condition, . 'Without 

resistance the 'ierminaWoIiage ^lould'be 2.3 volts 'per -oell; but'it is'preferafalo 
to''use'2;4'td'2.5 volts per cellWith'alow'reai^aace in series.^- 


altebkatixg cubzeuts 
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Sine Wares. In tte {QUo-rajc discusson of elternsting curreats sine 
■rates Oi and eurtent be assumed. That is, £ * £n snd 

s * Is sia - f> tvbere £« and 1-. are mssimma tsiues oi -toliage and 
(rarrent ; f, the aagtdsr velocity in lamaas per second, is CQaai to 2r/ ^bere / is 
tie ffe<iueticy: and f is tie angle o! phase dificrence. 

Cycle; Freciuency. TThea. say gwen armature coil has passed a pair of 
poles, the esn or current has gone throng S60 electrical degrees or 1 cycle. 
An aitems'tiop is one-hail a cycle. Tbs ixequeivcy of an dtemstor in cycles 
per second 

/«.YPA20 (46) 

where iS' is the speed in rpm andP thenumberol poles. Standard Irequendes 
are 60 cycle for lighting and power and 25 cydes for power. Trequendes oi 
40 and 50 cycles are used in soroelocaUfies, and 12U and 15 cycles are used 
sbnDsd in railway 'WorL One hundred and thirty-three cydes ras esten- 
pively used some years ago but is rarely used at- the present time. 

The eSective value of a vrave (Toot-mean-square ralue) produces the same 
heating b a pvea Tedstance as a ^rect- current of the same value. Since the 
headng eSect of a cuircut is proportloasl to Pr, the eSective value is obtained 
by squaring the ordinates, finding their average value, and estrseting the 
square root, t.f., the eSeciive value 


I * 




r 

C-dt amp 


where T a tiie toe of s cyde. The efiertive value 1 of s sine wave equals 
iUVi)U « 0.707I«- 


The Average Value o! a Wave. The average value of a sine ■wave over 
a complete ^de is tero. Tor a half-cycle the avemge is (2/r)/„, or 0.637 7„, 
where In is the masimum value of tie sberrare. Tee average v^uc is of little 
precdcaZ importsnee. .K d-c measuring instrument gives the averege ^ulue? 
of a pulsatiiig ■wave. The average value is of use only when the efiects of the 
current ere proportioaal to the number o: coulomhe passbg, as ia electrolytic 
worb 


Form Factor. The fora factor of s wave is the ratio of efiectire value to 
average value. Tor a sine wave this is r/(2\/2) * 1,U. This factor is 
important b tfcst- i: enters equations for induced emf . 

Innuctive reactance, 2rjIrorKL, opposes aa alternating current in passing 
through an inductance L. It is expressed in ohms. Beactance is usuaiiv 
denoted by the symbol X. bduciive reactance is denoted by Xi. 

The current through aa inductive reactsace Xt when connected across the 
voltage E is 

I = E/Zz, * B/C2;?X) sap { 47 } 

This current lags the voltage by 90 cog. jfaductance absorbs no energy. Tne 
ene.^ Kored ia the msgaetic field dcriag each half-cycle is returned to the 
source during the same hali-cyclc. 

CapBUitive reactance is l/{2vQ = 1/eC and is denoted bv Xc. whe.-e C 
IS in /crc*. If C is ^ven ja nacroiarads, Xc = lOVir/C. The current 
ilroagh a capadtive reartaaceXe when coaaecied across voltage E is 

I * -B/Xc = SvfCB amp ( 45 ) 

TMs current ksds the voltage by $0 de-. Capacitaace absoti^ no energy. 
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"Whea a battery is beii^e charged, its tenniaal voltage V = E Ir. (18) 
Compare vatb Eq., (17). 

Whea a battery is fully cbarged, any rate wiU produce gaBsiag, but the rate 
may be reduced to such a low value that gas^ng is practically harmless. This 
is cdled .tlie finishing rate. 

Stationary Batteries. The coating tanks are glass jars in the smaller 
sizes and lead-lined wooden tanks in the large sizes. The lead must be 
burned, not soldered, and the wood painted with asphaltum or other acid- 
resisting paint. When batteries are to be used for regulating duty, Plants 
positive plates should be used because of their long life. When used for 
stand-by service, pasted positive plates should be used because of their 
high rate of disoharge. This is the more common use of batteries in central- 
station service. Pasted negatives are used in practically all stationary 
batteries. The separators are of thin wood veneer. 

Because of the necessity of having very high discharge rates for their size 
and weight, Starting and lighting hatteries employ pasted plates. The 
separators may be wood veneer alone, or in the better types the wood may be 
reinforced with perforated hard rubter. The Electric Storage Battery Co. 
has developed a shcctrrubber separator having microscopic pores, hence the 
name ‘‘mipor.’’ Also “fiberglas” fabric, woven from spun-glass fibers, is 
being used fer separators. The iars aro mode of bard rubber sealed with 
asphaltum. 

The Exide Ironclad battery is dewgned for propelling electric vehicles. 
The positive plate consists of a lead-antimony frame supporting perforated 
hard-rubber tubes. An irregular lead-antimony core runs down the center 
of each tube, and the lead peroxido paste is packed into these tubes so that 
shedding of active material from the poritive plate cannot occur, Fasted 
negative plates arc used. 

A storage battery removed from service for lees than 0 months should bo 
charged once a month if postible, but if not, it should be given a heavy 
overcharge before discontinuing eervice. If removed for a longer period, 
siphon of! the acid (which may bo used again) and fill with fresh water. 
Allow to stand 18 hr and siphon off water. Remove and throw away the 
wood separators. The battery will now stand indefinitely. To put in service 
again, install new separators, fill with acid (sp gr 1.210), and oharge at 
normal rate 35 hr or until gravity has ceased to rise over a period of 6 hr. 
Chaise i-t rate afws Wsra Wii®K. 

The ampere-hour efficiency of load batteries is 90 to 95 percent. The 
watthour efficiency obtained from full charge to discharge at the normal 
rate and at rated amp-hour is 75 to 85 percent. Batteries which do regulat- 
ing duty only may have a watthour efficiency as high as 95 percent. 

The Edison storage cell kse a pomtive plate of nickel peaclla SUed mth green nickel 
osdo and a negative plate oi flat nickd-plated steel etampings containing iron in finely 
divided form. The active materia] for the poritivo idate is nickel hydrate and for the 
iiEgalWe plate iron otide. The dectidyteiaaSil percent holutlonolpotnealum hydrate 
v.itb a little lithium hydrate. The initial emf la about 1.6 volts and the average emf 
about 1.1 volts throughout diseharge. On aecoont of the high internal resistance of 
the cell the battery is not efficient from the energy standpoint, 60 percent being the 
efficiency usually attained in proetiee. The jar ia welded nickel-plated steel. The 
battery is compact and extremely Mght and strong and, for these reasons, is particularly 
adapted for propelling electric vehides and foe tnun-lighting eystems. 

Precautions in the care of storage batteiln: An ammeter should not be connected 
directly across the terminals to test.iheeondilionof a cell; a battery should not be left 
to stand in a discharged condition; a flame should not ha brought in the vicinity of a 
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The energy stored in {ie"didectn6 fidS^’diiring each.' half-cycle is returned 
to the source during'the'same haU-oyds. -j.-, 

■ Impedance oppo^i:th& fl6w.ef.^terliating;,carrfnt,and,is ^zpressed.in. 
ohms.';' It is denoted by‘.Z..i ■'With resistance. and inductance. in series ,1^ 

Z = + .(2ir/i)? oluns , , ’ , [ (49) 

With resistance andicapaciliHice in Boies •- • ' JO r ij D 

' < ' ’ ■ i.i V® +41/(2ir/oii,0ljma, 

With resistance, inductance, and capacitance in eeries i ■ ■; 

■, , „Z,-iy'®,d:,(iCi. nrJTdV.V^.' + ohrua . (51), 

The current • ■ ' ''. ,■ • ,i. , 

■ ^,ls'/y/^~+~[2TfL W/(2i/C)P 'amp ^ '' ; ''(52)' 

Vector Representation. Sine .•waves of'voitage and current -can .be, 
represented .by vectord^ these vectors being proportional in magnituda to, the 
waves.'that.they represent. . The angle between two •vectors is also .equal 
to tho^angle existing between the two waves that they represent. ; , • ■ , 

Vectors'inayrbe com'bined-as forces'-are combined in mechanics.- .Both 
graphical methods and the methods of complex algebra are used. . Impedances 
and also admittances may be amilarly combined, either grapHcaLly or 
eymbolically, Tho usud method is'^to resolve the impedances into their 
component resistances and reactances, tiled combine all resistances and all 
re actances, from -wHob' th e resultant impedance ie obtained. Thus 2r+ 

•\/{n +n)* + (»! +1^*. where n and xi me the componGntsiol Zi, etc., 
Phase Difierence. With resistance only in dreuit the current.'and.tho 
voltage ire in'phase •with each other; •with inductance only in, circuit the 
current lags the voltage by 90 deg; with capacitance only in circuit the cunent 
loads the voltage hy 90 deg. - , , ■ . , 

■ With resistanco and inductance in seriee tho voltage leads the current by 
angle 0 where tan i? *» Xi/R. With resistance and capacitance in series tho 
voltage lags the current by angle 6 where tan 9 = -Xc/B. 

..With resistance,, inductance, and eapadtanoo in aeries the voltage, may 
lag, lead, or bo in phase with the current. 

Tan $ « tXi -X.)/B = (2r/& - l/2vfO/R ,(53) 

IfXt >> Xc,' the voltage leads; ii Xi < Xj, the voltage lags;ifXi “X«,'tho 
curreni and voltage are in phase,. 

■Power Pactor. In a-c i^cnits the power 2* = i’B •where I is the current 
and iJ the eSective resistance (p. 1711). JUso the power 

•■? = B7 cos 9 Tvatts (64) 

where '6 is the phase an^e.between B jmd I. Cos 6 is' the’ power' factor 
(p.f.) of the circuit. It can newer exceed unity and is usually less than unity.' 

'I,;.''. .< cos fl =?/£/, . . ,{65) 

P is often called the true pow^. The prodnct'Bfis the volt-ainp and is often 
called the'apparerit power! i -i' : 

' -Active or energy ourronf is the'projeofion of the total current on the 
voltage vector. .J, “J'';coa-9. .'Powra =.£Il.- , ■,., ■ i' 
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battery that b bemg charged; the battery dwraldnotbe aSlowed tobecwnc heated' when 
charging; water should sever be added to Ae eonce&lToted acid“alway8 acid to the 
water; acid should never be equaliaed except whea the battery b in a charged condition; 
a battery should never be exposed to the infiue&ce «rf external heat; voltmeter teats 
should be made when the current » flowing; bat'teries should always be kept clean. 
To replace add lost through slopping, use & ftolntloa «{ !t parts coceenttated sulphuiio 
acid in 5 parts water by treighl, u^sss hydromefer is at band to enable fle'solution to 
be made up acoordlog to the apecifleations of the infers of the cell. 

MAGNETISM , 

The Magnetic Circuit. The magnetic circuit is analogous to the electric 
circuit ia that the flux $ is proportional to. the magnetomotive force (IF) 
and inversely proportional to the reluctance -((R) or magnetic resistance. 
Thus 5> = J/fJl (15). [Compare writh Eq.'(9), p. 1693.1 ^ maxwella, 
7 in gilberts, and 61 in cp reluctanco units. 


Table S. Magnetic Units 


Syffiba! , 

Quash'Jy 

1 

' Eguatfooe 

^ Prfiflticsl unit 

a 


''M 


2? 

Jidd iateaiiiy 

11 • P/m 

Derated or dvnei oe; em 




B 

Flux density 

S • */AI 

Gauss 

H 


H » 4!fn7/10i 

Gilberts per oo 

1? 

Muffnt'tarriftfiv# Inrfik 

7 « 4»n//l0 ! 

Gilbcrta 

IR 

Ss; 

atliw-W 



PerawbiHty 

Permeance 

P *•«//! 



‘L “Isngth; A “ sectional area;? •» force, dynes; s e» number ol turns. 


The magnetic path is large in cross section as compared with its length; 
magnetic paths are usually irregular and geometrically indeterminate as in air 
gaps having slots and teeth on one or both eidea of the gap. Hence the 
reluctance can only be approximated. Magnetic flux cannot bo confined 
to definite magnetic paths, but a consideraWc proportion usually takes paths 
external to the circuit giving magnetic leakage (eee Fig. 10). The. permea- 
bility of iron varies over wide ranges with the flux density and with the 
previous magnetic condition. These variations of permeability cannot be 
expressed by any simple equation. The foregoing factors prevent tbe obtain- 
ing of the high accuracy in magnetic caJculatious that is obtainable in electrical 
calculations, but with experience it wposaWe to design magnetic circuits mth 
a very fair degree of accuracy. 

The magnetomotive force £F in Eq. (19) is expressed in gilberts = O.dffnI 
where n is the^ number of tnrns'linked with the circuit and 1 ia the current in 
amp. The unit of leluctancoia the leluctance o( I cm cube of ait. The total 
reluctance is proportional to fhe length and inversely proportional to the 
cross-sectional area of the magnetic dreuit, which ia analogous to electrical 
reaUtance. .Henco the reluctance of any pven path of uniform cross section 
A is f/Aa where I ia the length of the path in cm, A its cross section in sq cm, 
and is the permeability, Keluctmjces in series are added to obtain their 
combined reluctance. Ohm's law of the niagnetic circuit becomes 

& = . O-W - 

It/Aifn ri-fi/Ava -^-h/Aiia , , . 
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Reactive, quadrature, or'iraljtfesa-'cttiTent sia d and is the 

component of tbo ' current .that coDtributCB'nO'pbrveir but increases -the 
losses of the.system. .iln poWSFstems it Bbwild be m'adems iowias possibie 
or eliminated entirely.- ■ . ■ - ' ' ■ ■ ' ' 

The vars (volt-amp reactive) are equal to the product'oi the voltage and 
reactive current. .Vars ~.Elv^ 'Kilovars «£/v/1,OOO.j’ ' ” 

Effective Resistance. When alternating current flows in a' circuit,' the 
losses are ordinarily greater than are given bytbe losses in the ohtnic resist- 
ance alone. Tor e.\-fimplc, allemaling current tends lo Sow near tbe Boriaco 
of conductors (skin effect). Ifiron is associated rrith the circuit, eddy current 
and hysteresis losses result. These power losses may be accounted for by 
in'ereasirg the ohmic resistanco to a value .ff, where It is the effective resistance. 
£ P (I‘. ' ' Since the iron losses vary os !*•* to J*, little error results (torn this 
assumption. 

Solution of Sories-circuit ProWeja Lcl a resistance £ of 10 ' 

ohms, an inductance 'i,'of_ 0.06 henry, and a capacitanee Cof CO X 
10'* farad he connected'in' scri» aofoss 120-voU fiO-cyclo maina^ - I • , f-fp-:* 

(Jlg.21). Determine: dlthcimpedancc; nr*syrrrrr 





Fia. 21. 


Fits. 22. 


(2) the current; (31 the voltage across the 
resistance., the' inductance, the capari*' 
tonoej (4) the poffcrisctw; (6) Ihopon'er; 

(6) tho angle of phase diffcrenec. 

(1) u » 2ir60'« 377. - 0.06 X 

377 = 22.6n; I' c * 1/(377 X 0.00P06O ) • 

44.20; Z " VdOl* + (22.0 - 4^5 “ • 

23,Sai (2) 7 - 1.20/23,8 = 5.04 niDP.: (3) r..,9, o tj i j 

2s = I£ - 5.04' X 10 = 50.4 -volts; fit = • 21.~Rcsistancc, Inducianoo Bad 
J2i.= 6,04 X 22,6 *.114.0 roils: Fc =. Capacitance in Sories. 

JJ. =i5.04 X 44,2 = 223 volfa; (4) Un ,Fic. 32.— Vector Diagram for Series 
{ - at - X,)/R » -21.0/10 = -2.16, Circuit. 

4 « -65,2', cos = p,(. = (5) • •• ' ^ 

P - 120 X 5.0iX p.420.« 254.walU:jP * - (5.W)J10 = 254 wntt6-(check}!,(6!- 

From{4)?= -66.2“. VoIUgelags. Tficvcclordiagranitoecalooftbiscireuitisshowii 
in Fig. 22. Since the current iseommoo for oh dements of the circuit, h is laidhoruon- 
tally along the 8xis of reference. 

Resonance. If the voltage E and' the resistance 72 [Eq. (52)] are fixed, tlie 
maximum vake oi current occurs when — l/Ss/C = 0. -iTbe •circuit 
80 far as its terminals are.conccmed behaves like a non-inductive resistance. 
The current 7 » E/B, the power P .= El, and the power f.actor is unity. 

The voltage across the. inductance, and. the yoltage, across tho capacitance 
are opposite and equal'ahd'may be' many timca greater than the -circuit 
voltage. The frequency. • . ; i • , - ■ , 

' ' '■ '■/= i/{27rV^Q cycles ' ' '' (56) 

is the. natural frequency of the r^it.and is-tho .frequency at which it .will 
Dsekate if the' cii cuit is.not acted upon by Eotue e.vternal frequency (p. 1984).' 
This is the principle. of radio Bending and roceiving circuits.'' Resonant bondi- 
tions of this .type ;shouId be .avoided in .power circuits, as the piling up of 
voltage may endanger app»atu9 md insidation. 

^ For what vake bf ihe mdnetande in'ke circuit trig! 21) a-ill the dreuiV 

be m'.resonacce,.and what is the .voltage aeaross thc'mducfance'a'ndJcapacitaaoe'under' 
these conditiona? 

•From Eg. (56 ) 'I l/(2^q7 4. 'O.im'hffl'ry ;-'' I '.U 120 / 10 ' U 12 omp. • L/ 
vl^ X 377 X 12 =» 530 vdts. voltage is over four.times theilino 
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where Zi, A\, fii, etc., &ro tbelcng^, .cross .sections, and permeabilities of each 

series part of the circuit. ■- r . ;• 

Mag^ietization and PermeaWlit? Cinres. The magnetiopermeability 
of air is a, constant, and is taken as unity. ,.The permeability of irbh aud.'other 
magnetic substances varies with the flux densityi A curve of.perrneability 
, as a function, of flux density, fop cast, steel is shown ..., ,, 

inFig-S. No Eatisfactory;equation.haBrbeen'found 1' 0 

to express the relation 'betwceu.,magncti£uig force j1|000| 


^ 60 !) I 


and flux density and between praTneability and flux ^ 
density.,"' HencBi'if ah'attCTipt is made to 'solve Eq.' ■£ 

(20)' for flux, the' factors Mi;'pi,'etc.;'{tto unknown 
since they hre functions of the flux'density, Vluch ^ 4M| 
is being deterimhed.' The' mmplest-method'is- one £ 200 
of trial and ottot, ve., a value of flux, and the cot* o- ■ . 
responding permeability, ia first aa^med; the egua* i ...... 

tion-solved, for..the flux, and .E the 'compu^ flux B:F(w Densily-GauKjs 

differs widely .from the assumed flux, ft second Fiq. 8.~Permeabil- 

approiimation is made, etc. Fortunately, in nearly jty Characteristic of 

all magnetic designs eitiier*the flux or flux density Cast Steel. 

is the independent variable, and it is required to ' 

find the necessary amp-tums 'to produce them. Let the flu's i = BA where 

B is the flux density. Then 


and 


4*s*BA = 0.4TnZ/(7/XM) 
nl «Bi/0.4T,t =0.79CBf/;i 


( 21 ) 


Bq. (21) shows that the necessary amp-turns are proportional to the fiux den- 
sity and the length of path and arc inversely proportional to the permeability. 
■With air and non-magnetic substances ti [Eq. (21)] becomes unity and 


RCilberls ptrCm 
40 80 go 160 . 


• nJ « 0.705S! (22) 

in’ ‘ centimeter units. With inch ^ , 

units 

' r»I‘=0.313Br (23) f tool 

where B' ie the flux density ia Unca 
per Bq in. and i' the length ot the S 
magnetic path in inches. , | 

' Example. The average flux dearity b 40ff- 
in.the air gap of a generator Ig-lO.OW ^ 
lines per eq in., and the effective length x: 

of. the, gap is 0.2 in. ., How many am- n F 

pere-turEsperpolBare'McessarylOTibe 0 40 30 I?). 160 200 240 280 320 
e&pT ' , ' ' , Ampere-Turns per Inii 

nl ,= 0.318 X.40,000 X 0.2 « 2,500 Rg. 9.— Typical Magnetization Curves, 



^ Since the relation.of to flux density in Eq. '(21) ja not simple, the relation 
of ampere-turns per unit length of magnetic oremt to flux density ia ordinarily 
sho-wn paphically.-', Typical curves of this character are aho'wn in Fig. 9, inch 
units being .used although, scales.of Mogausses and gilberts per cm are iils'o 
given. To find the kiloliaes per sq cm (kilogausses), divide the ordinate scale 
by„6.45. To determine the numW'of ampere-tuma necessary to produce a 
given total flux in a magnetic circuitcomposedofjBeveral parts in aeries having 
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Parallel Circuits 

Parallel circuits are used for neatly ^ power distribution. With several 
series circuits in parallel it is merely necessary to find the current in each and 
add all the currents voctorially to find the total current. Parallel circuits 
may be solved analytically. 

A series circuit has a leaslanoe n and an inductive reactance 21 . The 
conductance 

Cl * n/(ri* + aa*) = n/Zi' mhos (67) 

the susceptance 

hi = xi/[n' + 2 !^ = 2 i/ 2 r mhos (58) 

Conductance is not the rodprocal of resistance; susceptance is not the 
reciprocal of reactance. With inductive reactance the susceptance is nega- 
tive; Tvith capacitive reactance the susceptance is positive. 



Flo. 23.— Parallel Circuit and Vector Diagram. 


If asecond circuit has aresistance n and a capacitive reactance 2: in series, 
Cj “ rs/(r^ + 21*) = rj/ 2 r; 6 : = + zj*) “Zs/Zs’. The total oon- 

ductanceG’ ^gi the total susceptance £ » -bi -j-h:. The admittance 


Y -VO’+B> ~ l/Zmhos 

(59) 

The energy current is EG; the reactive current is SB; the power 


P =EV watts 

m 

The power factor 

p.f. »(?/r 

(61) 

Also the following relations hold: 


T = g/io’ -f* 6^) = g/Y^ ohms 

(62) 

2 =b/T*ohm8 

(63) 


Solution of a Parallel-circuit Problem. In the parallel circuit of Fig. 23 it is 
desired to find the joint imi>e^Qce, the total enrrent, the power in each breach, the 
total power and the powe- fsiAor, whai E = 100, / = GO, Ifi » 2 ohms. Rs = 4 ohms, 
Li = 0.00795 henrj', Xi => 2xJLi = 3 ohms, Ci = 1,^6 X 10** farad, A: = l/2!r/Ci = 2 
ohms, Zi = + y » 3.6 dims, and Yi = 1/3.6 ^ 0.2 78 mho. Solution: 51 = Ri/(Ri’ 

+ Xi*) = 2/13 ■= 0.154; 5i = -3/13 = -0.231; Zi •= VlG -Td = 4.47; Yt = 1/4.47 = 
0.224; ft = Ri/m^ + = V(16 + 4) = 0.2; fci * 2/20 ® 0.1 mho; C = pi -|- 

ft «= 0.154 + 0.2 a 0.354 mho; B « 61 + fe « -0.231 + 0.1 = -0.131 mho; Y = 
+ R5 = V0.3545 + (-0.131)* = 0.377 mho. and joint impedance Z = 1/0,377 = 
2.Q5ohros. PhaseangleO «> tan~* a -20.3^. I = ZY = 100 X 0.377 “ 37.i 
amp;Pi •= Z*ft ■= 100* X 0.154 = 1,540 watta;ft «=£*« = 100= X 0.2 = 2,000 watts; 
total power = ZK? =■ 100*X 0.354 = 3,540 watta. Power factor = cos fi = 7 ,,;f’;^o ;r s 

100 X 37,7 

= 93.8 percent. 



usairms'ii ' 





various longtlia, orosa sections, and pecincabilities, deteriniu^ the tiuv density 
if the cross section is fixed, or otlierwise cboose'a cross section 1.0 give a snitaWe 
flux denaity. From ttc magnetisaton wtyo obwiia tUe ampere-turuB neces- 
sary to drive this fiux densUy through ft unit length of the portion of the 
circuit considered and multiply- by -the lenetb. Add togetbor the ampere- 
turns reciuircd for each seriea'park of tbe nagaetio circuit.to obtain tbo total 
ampere-turns necessary to give the assumed flux. • _ 

' It is desirable to operate magnetio wremts at as high flux densities as is 
practicable in order to reduce the aujoont.c^ iron and copper. The nir gaps 
of dynamos are operated at average densities of 40,0tX> to 50,000 lines por bq in. 
Eigber denaties increase the exciting anapwe-turas and tooth. Losses. At 

45.000 lines per sg in. the ilu.x densi^ in the teeth maybe as high as' 120,000 
to 130,000 lines per eq in. . Thevflux densiticsin transfoimK cores are lifted 
as a rule by the pernussible losses. At' 60 cycles 
and vrith 'silicon steel thd raasimum density- is. 

60.000 to 70,000 hnes per aq in.; at 25 cycles the 
density may run m high as 70,000 to 80,000 lines 
per sq in. With larainated 'wrea,. the not iron is 
approximately 0.9 the gross cross section. 

'Magnetic'Xeakage. ItisimpoiQibloio'confliio 
all magnrtic lines to any desired path since there’ 
is no knoryn, insulator of. magnetic lines. ' Figure - •' lO.— Magnetic' 

10 shovra the masnntio a modern fourA 'Circuit of irpoleDynoaio 

pole dynamo. A considerable proportion- of; the ' Sho-wingieahage'Hus.'. ' 
uaefflV magnetic flux Icab between thepdloshpcs 
and cores, -rather than across tho air gap. The ratio - 
of 'the maximum flux, wluch easts-lh the field cores, ■ 
to the useful flux (i.c.. the flux that crosses the air' 
gap) is the coefficient of leakage. This coefficient' " 
must always be greater, than unity and in carefully 
designed djmamcpa _may be. a* tot? as 1:15. Itis'fr^i 
quently as'high as l',30. Although the geometry of'- - 
the leakage-flux paths is not ample, tho leakage .flux 
may be detcrmine'3 by- 'approamntiouB with a fair ' 
degree of accuiaeyT' 

Mftgrieiic-^stereslsl Tim magnctizatvdn curves' ^ 
shown iOig. 9 are called normal -cunros. 'TKoy - 
are taken ,^th the -magnetiang-foroo contmuously Fig. ll.-r-HyatOTteis 
incieased-frbni Eero. If at any print tho magnetia- 'Loop.' ' ' ' 
ing fores' be 'decreased, a greater 'value of flux " . 

density for any given magnetiaiig force rrtll result. 'Tho effect of car 
Tying iron through a 'complete '^ble of mognetiiatidn, • both positive 
and -negative; is shown-in Fig. 11: The. resulting "Curve' -is- called a 
hysteresis loop. - It is seen that 'the flux-deuBity-lagB'the maghetisingforcc.- 
Whenthe positiTo-masnetking-force H retrimaio zero at 0, the induction'OD' 
remains. Thia.ia called. the-temaiiencoii' -In order 'to lediice the 'induction 
to zero a negative. jnaghetizihg 'force 'O.B-ig neccssaiy. OB is the, coercive 
force. Permanent magneta'operate on the portion 'OE of tho loop, and' the 
ateaODEis a ctiteiidn dipemanent-niagnet material. The'energy.dissipated' 

per .cycle is prdppriional.td'tha areaof ^ifoop and ia equd.to e^^s 

per cycle. For moderately Mgh daiatiea the eh'er^ibhs'per'cj^cle "varies 



mattmdizifsr , 

inftrcijH 
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With pwaliel circuits, unity powa factor is oUained when .the algebraic 
BUm of the qna^ture cunonta is sero. That w, k -f hi 4'''6s • • • =0. 

Thiee-phaae 'Circuits; Alternating-current generators are usually 
•wound with three armature eSrouits which are spaced 120 electrical degrees 
apart on -the armature. Hence these w^s generate ’ends 120 electrical 
degrees apart. The coda are oonnected cither ia Y' Islar) or in A (mesh) as 
ahewn in Fig. 24. Whether Y- ot A-connccted, with a balanced load, the tliree 
coil emfs Ec and the three coil TOTrenta J* are equal. In the Y connection the 
line and coil currents are equal, hut the line emfs AB, BC, CA are -x/s times 
the coil cmffl OA, OS, OC, ^ca each is the vector' sum of two coil emfs. 
In the delta connection the line and wril emfs are equal, but I, the line cur- 
rent. iB Vs/ci the coil current, <.c., it is the vector sum of tho currents in 
the two coilB connected to the line. The power of a coil ia EJi coa 6, so 
that the total power is cm 6. 11 9 is the angle between coU current and 
call voltage, the angle botweenlinecurrctitandlihc voltage will be (30° , ± fl). 


In terms of line current and cml, the power ia •\/3Br cos 8, A fourth or 
neutral conductor connected to 0 k sometimes used with the Y connection. 
The neutral point, 0 is frequently, grounded in . - , 

transmiBaon and diatribution dremtfi. .The coil 
emfs ar.(} assumed to be ^e waves. Under these 
conihtiORS they balance, so that in the delta con- 
nection the sum of the two coil emfs at each instant 
13 balanced by tbe 'third coll emf. Bven tbou^ the ^'Centitcnen, O’CcnnKtign, 
third, ninth, fifteenth . haimonice,3(2» +J)/, 24.— Three-phase 

where n « Q or erv integer, erist in ttte eoil emfs, * Connections, 
they ceiaiot appear on the wctcraalbne of Vne three- 
phase Y-conneoted circuit, except when the neutral conductor is used. In the 
delta circuit, the same harmonics 3(2n + 1)/ cause a local current to circulate 
around, the mesh. This may cause a very appreciable heating. In a three- 
phese syslem the power 


P » VSEI COB 8 (64) 

the power factor ia . . ' ■ ' i 

P/VSBl (65) 

and the Idlovoltranipcrre 

V&//1000 (66) 


Two-phase Circuits, Two-phase generatorfl have two windings spaced 
90 electrical, degrees apart on the armature. Theee win^aga gcncTate 
emfs digering in time phase by 90 deg. Tho two windings may be independent 
and power transmitted to tbo receiver though the two single-phaso circuits are 
entirely insulated from each otiier. • The two circuits may be combitved into 
a two-phase three-wire isreuit eueh as is fihowii in Fig. 25, where OA and OB 
ate the generator circaits and A'(y and B'O' mu the receiver circuits. The 
TrireOO' is the common wire and under balanced conditions carries a current 
■V2 timea the cuneut m wires AA' and BB'. For example, if i. is the coil 
current, \f21, will be the value of the currat in the common conductor 00'. 
II E, be the voltage across OA or OB, -v/z®, will be the voltage across AB 
me power of a two-phsse.circuit is twice the power in either coil if the load 
18 balanced. _ NormaUy, the v<dtaEea OA and OB are equal, and the cuirenfc 
ta the earae rn both coda. Owns to non-symmetry and the high degree of 
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according to the Steinmetz law 

W - ergB 

Table 9 ^ves values of r} for commoa magnetic steels, 


Table 9. 

Hard tungsten steel 

Hard east steel 

Forged steel 

Cast iron 

Electrolytic iron 

Solt machine atcel 


Steinmetz Coefficient 
0.058 Annealed cast steel. 
0.025 Ordinary sheet iron. 

0.020 Pure iron 

0.013 Annealed iron sheet . 
0.009 Best annealed sheet, 
0.009 Slicon steel sheet. . 


( 24 ) 


0.008 

0.004 

0.003 

0,002 

0.001 

0,001 


^ {§) 



‘ A permanent increase in the hystereas constant occurs if the temperature 
of operation remains for some time above 80 C. This phenomenon is known 
as aging and may be much reduced by proper annealing of the iron. Silicon 
steels containing about 3 percent olicon have a lower hysteresis loss, some- 
what larger eddy-current loss, and 
are practically non-aging. 

Sddy-current losses, also 
known as Poucault-current losses, 
occur in iron subjected to cyclic 
maguftiisation. Eddy-currentlose- 

CutreBfii. Oppo*o Di,ec- 

iron, Winch subdiviaes the emf and • /v n’ i* _ 

iporewgr.»ttythelfflEtliotpath Same Dire*op. 

of the paraatio currents. Eddy currents have also a 
eoreening eSect, which tends to prevent the flux 
penetrating the iron. Hence laminating also allows 
the full cross section of the iron to be utilized unless 
the frequency is too high. 

Relation of Direction of Magnetto Flux to 13.— Diroo- 

Current Flow, The direction of the magnetizing 
force of a current is at ri^l angles to its direction of Solenoid, 

flow. Magnetic linesaboutacylindrical ^ 

conductor carrying current exist in cir» • 

oular planes concentric with and normol : 

to the conductor. This is illustrated in , ' ' ' ^ “ 

Fig 12o. The 0 sign, corresponding to 
the feathered end of an arrow, indicates _ 
current flowing away from the observer; 

a 0 sign, corresponding to the tip of an Uniform Magnetic Field, 
arrow, indicates current flowing toward the observer. 



Corkscrew Rule. Tbo direction of the current and that of the resulting 
magnetic field are related to each other as the forward travel of a corkscrew 
and the direction in which it is rotated. HaudEule. Grasp the conductor 
in the right hand with the thumb pointing in the direction of the current. 
The fingers will then point in the direction of the haea of flux. 

l^he applications of these rules are illustrated in Kgs. 12a and 12&. If the 
currents in parallel conductors flow in opposite directions (Fig. 12a) , the con- 
ductors tend to move apart; if the currents in parallel conductors flow in 
the same directions (Kg. 126), the conductors tend to como together. The 
magnetic lines act like stretched rubber bands and, in attempting to contract, 
tend to pull the two conductors together. 
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unb^anoing of-tliis Bystem 'even uada balancsd. loads, not used at ,tiie 
present time.ior transmission and is little nscd for-distribution. , j, 

, Quarter-phase, Circuit. .A quarter-phase cirimit.ia.'sliownfin Fig. 26. 
Tbe-rriDdingg ACx &nd3D,m&y- be independent or coimected at 0. • Tie- 
voltages AC_aEd;B13 are 90 deg apart as in two^pbase circuits. - , If a neutral: 
■wireOO'.be added, three dffierentvoltagesmay be obtained: Let.Fi = volt:, 
age.0A- = '0B.a0(7;=0i). Voltages AB; BC,' CD, f A Voltage 

AC =BD ~ 2Ei. Because-.of this nraltiplidty of voltages and the fact that 



operated single phasej pulsaCng fiuics and corresponding iron losses vhicb 
occur' ia many common types of machinery when operated single phase are 
negligiblo when operated polyphase; with balanced polyphase loads polyphase.’ 
power, is constant whereas with angle phase the power fluctuates over wide.' 
limits during the cyde. . Becauseofitsminimumnvunberofwires and the fact, 
that it is not easily unbalanced, the three-phase system has for the most part' 
superseded the other polyphase system. (See p. 1739. for polyphase con-' 
nections' of transformers.) 


n 

Mumplier 


SMCTBICAl INSTBTOIKWS AND MEASFBSMSJfTS 

Electrical measuring device* that merely indicate, such aa nmraetera cad voltmeters, 
are called instruments; devices that totalize with time such os watlhouc meters and 
ompere-hour meters are called meters. 

Direct-current Instruments. Direct current and voltage arc both measured 
with an indicating instrument baaed on the principle 
of the D'Arioaval galvanometer. A coil with steel 
pivots and turning in jewel bearings is mounted in 
a magnetic held produced by permanent magnets. 

The motion is restrained by two smaB flat cdled 
springs which also serve to condoct the current to 
the coil. The deflections ol tbe oofl ore read with a 
light aluminum pointer attached to the boil and (a) Irteraol resistance (b) WHS multiplier 

moving over a graduated scale. The same instru- 27. Voltmeter 

meat may be used dther for cnirenl or voltage, but 
the method of cotmeetbg in dreuit is different in the two cases. 

Usually, however, the coil of an instminent to be used os an 
ammeter is wound'with-fewer turns of coarser wire than an instru- 
ment to be .used as a voltmeter and so has lower reastancc. The 
ins trument itself is freQUfhtly csBed a milUvoItmeter, It cannot 
be used alone to measure voltage of any magnltudesmccita resist- 
ance is' 30 low that it would be burned out if connected across the Milllvoltmeter 
line.', .Hence a resistance r' in series rdthtiie coil is necessary as Shunt. 
indicatedmFig.27(a)inwhicbreisthBieastanceofthecoil. Prom 
0.2 to 750 volts this resstance is nsoaQyrrithin the instrument. For higher voltages an' 
esternal'resislanceB called aa extendon cml or multiplier jFig. 27(b)] is necessary. Let e 
be the reading of the instrument', in volts [Kg. 27P»)lr the resistance of the instrument, 
fi the reaatance 'of tho multiplier. Then the total voltage is 




, 28.- 
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The rcliidon of the dltection of current iu'a twleaoid hells to the direction 
of fins la shoTfii in Fig. IS. Figure U showB tisa' effect oa a -uniform held' 
of pladng a conductor canying cuncnt in that field and normal to it. In a 
the current fio.wa toward the ohaerver. By applying the corkscrew rule it ia 
seen that the current weakens the field immediately above it and strengthens 
the field immediately below it. The reverse is true in h where the current 
flows away from the observer. - ■ 

Figure 14 is illustrative of the force developed on a conductor carrying 
current in a magnetic field. In o the con^tor will tend to move upward 
owing to the Btretching of the magnetic Unea beneath it. Similarly, .the 
conduotor in b will tend to move downward. Thla principle la the toaia of 
motor action fp. 1724). 

(For magnets and solenoids see p- 1767.) 

DIEhECTEIC CIECtllT 

Dyriatoic nad Static ElccWicity. Electrldty in motion such aa an 
eloc^c ouirent is dynamic electririty; electriwty at rest is static electricity. 
The t-wo arc identical phyaicslly. Since static electricity is frequently .pro- 
duced at high voltage and small quantity,' the two are frequently considered 
as being t-wo diSerent types of electriaty. 

Capacitors or Condensers 

Oapacltoca (fotmcrly condensers). Two conducting bodies separated by 
insalaticn constitute a capacitor. If a positive charge is placed on one 
jAa-to of a capacitor, an equal negative charge is induced on the other. The 
medium between the capacitor plates is called a dielectric. The dielec- 
tric properties of a medium relate to ife ability to conduct dielectric linen 
This is in distinction to its msulaUng properties-which relate to Its property 
to conduct eleclric eumnl. For example, air is an excellent insulator but 
ruptures dielectrically at low voltage. It is not a good, dielectric, so far aa 
breakdown atteagth ia concerned. 

With capacitors ' ■ 

(25); C=Q/B (26); - ®7) 

where Q is the quantity irv coulombs, C the capadtance in farads, and E the 
voltage. The unit of capacitance in the practical system is the fzrad. The 
farad is too large a unit for practical puiposea, so' that the micro/ornd is used. 
However, in voltage, current, and energy relations the .capacitancD must bo 
expies^d in farads. 

The energy stored in a capadtpr 

W = HOE = W- = m}(C joules . ■ '(25) 

Capacitouco o! Capacitors. The capadtance of a , parallel-plate 
capacitor (Fig, 15) is 

(7 » K4/(4ird X9 X lO^'microfarada (29) 

-where k is the dielectric consiaat, A is the area of one plate, sq cm; and d the 
distance bet-ween. plates, cm. • ' ' , 

The capacitance of concentric tSflindrical capacitors (Fig. 16) is 

(7 “ 0.2I7lri/[9 X 10® logii (RyEOl microfarads (30) 
where k ia the dielectric constant and I the length; cm, - Also 

C..= 0.03SS2K/iogiiJ microfaiads per mile (3J) 

Equation (31.) ia useful in that it is aMditabhs to cablea. ' ' 
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, £»e(K+,r)/r (67) 

It is obvious that by using siatabie'ralnes of S a voltmeter maybe mode to bavs several 
scales. •' • , • • • , - , , _ - 

Instrumeats tbetnadves can only earrj* currents oltlie magnitudes oi 0.01 to 0.00 amp. 
To measure larger values o5 ciirrenitbeinstMnienti3proTide4''ntiiBBisiintB ,(Fig.28)., 
Tbe current divides iaverseli’ as- tbe teastanees -r and R of tbe instnimcnt and tbe 
ebunfc. i lour resistance r' uriUtin tbe instnimeat is connected in series nith the coil.- 
Thia permits' some adjustment oi the d^ection so that the instrument, can be adapted 
to its sbniit. In most, cases most of the cnireat flows through tbe shunt, and the cur- 
rent in the instrument is negligible in comparison. Up to 60 and 75 amp ,tfae shunt 
may^e incorporated srithin.the instniiDent. Forlarger currents it is usually necessary ' 
to have the shunt cstema- to tbe iaskniment and connect tbe instrument to the poten- 
tial terndnals of the shunt by means ot leads. Any given inatuunent may have any 
cumber of ranges by providing it with a sufficient number . oi shunts. Tbe range of 
the usual instrument of this tj-pe is approximatelj' 50 oilUvolts. , Although the same 
instrument may be used for voltmeter or ammeter, tbe moving coils of voltmeters are 
usuallj’ wound with mme turns of finer irire. They fake npproninstely 0.01 emp so 
that their resistance is ppproritnately 100 ohms per volt. Instruments used as ammeters 
alone operate with 0.04 to O.OQ amp. 

Permanent-magnet moving-wal instruments may be used to measure naiditccUonal 
pulsating currents' or voltages and in such cases nifl indicate the average \-aluc of the 
perioditally varj'iag current or, voltage. 

Alternating-current Instruments. Instnmeote for Bltemating currents may 
be di^ded into four tjpes: electrodjnamometer, dectremagcetic, bot-wjre, and electro- 
stitic.' Instrumeuts o! tbe electmdynamometer t^pe (tbe most precise} operate on 
the piinciple ot one coil carrying curreal, tunung in tbe maguetje- field produced by a 
second cci carryiag current lakea Item tbe same citcoil. If Ibesc circuits or ceila sie 
oouawted in scries, the tcr<inc wetted on the moving sjvtem for a given tel&tivc position 
of the coil s^-gtem is proportions} to.the square of tbe current strength and Is not depend* 
eat on the'directioa of (be current. Consequently, tbe instrument will .have a com* 
pressed scale at . the lower ead and trill usually have only tbe upper twi>-thirds of the 
scale m;e useful for 'accurate measurement. Instruments ol 1119.12176 ordinarily 
require O.&li to O.OS amp or more iu the momg-cofl circuit lot full-scale dcSeetioa 
They reifi the caecUve ot Toot-mctm-equaie wlue of the aUeroating or pulsating canent. 
The rrattmetec operates oa tbe clectiodyDamometer principle. The fised coil, bowew, 
is eaersfred by the current of tbe circuit, and tbe moving coil is connected across the 
potential in series with high reastauce. Unless shielded magnetfcnlly. the foregoing 
instruments irfll not, in general, indicate as accurafdy on direct current as on alternating 
turreat because of tbe efleets of eitenud stray magnetic fidds. .. -Mso reversed readings 
fihould be taken. ' BlectioinsgBetic or soft-iron iustrumetits consist of a' fised ctdl 
which actuates magpetisalW & Us^t tdovoWr iron vnna ut enter, tKos Mo. curEsrd., inas- 
penrive, and may be had in rangea of 30 to 750 volts and 0.05 to 100 ampl- They meas- 
ure effective values and have compressed scales as in tbe cose of electrodjTiainomEter 
mstruments. Instruiucnte of tic hot-wire tj-pe depend on tbe eipanaon of a wire 
wMch is heated by tho 'current or part of the current to be measured! -They are used 
prmtipaWy in radio work where it is neccarary to measure currents' oi high frequencies, 
Elecfeoslatic instrumeate whith depend for iniKcation on the Rttraction of tjppositely 
charged bodies are used occasionally wid foe higb-vuUage meisurenmats but have only a 
very limited field of application, being relatively more eKpensive and less accurate than 
the preceding tjTea. The foregoing inslnimenls may all be used with direct current but 
are less accurate than the, pennanept-magnet type of instrument. 

.yternating-current fastrumcnls of tiie induction type (Westlnghbuse Co.) must bo 
usrf on a^! drraite of tbe fee^ency fw wUeb they have been designed. They are 
ragged and relatively riuespensvfe' and- art used' principally for svdtchboaTds where 
a long-scale range and a etrong deflecting torque are of particular adrant&ge.. 

Po'wer Measurement in, Single-pliaso CitcoitB. TTattaeteM swe not rated pti- 
manly in watte, but in omperes’and ii-olts. For esample, with low power factor the 
current and voltage coils may be overloaded and the needle be welKon the scale. 
The current coil may be catrjdog several timra fts rated current, and yet the instru- 
ment read sera because tbe potential dront h not closed, etc. Hence it is desirable to 
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. The capacitance of two para.Uel cylindrical conductors ,Z).cia (between 
centers and having radii of r cm is - 1 . , \ ; 

; !'J , C '= 0.01941/loEii'(fl'7r) microfarads per mile ' ■■ • (32) 

In. practice, the capacitance to neutral or to an infinite conducting plane' 
midway' between the conductois and perpendicular to their' plane is usually 




Fig. is.— P ar- 
alicl-plate Ca- 
pacitor. 








Fjg. J6. — Con- Pm. n.-Ca- Fig. 18.— Ca- 
centrio-cylinder Ca- pscitanccs in pacitances in 
paciloT. ^ ,Pasfllld. S«v6b. 


used. . The capadtanoe to neutral . 

C = 0.03882/logio (D/r) microfarads per mile (33) 

Table 10. insul'ating and Dielectric Properties of Insulating Materials 



loeulation 
resistance, 
mecohm 
cm cube 


Rupturing strength 


coDstant : 

Volts per 

mil 

iQIovelts 
per cm 

Aihutnbond (ebonized) 

BtLlcclito 

Ebonite 



55 ' 

450-1.400 
1,000-2,000 
'400-!,100 
1,140 
50-200 
120-440 
750-3,800 


5-30 X 10>' 
10*.ll)u 

4.^5.S 

l.W.S 

3.5-5.5 

15(^550 

390-780 




Fiber 

Fuller board 

OIOSB 

sxio« 

llXItP 

17X10" 


20^ 

47-170 

300-1,500 






Outta peicba 

Linen, vainiahcd (sec Empire clotb) 

25X10* 

2.W.9 1 

200-5IO 

80-200 


8.3 

50-100 

20-39 



India 

10* 

7.07-7.90 

4,000 

1.270-3,800 
3,600 ■ 

900-1,200 , 

■ 1,580 
500-1,500 
{JOO 
35M70' 
390 

13(H90 

12W60 

4N40 

120-160 

120-150 

160-215 

43-90 

25-300 

9' UO 

So. America 

39X10* 

5,9 . 




Oils 

Castor 

( 'Cottonseed 

6.6X10* 

10* 

4.7 

3.2 

330-480 
300-400 
102-355 
300-400 
300-400 
410-550 
110-230 
500-750 
300 '1 

.Linseed 

•Mineral 

■Paralfin.., 

6X10* 

21X10* 

IWtX10“ 

3.3 1 

2.0-2, 2 
2.41 




Paraffin, solid 

ixio» 

1.9-2.3 

Rubber (vulcanized) . 

Rubber (compounds) 

Elate 

ion-tow 
KPCIQU 
lOt-IO* • 

2.0-3 

2.W 

6-7 

1 300-500 
i 5-10 1 

L 300 
230-330 

120-200 

2-5.9^ 

120 
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fa 


Load 


tb> 


FiO- 29. — Conacction of Instruments 
to Single-phase Load, 



-use both an ammeter and a voltmeter in conjunction with a wattmeter when measurin!; 
power [Fig. 29(a)]. The inelrunieiits themedvee consume appreciable power,- and cor- 
rection is oftentimes necessary unlea these losses are negligible compared with the 
power being measured. For exarople, in Fig. 29(a), the wattmeter reads the PR loss 
in its own current coil (1 to 2 watts) and in the ‘ammeter, as well as the loss in the 
voltmeter (==£7^ where R is the lemstancs oE the voltmeter)! The losses in the 
ammeter and voltmeter may be diminated 
by shortrcirouiting the ammeter and discon- 
necting the voltmeter when reading the 
wattmeter. If the wattmeter is connected 
as shown in Fig. 29(6) , it measures the power 
taken by its own potential cml (£‘/A]i) which 
at llO-^tsisSto? watte.' (R>iathere^t- 
aoce of the potential circuit.) FVeqnaifly 
correction must be made for this power. 

Fewer Measurement In Pelypbaee 
Circuits. Three-wattmeter Method. 

Let 00, 6o, and cobe any Y-conneoted tJiree-pbaseload (Fig. 30). 

Three wattmeters with thrfr onmnt coils in each line and their 
potential circuits connected to noutrd measure the totol power, 
eiiiee the power in each load is measured by one of the watt> 
meters. The oocnection os' may, however, be broken, and the 
total power is still the sum of the three resdlnga. That is. the 

power ? • IFi + Fj -(• ITj. This method is applicable to any ^ 

system oE n wires. ThecurreateoHofonewattmeteriscennected ^ 
in each of the n wires. The potential mrcuit of each wattmeter Three-wattniotoi 
is eonneeted between its own phase wire and a Junction in Method, 
common with all the other potential drouile. The wattmeters 
must be coimeoted symmetrically, and the readings of any which 
read negative must be given the negative sign. 

In the general case any system ol n wires requires at least 
« - 1 wattmeters to measure the pow« correctly. The n - I 
wattmeters are connected in series withn — Ivdres. Thepoten- IIJH. tow 
tial circuit of each is connected between its own phase wire and 
the wire in which no wattmeter iaconnected. The application of 
this method to any four-wire system is shown in Fig. 81. Fiq, 31,— Powei 

Three-phase Systems. The three-wattmeter method (Fig, Mcasurementinn* 
30) is applicable to any three-pbasesystem. Itucommonlyuacd -wire Systcin. 
with the three-phase f our-wtre system. If the loads are bakneed, 

IFi «< Tfs ■ TTjand thepowerF •= 3Fi. Hence IFtnndFj may 
be onutted if their potential drenita are replaced by two resist- 
ances enclosed ins Y-box. Bach resistance in the Yboxmustbe 
equal to the resistance of the wattmeter potential dreuit. 

The two-wattmeter method is most commonly used with 
three-phase three-wire systems. The method of connecting the - m 

wattmeters is shown in Fig. 32. The current coils may be con- ^2. Two* 

nected in any two wires, the potential drcuitsbdng connected to wattmeter 
the tiurd. It will bo recognised that this is adapting tiie method Method, 
of Fig. 31 to three, wires. With balanced loads too readings of the 
wattmeters are TFi = El cos (30® -|- fl), IFt » Bl cos (30® — 6), andP = Fs ± Fi. 0 
ia the angle of phase diSotence between etui voltage and current. Smee 

Wi/Wi « cos (30® -b «)/«» (30® - 6) (68) 



the power factor is a function of Fi/Fs. Table 11 gives values of power factor for 
different ratios of Wi/Wi. 

P = Fz + Fi when S < 60®, 

When 0 = 60®, p.f. = cos 60® = aS, Ft = troe (30® + 60®) = 0, P = Fj. When 
0>6O“,p.f.<O.5,P«Fj-Fj, 

Also tan 0 - V^Fs - Fi)/(Fi + Fi) (69) 




OTHER VSEPVL CURVES 
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point rigidly connectod with the rolling circle (not nccesanrily on the circum- 
faronoo) will be an ollipao. If o = J4c, the curro generated will be the four- 
cuspcd hypocycloid. or aatroid, (Kg. 71), whose equation is » 

c^. Ifo = c, the epicycloid, ie the catdioid, whose equation in polar co- 
ordinates (asesas in Fig. 72) is r = 2c(l + oca 6). Length of cardioid » 16c. 



Astroid Cardioid. 

Fig. 70. Ka. 71. Fjg. 72. 


The Epittoohoid (or Hypotrocholdlisacutvotraced by any point rigidly 
attached to a circle of radius a, at distance b from the center, when this circle 
rolls without slipping on the outside (or inside) of a fixed circle of radius c. 


The equations are s = (c ± o) cos ^ 6 cos ± j u j , 

V “ (c ± o) sin - 5 sin ^ |l ± uj , where u = the angle which tho 


moving radius makes with the line of centers; take the upper sign for the epi* 
and the lower for the ly^po-trochoid. The curve is called prolate or curtate 
according aa 5 < a os i > a. When h « a, the special case of the epi- or hypo- 
cycloid arises. 


The Involute of a Circle is the curve tnuyvl by tha end at a fault atjini 
which is unwound from the circumferonce of a fixed circlo, of radius c. If QP 



Involute of Citole. 
' Fig. ,73. 



Spiral of Archimedes. 
Flo. 74. 


ftfcwf.fn “W (Ke. 73), QP will bs toBgmt to 

circle at Q, and the lenEth ol QP = length of arc QA hence the ooiatao. 
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tion of the curve. The cQuations of the curve in parametric form (axes as 
in figure) are * = cfcos « + rad u aia u), {/ = c (sin u — rad u cos u). 
T?hero rad u is the radian measure of the angle « which OQ makes with the 
i-asis. Length of arc AP ®= Jicfrad «)*; radius of curvature at P is QP, 
Polar equations, in terms of parameter r(= angle POQ), arc r = c sec r, 
rad 0 = tan s — rad s. Here, r = OP, and rad 9 = radian measure of angle 
AOP (Pic. 73). 

The Spiral of Archimedes (Eg. 74) is traced by a pointP which, starting 
from 0, moves with uniform velocity along a ray OP, while the ray itfielf 
revolve with uniform angular velocity about 0. Polar equation; r = 
k rad 9, or r = a (9/360®) . Here o = 23rA = the distance, measured along a 
radius, from each coil to the next. 

In order to construct the curve, draw radii 01, 02, 03, . . . making angles 
12 3 

- (360°), - (360°), - {360°), . . . with Ox, and along these radii lay 

n n n 

12 3 

o5 distances equal to - a, -a, -a, . . the points thus reached will 
n n n 

lie on the spiral. The figure shows one-half of tbs curve, corresponding to 
positive values of S. 

Construction for tangent and normal: Let FT and PN be the tangent 
and normal at any point P, the line TON being perpendicular to OP. Then 
OT = T^/k, and ON ■ k, where k = a/(2r). Hence the construction. 

The radius of curvature at P is B - (fc* + r*)^V(2fc* r*). To con- 

Struct the center of curvature, C, draw NQ perpendicular to PN and PQ 
perpendicula r to OP; th en OQ will meet PN in 0. Length of arc OP ■ 
ak [rad 9 Vl + (rad 9)*+ rinh"'(tad 9)). After many windings, arc 0P« 
approximately. 



Hyperbolic Spiral. Logaiithmio SpiraL 

Fig. 75. Fig. 76. 


The Hyperbolic Spiral is the curve whose polar equation is r = n/rad 9. 
To construct the curve, take a swiee of pointo along Ox (Fig. 75) ; through 
each of these points, with center at 0, draw an arc extending into the upper half 
of the plane; and along each of tiiese area lay ofi a length = a. The points 
thus reached will lie on the curve. A lino parallel to the i-aiis, at distance o, 
is an asymptote of the curve. The curve winds around and around the 
point 0 without ever reaching it (asymptotic point). The figure shows one- 
half of the curve, corresponding to poative values of 9. IfPlTandPiVarethe 
tangent and normal at any poiniP, the line TON being perpendicular to OP, 
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Table U. Ratio Wi/Wa aad lower Factor 



la fl polyphase wattmeter ttus two snde-Piase wattmeter elements are combined 
to act on a sineie apintUo. Henc* tbe adding aad sublraeSng of , the individual tcodings 
aiedonBatitomaliCflEy. Tl>e total potrer ^ ^ _ 

i* indicated on xm scale. Hsia type ci ^ * | 

inalniment is almost slways used on k I 

emtobtoaida. The connectioaBcd apart. .-jrJfraiUwAw 

fllile type are ahown ia Iig. S3. ^~'~5n5“ N 

h tbft loiegoiug instnimeat conftec- j-jq 33,_Coji. Fw. Si— Mese- 

S“' .Sjlr?; mUoo for Wy- wemrat »t T«-v 

IStrSd J. Pta. Wittotet pi™, ThtowlM 

meter method (Fig. 32) ie obviously in Three-phase Power with Sjnglo 
adapted to the t.wr>-phase tiree-wjte Circuit. VTattiaetet, 

esnSeai (figs. 25 aad 34), The power in 

this sys^n may also be mcastircd iritb rae wattmeter. Its current coil is coimeoted b 
the oommon. wire (hg, St), and poteaual eitouitia eoimccteil first to one Outer wire 
sod then to the other. The power is the enm d the two rcsdis&s- 


laeasaromeat ei Saerjy 

I?atthoTir meters record tho energy taken by a laroult over some interval o! time. 
Cactect le^tratica occurs if the angular Telocity of the rotating element at every 
instant is proporlionsl to tho power. The method of actomphshing this with d-c 
meters is illuetrated in Fig. 36. The meter is in reality a small motot. The field coils 
FF are b series with the Ime. Tho nmalwo A is coaoectod ncroa the line, usually in 
series with a resistance S. The movable field cod P' is h> series with the armature 4 and 
e^astocoDipensateJcirfriotje®, Cis&BmaUooinmuUtor. either of copper or of silver, 
and £he iwo small brushes arc umaDy of alver. An aluminum disk, rotating hotweea 
tki poles of poimaneol magnetfi Af. acta as a magnetic hralie the torque of which is 
proporlloca] to the angular velocity of the disk. A small worm and the gears G actuate 
the tcccrdSng dials. 

The foliowiug relation, err an eqaivalent.holdsvrithmost 
typee d meter. With each icvdoticn of the disV. K whr 
are recorded , whore K is the meter constant foud wauaily 
on the disk. It Wlowa that the aTemge watts W over any 
period of time t sec is 

where N is the levdatitras of tho disk dunng.tbat period. 

Hence, tho meter may be Calibrated by conawtincatand- 
ardiEcdinetruments to measure the wesago powertakenby FlQ. 35. — Diieot-cair- 

^eloadaailbyoounfingtbereTcdBtionsiirfartaeR, Neet reat, WwUIm.'Mi Mfttes. 
fufi load, if the laetei TegistersfaatjthemagnetaM ^onld 
be moved outward radially; if It re^rterg slow, the magaeta should be moved inwarde. 
If the taoter renters fast at li^t (5to ICpmwt) load, the starting coil P should be 
moved further away from the Bnoature; if it raters riow, F' should he moved nearer 
tic annsAate, A meter ?bsw.Viw)t««jal« uasrethan 1.6 percent ket or slow, and with 

cahbrBtedstnn,lRr.^oU.,<Rn >1., .f.. . 
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in oTjrrenti,™!!'' produce a.much',.ff^ter' proportionate' mcrc'ase in tbrquo 
(aeo'Fig. 52).'" This makes the motor parti(^ly Well. adapted to traction 
work, cranes, hoists, elevator 6efvice.,and othw types of. work which'requir'e 
large sWtmgvtorqiiea.'' A Sudy.pf Bq. (80) shows'that with inorease.in 
'currWLt the, humeraiot, chiiiigea onfer.i^tly, whereas the change, in the 
denominator, is 'nearly pro])ortiQ!^ .to', the ch^'ge in cun-eni Hence the 
spe^.of the shries motor is pracdcally iaverMly proportional to the current. 
'With overloads the -speed 'drops to ivery low'-, values' .(see Fig'. 51). 'With 
decrease, in load the' speed' approaches, initoity, .theoretically. Hence the 
Beriea motor should' always he 'oohnwbed 'tp its load so that it cannot reach 
unsafe 'speeds (ace' Speed Gchtrol of Moforslp. 1728), • , 

[..Difierential Compound Motors,. | The cumulative compound rdnding of 
a generator .becomes a,diSereiitihl compound .winding when .the machine is 
used as a mo, tor.; .The differoiUal motor, ,howci^r;,js . not ordinBrily used 
except occasionally to drive cert^n textile machines. .Its speed may.be made 
more nearly constant than that-of a., shunt. motor, or, if. desired, it may be 
adjusted to ihcreMe with IncreasiDg load; •• . ., 1 ; 

Since the speed of the shunt motor is sufficiently constant for most.purposes 
and the, difieretitial motoritends towarddnstability, particularly -ia, starting 
and on overloads, 'the differential motor.is-littlo used. ■ • 

Cumulative' compound motors develop a more rapid increase in torque 
with load fbah 'shunt raotors'fFig. 52);., on the otherihand, they have much 
poorer, speed .regulation (Fig. 5I).'-> -Hence, they, are used where larger starting 
torque than , that, develop^ -by the shunt motor is necessary, .as for example 
with elevators';' They are particularly. useful where large and iatermifctent 
increases of torque occur as in drives for shears, punches, rolling roills, etc. 
Iniaddition to the sudden increaee in torque -which-the motor develops with 
Budden'appllcationa of load, the -fact that it slows down rapidly and henco 
causes the rotfifing parts to pve.up'sorac.of their kinetic, energy is .another 
•importaut'advaatage in that it reduces thc.peakaqn the powcr’plant. ; , ■ 

; Table 13; ‘ Tert PertoroiaBce'of'Cdmpdund Wound D-c Motors 
• ’ '-(Westinehouse Electric i'Mfe. Co;) ' 
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Commutatiou. The hru^ee oa tike roinitratator of either a ihotdr or 
generator should be set in wjmlton-l^t -the induced emi in the srma- 
tnre.,eov^ undMgoing .coumutaUmi, aiid,henco short-circuited by the brushes 
practice' ■thia;„c^t^cm; can' atl best he only 'approximately 
^equentiy.qbnffitioM- are^^ch'jfctet' it iAfaif-frdm'heirig realized 
At no load, the briishes should be set 'in a position oorrespo'dding'W the 
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The inductioii'wattioui msiei'ia will altOTating current. Although the 
d-c meter registers cotreetly'witli'altema^g'eMreni, It is more 'expensive than the 
induction type, .the eoromiitstor and bmihcs'may cause trouble, | and at low, power 
factors compensation ismecessary. In the induction wat^our meter the driving torque 
is developed in the ahimaiuTn ^skby the jt»nt action ol the alternating snagnetie flux 
produced by the potential wcuit and by the load cutrenL The driving torque and the 
retarding torque are baih developed in ^ same BJumimim'.disk, hence.no commutator 
and brushes are necessary. The roLatii^ demsot is very Ugtt. and hence the friction 
torque, is small, Equation (70) applies to this fy^ of meter. When, calibrating, the 
average powerdl’’. for {Bcois determined with aealibmlcd wattmeterl The friction com- 
pecsstion is made at light loads by ehanging the position of a small hollow stamping with 
respect to the potential lug. The 'meter _shonld also be adjusted iit low power factor 
(0.6 is eualotnaiy). If the meter is dow with lagging current, resistance should be cut 
out of the compensating dreuit; if slow with leading' current, redstauco'shouldibe 
ineerted. ' ' ; • 

Power-factor Moaaurement. The nsuaJ method of determining power factor is by 
tho use of voltmeter, ammeter, and'wittmeter. The wattmeter gives the watts of the 
circuit, and tho product'of tho voUmeter reading wd the ammeter leadinfi giycj' the 
volt-amperes. The power factor is tbe^atio of the two fseo Eqs. (55) and (65)]. Also 
eingic-pbaee end three-pbaae power-faotor indicators, wteh can be connedted directly 
in circuit, are on the maikst. 

Instruioent Traostormors 

"With voltages higher than 600 volte, and even at 600 volte, it becomes dangerous and 
inaccurate to ecnncct insteumente and metera direody into power lines. It is also 



Pia, 83. — Single-phase Connections of rio.37.~Tliree-phaseCoiiiiectiona 

’ Instruments with TransfotJDCts. of Instruments and Instrument 
Transformers. 


i'i?acu\t'Ki mdice po’ten'uaViiteirumen.ts lor vdfwgcam excess oltt/lj vdita anci ammeters 
in excess of 100 amp rating. To insulate such iosUomente from high voltage and- at 
tho same lime to permit the use of low-range instruments, instrument transformers are 
used. Potential transformers arc identical ,to power transformera except, that 
their volt-ampere 'rating is low, being 40 to 500 watta. Their primacies are wound 
for line. 'YaiiaEe;_and their secondaries for 110 yolte. Current transformers arc 
demgaed to go in series with the line, and the rated secondary current is 5 amp, The 
secondary of a current-transformer shodd always be closed when ourrent is flowing: it 
should never"be7alldwea,'.to become’ opw dmiifed under these' conditioiiB.' IVhen 
open circuited the'yoitage across the 'secondary becomes so high'ua to bo dangerous iind 
the flux becomes so large in magnitude that the transformer ov'erheats; The secondaries 
of both potential and current transformers shoidd bo ’vecU grPurided at one' point (Figs. 
S6 and 37). Instrument tfansformwa’introduce'dight errors boc,au8e of small variations 
in their ratio 'with load. ' Also ihere-fa sKght' phase displacement in both 'current hnd 
potentiartiansform'ers,'-- The readings of the instnimente must be-multiDlied by the 
inetVument'fransfdrine'r'iatiosi 'The scales of switchboard iaeWuments are usually 
calibrated to take'these ratios 'in.to'aecdttiit.’ >• b,,*;: r:ii,r,,ui > 
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geomefrical neutral of tie macKne, for uadcr tiese conditions the induced 
emf in the coils short-circuited by the brushes is zero. As load is applied, 
two factors cause sparKiig under the hrushes. Tie mmf of the armature, 
or armature reaction, distorts the flux; when the current in the coils 
undergoing commutation rererses, an emf of self-induction Ldf/dt tends to 
prolong the current flow which produces sparking. In a generator, armature 
reaction distorts the flus in the direction of rotation and the brushes should 
be advanced. In order to neutralise the emf of self-induction the brushes 
should be set a little ahead of the neutral plane so that the emf induced in the 
short-circuited coils by the cutting of the flux at the fringe of the next pole is 
opposite to this emf of Belf-induction. In amotor the brushes arc correspond- 
in^y moved backward in the direction opposite rotation. 

Theoretically, the brushes should be shifted with every change in load. 
This is impracticable except occaaonally with Iwge machines imder constant 
supervision. Hence the bniahee are set in some position intermediate 
between the no-load and full-load posiUoufi. 

ITith reversible motora, such aa railway 
motors, the brushes must remain in the no- 
load neutral. Although the emfs induced in 
the coils undergoing commutation are rela- 
tively small, the resistance of the coils i— — 

themselves is low so that unlew further /trtfVtftryvvywvwWt. 
reastance is introduced the diort-circuit cur- Artnafun^ Dirsdien of 
rente would be large. Hence, with the excep- roMhn ' 

tion of certain low-voltage generators, carbon Fjq. 53.— Commutating Poles 
brushes that have relati\-ely high resistance in Motor, 

are used almost univeisaily. 

If f.n rriTn iifAting’ poles are used, the bnrsbes may be allowed to remain, 
in the no-load neutral attd at the same time commutation is impro\'ed greatly 
over the entire range of load. Conunutatiag poles (or iateipoles) are 
small poles between the main poles (Fig. 53) and are excited by a winding 
in series with the armature. Their function is to neutralize the flux distortion 
in the neutral plane caused by armature reaction and also to supply a flux 
that will cause an emf to be induced in the conductors undergoing commuta- 
tion, opposite andequal to the emf of self-induction. Since armature reaction 
and the emf of fifilf-induclion. are both proportional to the annaturo current, 
Baturatioa being neglected, they are neutralized theoretically at every load. 
Commutating poles have made possible d-c generators and motors of very 
much lugher voltage and larger kw ratings than would otherwise be possible. 

Commutation chfficulfjes are frequently encountered even in commutating- 
pole mBchines. The commutating poles may be connected incorrectly. 
In a motor, pasang from a N mtun pole In the direction of rotation of the 
armature, a Jf commutating pole Bhonld be encountered as shown in Fig 53. 
In a generator under these conditiona a 5 commutating pole should be 
encountered. The test may bo eaaty made with a compass. If poor com- 
mutation is ca^^ed by too strong intcrpoles, the winding may be shunted. 
If the poles are Wo weak and the shunting cannot be reduced, they may be 
strengthened by inserting sheet-iron shims between the pole and the yoke. 

Speed Oonttol of Motors 

Shunt Motors. In Eq- (79) the speed of a shunt motor =« 
where H, is a constant invobni^ the draign of the motor such as conductors 
on armature surface and number of poles. Obviously, in order to change 
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Ilgure 36 slowB.fte use^d^instnimoiil bMuformra lo measure tbe .-vatoge, currczit, 
poi'fir.' aini FiEmS? s^w« tiic conceotiona ttiat would 

he used to measure tie voltage, correat, and power «rf a 26,406*voH, 600*ainp tiieD-piase 


load. . ■ . 

' Sig5i-70lts.ge Testing. The most emir^eat meUi<xl of measuring Higi voltage is 
lo-meosure.tlie-voltage indoced'in a;roltnict«.coilofi!cw tnnia'iuterwoveti in ihelaglj' 
voltage Viindine of the.ateprup traorfcKner;hatnisid&tedfromit.‘'Por moderately ilgi 
voltages (up to 200 kr) the ratio of the voltmeter-cod voltage 'tolhe total'voUage is m 
pjopiMtioTi to the aumher of turns on the two winirings. At higher voUages, hewerer, 
capacitance effeete-helweea tarns ®ve large errora whoi this method. is used; Sphere 
g{!.98may,b,eused(or these bighor voltage*.' Colibratum data for sphere gjips'sro given 
jn '&e AiLE.B. Standardisation Kriei "iTo jnrevcht injurira'dae towenoltage it is 
frequently deemedadvisahle to connect d sphere in parallel with the spbbimen being 
tested. The gap is set to 6 dighUy higher voltage than that at which it is dt^rcd‘td 
test the specimen. Potential Irantfonriera are also'used to Jaehsu're high yoUageSi-but 
they ace very etpensive for the laghavoltfigo, - • i'. 


Measurement of EesistaricB 

Voltmetst-nminetar Method. A common ’method of mcasiinngTesietance, known 
as the vbllmeter-ammetn or fail-in-poUratial method, makes use of nn amaetM aud.n 
voltoctht, la Fig. 3S,’the resittatoe to bc measured is A., ■■■ 

k cuTTiint I Rows through fhe'.ieastance and nuuBcicT ia ■ '■ 

eerics, and the drop in poteotial across the resistance is , I 

measured'by vhevcllraeterF. '.TbedorreDtehnnledhytho' j' ‘ 

vollmct^ is ao small thill it may gcnmlly be iieglcrted. 'A ■. 

cotretd'bn'nirij’ h's applied if nfeccsaaiy/lwtheresirtancc'of ' w • • 
the v'cltmafcr is generally given with the instrument The J / '7\ - ' 
poienlaldiRwwioedmdedbylbecunenVfiivaUteresistsnte i 5 J/'-yJ 

included between -the veUoetcr leads. As a ebce'k, determi- ' “ 

padons are generally ffiad9..m{h several values oh ourrent,"'" SS ;— V 
which may be varied by means of iie controUiog resistance r., ra e t Q r - d'tii. m o't c't 
If the Taistaneis" to ha mealed is the aimature of s d*8 Method of Kesistdiico 
inaelune'and theivoltmeter leads are placed upon tho brush MUoM>RTnhT,t 
holdcre, the lesistauce detemdned \rill irududathat of the''* . • ' ' 

brueh’ contaeis. 'To measure the resistance of 'the 'ormsture ' ’ 

^de.thftvoUmetetle&dssbwdd be placed dir^tly on the com-;' ' 
viwV/«at4swatd\ip«nwhitfeii»hv«fe*iiest.WtitiOt’C(ftdw ft* ■ 
htushes, ’ Q ^2c 

Inaul&twuRoststwice. InsulaKoaiesistajvttjsHvhSghthtf , 
it is usually ^ven ia jnc^ims.'flO* chms)' rsdier than la ohms.-," . [( » |)^ 

tisulafiou lesUtance tests are smportint.fOT.aithnagli th^ may ' , ' ! 

notbecooclusivetheyfrcqnai'tlyremlfi'aWiniritfulaUo^poor ' 
iuaulitiag' material, pr^ee 'of ’roowWaa, etc,' Such teste are ^ • 

applied to the ins.ulatidabf dcctricarmdluni^'’ftx>ni' the 'wind-,' r-l i|j-,6h_ 
iagstotheframa.toimdeigr^dcablc^tdiaBuddbKft.wpftcitot?, ' ’ J. , ^ , 

For moderately low w^gfances, lib 10 megohms', tlievoltmcc ' . g j 

IcrmethodgiveninFig. SS.TrfuchshowainsubtipnineasurBmect . ( /"'S, 

ofthefield’wiadingofageneretot.myheuscd. Tomefteuteths 
currentflowiugwheriBvoltsgeFiBiinpresscdacross'tberesisUodd''''’ -' ' 

Siahigh-rcadingvoltmeter Pfecoaueoted'inBSrieshrith'R. 'The ^l^olt- 

current that Sows uDdfl-jhU.eoo^iion .irilh the switch coahect- -h,’,:t;;’rs.f - it xi 

ingSa[id4,uff/(S.d;-r) wheceristlioteaisfaiMreoC thevoltme-'^ ' v.. 

ter. ;A high-Teading voiymBterisineoeasaryi-loridts resistance 

la higher than that of,,a low-rcu&tg. mstaument.' Siaec.the' . Measurb- 

methi^^s ih„i^ty ,a cwnpsiisoa , of , .the: unknown insiiklioa ! 

resistancy. with the. known .resistaiiw of-tiia .vottmeter, the-,;!.,' 

thc inslrument will be so 

Hnall , that, ^thereaulfg, will be.inacomte,. To-jdetermiae the iffipte8Sed-^•ollago £;Hh6 
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■tlie speed o( a motor, ’^th.out ooMtmction, two factora may be 

varied, tbe counter ewf E and thb flux ^ 

Armature-resistaoce Contfol- 'Ki® cotmter emf E = 7 ~ I Jit 
where F is the terminal voltagCf sasiunDd constant. Rt must be small in 
order that the armature heaiinS may be maintained within permissible 
limits. Under these conditions the speed change with load is small. By 
inserting external resistance, bowower, into the armature circuit the counter 
emf E may be made to decroaaC rapidly with increase in load. That is, 
E - V ~ h(Bo + R) where B is the csttemal resistance. The resistance B 
must be inserted in the amalilf^ cdrcuit only. The advantages of this 
method are its simplicity, the full 'torque of the motor is developed at any 
speed, and the method introdnoea no commutating difficulties. Its dis- 
advantages aro the very poor speed regulation with change oi load (Jig S4) , 
the very low efficiency, particularly at the lower speeds and the fact that 
provision must be made to dissipate the compara- 
tively largo power losses in the seriesresistor. Fig- • L 

ure 54 shows typical speed-load curves without . 
and with a series resistance in the armature circuit. ^ 

The armature efficiency Is nearly equal to the ratio 
of the operating speed to the no-load speed. Hence 
at 25 percent speed the armature efficient^ is ci ~ — , . 

practically 25 percent. Frequently the controlling , buod wtM'd. 
and starting resistances are one and the device is c Pio, 54, — Speed-load 
called a controller. Starting rboostate themselves Characteristice with 
are not designed to carry the armature current Annature-rosistanco 
continuously and must not be used as controllers. Control. 

Tlie fiimature resistance method of speed control 

is frequently used 'to regulate the .speed of ventilating fans .where the power 

demand diminishes rapidly with decrease in speed. 

Control by Changing Impressed Voltage; R-om Eq. (80) it is evident 
that the speed of a motor may be changed ifFls changed by connecting the 
ctmatoe across (Afferent voltages. Speed control by this method is accom- 
plished by having mains (usually four), which are maintwned at different 
voltages, available at the motor. ' 

The shunt field of the motor is gcnersdly permanently connected to one 
pair ol malms, and the armature lorciat is pnmdcdmiii a controller by meana 
of which the operator can readily connect the armature.to any pair of mains. 
Such a system pves a series of distinct amd widely separated speeds and 
generally necessitates the use of field^rcsistonoe control, in combination, to 
obtain intermediate spesde. Tlufl method, known as tho mtiltivoltage 
method, has the disadvantage that the system is expensive, for it'requires 
several generating msichines, a somewhat complicated ewitcliboard, and a 
number of service wires. . The system is used somewhat in machine shops and 
is ertemvely used for d-c elevator statting and' speed coiittol. 

In the Ward Leonard method, speed control is. obtained by applying 
variable voltage to the STjnsture. Ftiwer for the working motor is obtained 
from a motor-generator set which runs ^ constant speed from the supply 
maios. The field circuit of, the gKJ^tor is.eaidted horn the supply mains. 
The resistance of its field rheostat is sufficient to 'vary the field current 
from full value to nem'ly zero. The armature of the, working motor is con- 
nected to the armature of the vaiiable-voltage generator. Its field excitation, 
rs cosiBtant, being connected across thesupidy mwns. Hence any speed from 
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eame Toltmete/ is used. The mtch 8 connects 5 and S for this purpo«. 'With thesa 
two readings, the unknown resistance is 


» = t(E - t}/i 


(71) 


Jhftvi>si77ch^ 

Ayrian^iinf 



Fio. 40.— Measurement of Ia> 

’ sulation Kesistance witli G^va* ' 
nometer. 


where e is the deSection of the voltmeter when in seiies mth the resistance tohe measured 
89 when Sis at A. If a Bpecial voltmeter, having a resistance of 100,000 ohms per 150 
volts, is available, a resistance of the order of 2 to 3 megohms may be measured very 
accurately. 

When the insulation resistance is too high to be measured with a voltmeter, a sensitive 
galvanometer may be used. The connections are shown in Fig. 40. The battery 
should have an emf of at least 100 volts. Radio B batteries are convenient for this 
purpose. The method involves emopating the unknown resistance with a standard 
O.l mogohm. To calibrate the galvanonieter the 
cable is Bhort*circuitcd (dotted Kne) and the 
switch S is thrown to position a. Let the g^va- 
nometer dcGection he Di and the leading of the 
Ayrton shunt Si. The short (circuit is then 
removed. TheO.I megohniisleftin circuit mnoe 
it is Usually negUtphle 'in 'comparison with the 
unknown resistance X. Lei the reading of the ^ ~ 
galvanometer now .be Dt and the reading of 
the shunt St. Then 

Z«0.15jf>i/5iDj (72) 

When the switch S is thrown to position h, the 
cable is Bhort*circulted and discharges electro* 
statically. 

The Megger is an inetcumenl that indicates 
insulation resistance directly on a scale. It Ci 
data of a small bacd>driven generator which g 
crates approximately 500 volte. A clutch slipe 
when the voltage exceeds the rated value. The current through 
the unknown resistance flows through a moving element 
consisting of two coils fastened rigidly together, but which move 
in different portions of the magnetic field. A pointer attached to 
the spindle of the moving dement indicatee the insulation 
resistance directly, These instruments have a range up to 2,000 
megohms, and are very convenient where portability and con* 
veniencB are desirable. 

The insulation resistance of eleetrical machinery is of doubtful 
signifloance as far os didectric streuglh is cooceincd. It varies 

widely with temperature, humidity, and cleanfiuesa of the parts. I'jq 41 Wheat* 

When the insulation resistance falls below the prescribed value, Btnna ''Rririre 
it may, in most cases of good deagn, be brought to the required “ ' 

standard by cleaning and drying the machine. Hence it may be useful in determining 
whether or not the insulation is in proper condition for a dielectric test. The A.I.E.E. 
Standards (5-451) specify minimum value of insulation resiatance ia megohms ■■ 
rated voltage 

rating in kw + 1 600 ' ^ operating voltage is higher than the rated voltage, the 
operating voltage should bo used. Tborole specifies that a d-c voltage of 500 be used in 
testing. If not, the voltage should be spedfied. 

Wheatstone Bridge. Resistances from a fraction of an ohm to 100,000 ohms and 
more may be measured with a Wgh degree of precision with the Wheatatone bridge 
(Fig. 41). The bridge consists of four reristanees ABCX connected as shown. X is the 
unknown resistance; A and B are ratio arms, tbe resistance unite of which are in even 
decimal ohms as 1 - 10 — 100, etc.' C is the rheostat arm. A battery or low-voltage 
source of direct cunent is connected across oh A galvanometer Q of moderate sensi- 
tivity IB connected across cd. The Values of A and B are so chosen that three or four 
significant figures in the value of C ne ohtMoed. As a first approximation it is well to 
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aero up to full speed may, be obtidned by .adjusting Ibe genorator field mmt. 
Because of its cost, coinpliofttaoriB, and'low over-all efficiency, the applications 
ol this system are hiniUd, It bas been emplt^ed in the opciatiou oi'laige 
nou'spaper printing .presses and the turning oLgun turrets on battleshipa:,' 

> ThQ.Ugner systeia. is baaed oH'a ptiaciple similar to that ioC the Ward 
Leonard system except that the d-c ^neratords driven with a slip-ring 
induction motor having external re^tance' which' is automatically, controlled' 
mth a regulator.' The armatuies of the generator and 'Vork motor are con- 
nected ^electrically; and both 'are aeparately esdted. Since the set is used 
principally to supply power to hoists and'.acts'fls abalandng set,, the motor- 
generator -set ia provided with a heavy flywhcol. When.a heavy Ibad'is 
applied, the icguls.t/6r.lneM:te Tcaatanoc iaithe rotor circuit which alowa the 
motor down and . causes tic flywheel to give up some of its kinetic energy, 
thus tending to equaliac' the loads on the power system. . ... 

Coritrhlb’y Changing Reid Magnetism. Trom Eq. '(79) it is seen that' 
the speed of a motor is invwsoly proportional to the magnetic flux The' 
flux can'.be ohanged-either by varjdng'the shunt-field current or by varying 
the reluctance of the magnetic circuit. The variation of the shunt-field 
current .is .the Amplest and most efficient of all the methods of speed 
control. . I . . 

■With' the.ordinary.TOotor, speed variation of 1.5 to I.D is obtainable with 
this .method. If at^pt is made to obtain greater ratios, severe parking 
at the brushes results, owing to the field distortaou caused by the armature 
rfimf becoming large in comparison with the weakened field of the motor- 
Speed ratios as high aa 5:1 are, however, obtainable with motors having 
commutating poles (sec p. 1728). Commutating poles not only give the 
correct mmf for proper commutation but whefi they are ussd brushes 
may remain in the gMmeWcal neutral. Hence there are no deraagnetiiing 
armature ampere-conductors acting on the field to weaken it and thus increase 
the distortion and speed instability. Since the field current is a small 'pro- 
portion of the total current (I to 5 percent), the rheostat losses in th.o field 
circuit are always' small. Hence this method is efiicient. Also for, any 
given speed adjustment the speed regulation is excellent, which is .another 
advantage, Beoauso.of its simplidty, efiiriency, and excellent speed regula- 
tion, the control of speed by meana ot the field cuneat is by far the moat 
common method. 

Removable Armature Method, ta the Lincolu motor the speed is 
controlled by changing the position of the armature with respect to the 
field, For example, if it is desired to incieaBe the speed, the turmature 
is in part moved axially out of the fidd by means of a hand wheel. This 
obviously reduces the flux entering the armature. The advantages of this 
method are that very fine adjustment oi speed is obtainable and, at the 
higher speeds, there is no tendency toward instability such as occurs with 
field rheostat contsoL ■ Thia type of motor is moie complicatod than the 
aimplo motor. It has found extensive application in driving machine' 
tools where fine speed control is essential. , , ; ' < ■ 

; Speed Control of Series Motors. The series motor is fundamentilly"a 
variable-speed motor, 'the 'sp^ ‘vaisdi^ widely from light load to, full load 
and more (see Fig.'5I end p. l726)l From Eq, (SO) the speed tor any value of 

or current, may .be'cbmgedl^ Varying the impressed voltage. ' Hence tlie 
speed' may, be controlled inserting resistance in Eerihs'with the 'motor.' 
This method, which is practically the game as the' arinatu're-f esistan'ce cbhtfbl 
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male A and B equal. When the bridge is in baisncet ' 

X/C‘^A/B (73) 

The positions of the battery and galvanometer are interchangeable. There are many 
modifications of the bridge which adapt it to measurementB of very -low resistancee and 
also'to a-c measurements. 


Potentiometer. The principle of the potentiometer is shown in Fig. i2. a& is a 
elide wire, and i>e consists of a number of equal individual resistances between contacts. 
A battery Ba the emf of which is approrimately 2 volts supplies current to this wire 
through the adjustable rheostat R. A slider tn makes contact with ab, and a contactor 
*n' .connects with the contacts iu 6c. A galvanometer G is in scries with the wire con- 
necting to ffl. By means of the dwbic-thrbw* double^cdo switch Sw either the standard 
ceil (Weston cell p. 1G97) or the unknown emf may be connected to mm' through the 
galvanometer G. The potentiometer .ia standanUied by throwing Sw to the etandard- 
cell ride, setting mm' so that thrir positions on ok and be correspond to the emf of the 
standard cell {see p. 1697)/ The rheostat j? is then adjusted until G reads sera. The 


unknown emf is measured by throwing Sie to 
FiAfF. and adjusting m and m' untilG reads zero. 
The advantage of this method of meosuring emf 
is that when the potentiometer is in balance no - 
current is taken from either the standard tell or 
the source of E.M.F. Potontiomclers seldora ex- 
ceed 1.6 volts in range. To measure voltage in 
excess of this, a roU 6oz which acta as a multiplier 
is used. To measure current, the voltage drop 
across a standard resistance of suitable valuo is 
measured with the potentiometer. - For example, 
with 50 amp a O.OI-ohm standard resntance’givee 
a voltage drop of O.S volt which is well 'mthin the 
range of the potentiometer. 
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Fic. 42.— Potentiometer Princi- 


Potontiometers of low range are used ex- pic. . 

tensively with theimooouplo pyrometers. Figuro 


42, merely illustrates the principle of the poteutiometor. There are many modifications, 


conveniences, etc., not shown in Fig. 42. 


Direct-current Generators 

All electrical machines aro comprieed of a magnotic circuit of iron (or steel) 
and' an efectnc circuit of copper. In a generator the armature conductoi'S 
are rotated so that they cut the magnetic flux coining from and entering the 
field poles. In the d-c generator (except the nnipolar type) the emf induced 
in the individual conductors is alternating, but this is rectified by the com- 
mutator-and brushes, so that a unidirectiontd current flows to the external 
circuit. ; 

The induced emf in a generator (or motor) ■ • 

■ B = '^^iVP/B0i"I0»v6ItB ■ (74) 

where ^ is the flux entering the armature from one north pole;' 2 the total 
number of conductors on the annatiue; AT tho speed, rpm; P the number of 
poles; and P' .the number of parallel paths through the armature. Since with 
a given generator, 2, P, P' are fixed, the induced emf 

E-K^Nyolts ( 75 ) 

where .K is a constant. • When current flows from the armature, the terminal 
volts ' 

V =E ' (76) 

where h is the armature eurreht and'fio the armature resistance including 
the brush and contact resistance which.'vary somewhat. • i • 
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method for shunt motoe, has the.sanw objectioiu pi low efficiency, and 
poor regulation with fluctuating loads, ,‘lt.is ex^siyely used, however, in 
controlling'the speed of hoist and crane mo'ora. ' . 

The's’erieslpafailel system ' of senea-motor speed control is almost unir 
■perkily used in clectric'fractjon. .'At least two motors are.neceasa^. Tho 
two motors are first connected in series.'with each other and with the starting 
resistance,'' The' starting resistance is gra<hiaUy cut out, and the motors reach 
approximately. half speed. ' Both ihotora .'take 'the same-current, dad, each 
can develop full torque. .'.Tlus.'conditaon of opersfiori is efficient since there 
is no external resistance' in circuit, ‘ffhea^tho controller is moved . to the 
next position, the motors are. connected in parallel with each other and each in 
series with starting rcaatances. Full speed-of the niotors is obtained by 
gradually cutting out these rcaisianecs. Conoectiog the two motors in series 
on starting reduces the current to gne»half value .that would be required for 
a given torque were both molote connected in parallel o'a starting. The power 
taken from the trolley is halved., and an inlermediate running speed is effi- 
ciently obtained. 

In the multiple-unit method of speed control which is, used for electric 
railway trains, the starting contactors, reverser, etc,, for each car are located 
under that car. The relays operating these control devices are actuated by 
energy, taken from the train line conasting usually of seven wires. The 
train lino runs the entire length of tiie train, the connections between tho 
individual cars being made through the couplers. The train line is energized 
by tho actioi of the motorman operating any one of the sro'all master con- 
trollers which are located in eaiffi car. Hence corresponding relays, con- 
tactors, etc., in every car all operate amullaneously. High acceieratiens 
may be reached with this system ’because of the largo tractive effort exerted 
by the wheels on every car. . ' 

Alternatiag-eorrent Generators 

Construction. In the ubqoI alternator the armature or stator is tho 
stationary member. This eonstructipn has many advantages. It is possible 
to make the slots any reasoPable deplb, ance the tooth necks increase in 
cross section with 'increase in depth of slot; this is not true of the rotor. 
The large slot section which is thus obtainable gives ample space for copper 
and insulation. The conductors from the armature to the bus bars can bo 
insulated throughout thar entire lengths, since no rotating or sliding contacts 
are necessary. The insulation in. a stationary member does not deteriorate 
as rapidly as that on a rotating member, for it is not subjected to .centrifugal 
force or to any considerable vibration, 

'The rotating' member is ordinarily' the. field. There are two general 
types of field construction, the saJient-pole type and the cylindrical or 
non-salient pole type. The aalicut-polo typo is used almost entirely for 
slow and moderate-speed generators einoe this' construction is the least expen- 
sive and permits ample space for field copp'er. ' ' ' 

' It is not practicable to employ salient poles in high-«pced turboalteniators 
because 'of the excessive ■srindago and lie -difficulty of oblmning miBaoat 
mechanical strength. The cylindriciJ typo consists of- a cylindrical steel 
forging 'With either parallel or raffial slots in -which the' field copper, usually 
in strip 'form, is placed. The fields- are ordinarily excited' at low ■voltage, 
125 and 250'Tolts,'the current bang condacted to the rotating member by 
means of slip rings and brushes. The field power is ordinarily only l'or'2 
percent the rated power of the machine feoo Table 14, p. 173C). 
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There are three standard ty^'s'ofdHj' gciicratbfs: the shunt generator, 
the series generator, and the compound generator. The series generator 
is nearly obsolete:.!, ^ n- . .■ v.'-' 

"Shunt Generator;' The field of the shunt generator in series rrithits 
rheostat is connected directly across the 
armature asshoTOrin'Fig. 43.; 'ThiBmachiDe' ^ 

maintains approrimately constani.tmhinal' 
voltage over its sorting rango of load. • An 
esternnl characteristic of the generator is 
shown in' Fig. '44.' As load is'applied the ■ 
terminal voltage, drops owing to the anna- 
tnre-resistance drop [Eq'. (76)] and armature 
reaction which''3ecreascs the flux.. 'The" rtee#*r ", 

'drop in termini' voltage reduce the field 43;-^hunt Generator, 

current which in tom. reduces the flux, ; ■ 

)ience the indiXeed emf, ete.- At some, point B, usually .well 
above rated current, the foregoing reactions become cumula- ® " 
tive and the machine commences to breal; down. The "cuTrent m ~ 
reaches a maiimum value and Uiea decreases to neariy zero at ^ - 



short circuit. . With lerge machines, point B is well above 
rated .current,- the operating range being between O.and A, 
The voltage may- be-maintained', constant by.-means of tbe. 




Fig. 45. — Series Generator. 


Amperes 

-v, 

field rheostat.' Automatic regulators which operate through Sbun,t-geii7 
the field rheostat are frequently used to maintain constant erstor i Char- 
voltage (see 1735)1 Shunt generators are commoDly used actcnstlc. - ■ i 
iu 'aty ’^bslations which ate all . '• ■ 

tied together through the network ^ IdcoH . -jArmafure 
of, feeders, and mains. Their sta- 
bility when in parallel is a distinct Y^- 
advantage for this service. If a 
generator fails to build up (l)'thfc:' 
load may be connoted; (2) ibc field 
reastance may be too high; (3) tbe 
field circuit may be, open; (4) tbe 
reridual magnetism may be insuffi- 
ciont;.(S) the field connection may 
be reversed, , ' < 

Series Generator. In the scries generator (Fig. 45) the . 
entire load current flows through the field winding, which -.g j 
consists of relatively few turns .of wire of sufficient sixe to o 
carry the entire load current Trilhout undue heating. The ^ 
field excitationi' and hence the termirial voltage, depends" on ■ Cgrce'nt'" 
the’^hiagnitude of the load current, Anextemal characteristic'- ' 46-i— 

showing the relation between 'load current and terminal vblt^ "j, j 

age is given in Fig. 46; When used as a booster' th'e series' Character 
generator operates on the left-lmd ride of the characteristic • i. . ^ . 
(Fig. 46) ; .when used as a constantrcurrcnt generator it q 
operates on'the'nght-hand side of the charaCferiatic. "The"- 
principal application of series generators was constant-current series "arc 
lighting. They have been replaced' almost entirely by constant-current trans- 
formers operating in combination mercury-arc rectifier .tubes. s , 

Compound-wound Generators 'ORg. 47). By the addition of" a series 
winding to a shunt generator the terminal voltage may be automatically 
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Classes of Alternators. Altematora may be divided into three general 
classes: (1) theslow-spced engine driven type; (2) the moderate speed -watoN 
Tvheel-driven type; and (3) the high-speed turbine-driven type. In (1) a 
hollow box frame is used as the stator support and the field consists of a 
spider to which a large number rf salient poles are attached, usually bolted. 
The speed seldom exceeds 75 to 90 rpm, although it may run as high as 150 
rpm. Water-wheel alternators also have 'salient poles which are usually 
dovetailed to a cylindrical spidm* counting of steel plates riveted together. 
Their speeds range from 80 to 600 ii)m and sometimes higher, although the 
9,000 kva Keokuk alternators rotate at only 68 rpm, operating at a very low 
head. The speed rating of direct-connected water-wheel alternators decreases 
nith decrease in head. It is desirable to operate alternators at the highest 
permissible speed since the weight and costs diminish wth increase in speed. 
Water-wheel-driven alternators must be able to run at double speed, as a 
precaution against accident should the governor fail to shut the gate suffi- 
ciently rapidly in case of opening of the dreuit breakers or should the govern- 
ing mechanism become inoperative. 

'■ Turbine-driven alternators operate at speeds of 720 to 3,600 rpm. Direct-, 
connected exciters, belt-driven exmters from tho alternator shaft, and sepa- 
rately driven exciters are used. In laige stations separately driven (usually 
motor) exciters supply the excitation energy to excitation bus bars. Steam- 
driven exciters and storage batteries are frequency held in reserve. With 
glow-speed alternators tho belt-driven exciter is frequently used because 
it can be driven at higher speed, thus reducing the cost. 

Alternator Design. At the present time single-phase alternators are 
seldom built. For singlc-phtee service two phases of a standard three-phaea 
K-connected alternator are used. A single-phase load or unbalanced three- 
phase load produces flux pulsations in the magnetic circuits of alternators, 
which in the past have caused serious difficulties. Two-phaso windings con- 
sist of two similar single-phase windings displaced 90 electrical space degrees 
on the armature and ordinarily occupying all the slots on the armature. The 
moat common type of winding is the tbroc-phoao lap- or wave-wound two- 
layer barrel-type of Grinding. In three-phaac windings three windings are 
spaced 120 electrical space degrees apart, the individual phase bolts being 
spaced 60 deg apart. Usually, all the alots on the armature are occupied. 
Standard voltages are 550, 1,100, 2,200, 6,600, 13,^, and 20,000 volts. It is 
much more difficult to insulate it» 20,000 volta than it is for the lower volt- 
ages. However, if the power is to be transmitted at this voltage, its use would 
be justified by the saving of trmisformers. In machines of moderate and 
larger ratings it is common to generate at 6,600 and 13,200 volts if transformers 
must be used. Tho higher volta^ is preferable, particularly for the higher 
ratings, because itreduces the cross section of the connecting loads and busbars. 

The standard frequencies in the country are 60 and 60 cycles for light 
and power; 60 cycles is less common than 60 cycles, its principi use being in 
southern California. Lower frcqncncicB ate not desirable for lighting loads 
because of the objectionable .flicker of the lamps. For power purposes 
only,’ 25 cycles is frequently used. For example, power for conversion to 
direct current at railway eubstationB and powr for railway electrification 
is usually 25 cycles; induction motors, synchronoia converters, and series 
commutating motors operate more satisfactorily at that frequency. The 
frequency of a synchronous madiiae 

f =P X rpm/121) (84) 
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mamtained-'very’iiearly constaiiti"OT; by'prop'er^y'-propdrtioiiihg the senes' 
turns, 'the .tenhin^^Volta^ niay beitiade to increase'With'load to compensate 
for loss bf'Volt'age in the' line, '' m ' that approXiraately' co'^tant vbltage''iB 
maintained at' the, .load. ' If field is donnected'^dutside '^e senek 

field '(Fig."47), the,machihe'‘is ,J ' 

shunt; if the shan't' field’is conneirted' .■S^nesFi'efd_: 

ihside.'the series ‘field,-'i.e.’ direcUy'Ho ' 
the"arin3ture terznih.sis, it' is'* 'short' 
shunt’.- So fafas thdbpefalmg'chiar- ' 
aCteristio is:cohcerried;'it makes Uttle" 
difference "which way' a machine-’is''' 
connected. 

.j.Comppund“Wound,,-.;generatp{s,_,are:,'i'iG; .■ ■■47.;-e-.Compound-woufid ^:D-'c' 
chiefly used for smalltjisolated.pianUhr; jf-ij-v.- r.-.oJjj'Geuefator. 
and for generators supplying -a purely.:;- < 
motor load subjeet to rapid -fiuctaations'HUch ns 
in railway rvork. ■ ,'Wieu.'<firs6 putting a com- 
pound generator-in service the shunt-field must ^ 
bo so connected [that, the machi.n^- builds up. c 
The series fiel'd is then connected so that .it aids s 
the shunt fiel'd. Sometimes the xesidunl ro'ag-'''£g 
netism is reversed by a short circuit feeding back 5 
throu’^ the series fiel'ds in the reversed direction.; 2 t 
The generator will not then build-up until Iho ^ 
residual magnetism is reversed, 'temporary cs-; , 
tornal, excitation usually be'ing newssarj'. Big*.', 
ure 48' gives, the characteristics of a 200-kw ■ 

600*voit .compound-wound generator. . 
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Parallel Operation of Shunt 'Generators! 


•’Pho, , 48.>r:rCharacter- 


It is desirable to operate generatorain.parallei-i®^'^^,®^ 
fa .order thot the BtatioE 'Miiiditj; 'Pomd-™nd E-o Gen- 

adapted i’othe Johd. "’ Shunt' geiierfltbrs,' becauW'®^^ ■ 

of ’their drboping'characterist-ics ' ’■ ' 

art inherently atablei" 
when’'in"par'Rllel. ''To "cotin'oet'i 
shunt generators 'm'’parallei it is 
necessary that the switches be so., 
connected that like poles are con-^ 
nbeted to the'same bus bars vfhetfri-^ 
thes'^ritches are closed. 'Afe^me.'’'-'^-^^-' 
one 'generator to bc-itfoperatioa;-’ 
to connect another generator in 
parallel -with it, the incoming •' 
generator.ia.firstj brought up,, to, . . . 

spy 'md its volbse 49.--^„„e!ltoM''',for :.Compormd- 

aysWtoavyoBl.6Mygr6Ster,,.wOTnd.GeneratorsOp8rotmgfaPsrallcl.' 
than the bus-bar voltage. This • 

generator may , 'then, be .connected in parallel ■with the other ■without difficulty. 
The proper dhusion of load betwe^ them is adjusted 'by iheahs of.'thejfield 
rheostats and is maintained automatical if the machines have sirailar 
voltage-regulation characteristic.- ■ ' '' 

Parallel Operation of. Compound Generators.-, As a > rule, compound 
generators have cither flat or riang voltage characteristics. Therefore, when 
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where ? is the number of poles. Altwnfttors are rated in ldlovolt*finiperes 
(kva) rather than in kilowatts, lor heating, which determines the rating, 
is dependent only on the current and is ind^rendent of power factor. If the 
kilowatt rating is specified, the pow^ factor should also be specified. 

' Induced EMF. The induced emf per phase in an alternator 

E = 2.22khp^Z10~> volts per phase (86) 

h ia the breadth factor or bolt factor (usably 0.9 to 1.0) and depends on the 
number of slots per pole per phase; J!|p is the pitch factor = 1^0 for full pitch; 
$ is the total flux entering the armature from one north pole and ia assumed 
to be sinusoidally distributed' along the air gap; / is the frequency; and Z ia 
the number of aeries conductors per pboso. 

Regulation. The terming voltage of an jdternator at constant frequency 
and field excitation depends not only oo the current loai but on the power 
factor as well. This is illustiated in Fig 55 which 
shows the voltage'curreni cbw&cteristics of an alter* 
nator with lagging current, leading cuircnt, and 
in-phase current (p-f. » 1.00). "With leading cur- 
rent the voltage may actually rise with increase 
in load; the rate 'Of voltage decrease with load 
becomes greater as the lag of the current increases. 

The regulation of an alternator is defined by the 
A.I,E.E. Standard Rules (No. 7) as loUowa: In 
comtani'potenlid aUmetoTs, the re^alion is t/« rise 
in voliase {when ihc specified load at specified power 
facior is redvoed to sera) expressed in perecntoffe of rated voliaoe. For craruple, 
in Fig. 55 the regulation under each condition is 

100(ac - 5c)/6c (86) 

With leading current the regulation may be negative. 

Three factors affect the regulation of olternAtora, the effective armature 
resistance, the armature leakage reactance, and armature reaction. 
With alternating current the armature loss is greater than the value obtained 
by multiplying the square of the armature current by the olimic resistance. 
This is due to hysteresis and eddy-current losses in the iron adiacent to the 
conductor and te the alternating flux producing losses in the conductors 
thficiselvea. Also the caurait » wot dlsteibuted wwifortaly over enniuefera 
in the slot, but.the current density tends to be greatest in the top of the slot. 
These factors all have the effect of increasing tho resistance. The ratio of 
effective to ohmic resistance varies from 1.2 to 1.5. Tlie armature loakago 
reactance is due to the flux produced by the armature current linking tho 
conductors m the slots and also the end connections. 

The armature mmf reacts on the field to change the value of the flux. With 
a single-phase alternator and with an unbalanced load on a polyphase alter- 
nator this mmf is pulsating and causes iron looaiB ia the field structure. With 
polyphase machines under a constmt balanced load the armature mmf ia 
practically constant in magnitude and fixed in its relation to the field polos, 
Ita direction is determined by the power factor of tlie load. 

A component of current in phase with the no-load induoed emf merely dis- 
torts the field by strengthening the trailing pole-tip and weakening the leading 
pole-tip. A component of cuiront laggii^ the inductul emf by 90 deg weakens 
the field without distortion. A component of current leading the induced emf 
, by 90 deg strengthens the field witijont distirfon. Ordinarily, both cross- 
magnetization and one of the othCT conqwnente we acting simultaneously. 


6 


:§[r'/?d=dd4«jff!wCy/Tinf 
[ 

Currsnt d 

Fio, 66.— 'Alternator 
Charaotcristios. 
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connected in parallel, they we inherently unable. Stability may, however, 
be obtained, by. using .an equaliaer connection (Pig. ,49) which ..connects 
the terminals of the generator at the Junctions of the series fields. This 
connection is of low resistance bo that any increase of current divides propor- 
tionately between the series fields of tho two machines. The equalizer switch 
(E.S.) should bo closed first and opened last, if possible. la practice, the 
equalizer switch is often one blade of a threc-pole switch, the other two being 
the bus switch iS, as in Fig. 49. When compound generators are used on a 
three-wire system, two seriofl fidde — ono at each armature terminal — and two 
equalizers are necessary. It ia possible to operate any number of compound 
gon^tOTs in paraM provided thdr characteiietics are not too difiorent and 
the equalizer connection is used. 


Table 12. Approxizsaate Test Performance of Compound Wound D-c 
Qeneratora with Commutating Poles 

(Wefitinghouse Electric & Mfg. Co.) 


Ew 

Voltage 

Amp 

Efficiency, percent 

H lead 

^load 

^ lead 

5 

» 

40 

78.0 

81 .0 

81.0 

10 

I2S 

go 

85.5 

87.0 

88.0 

25 

125 

200 

06.5 

68.5 

89.3 

50 

125 

400 

06.0 

89.0 

90.0 

100 

•125 

too 

80.7 

89,} 

89.0 

200 

123 


80.1 

09.6 

B9.4 

400 

250 

1,600 

91.7 

91,9 

91.7 ■ 

1,000 

250 

4,000 

92.1 

92.6 

92.1 


(See Table 22, p. 1764. lor the apptorimnte fnlUoad currents of motors.) 


Direet'Ctment Motors 

Motors operate on the prindple that a conductor carrying current in a 
magnetic field tends to move at tight angles to that field (see Pig. 14, p. 1980) . 
The ordinary d-e generator will operate entirely satisfaetori^ as a motor 
and will have the same rating. The conductors of the motor rotate in a 
magnetic field and therefore must generate an emf just as does the generator. 
The induced emf 

(77) 

whore iT is a constant, ^ the flux entering the armature from one north 
pole, and N tho speed in rpm [ace Bq. (76), p. 19&7}. This ornf is in opposi- 
tion to the terminal voltage and tends to oppose cuneat entering the arma- 
ture. Its value is 

E^r-J^ (78) 

where V is the terminal voltage, the snaatere current, and the armature 
resistance [compare with Eq. (76)1. From Eq. (77) it is seen that tho speed 
JV = (79) 

when E, ~ 1/E. This is the fundamentid speed equation for a motor. 
By substituting in Eq. (78) 

w = E,(r ~ /««,)/« 

which is the general equation for the speed of a motor. 


( 80 ) 
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The foregoing 'effects are called armature reaction. Frequently the 
effects of armature' reactance and armature reaction can be combined into 
a single quantity. , ' ' ' 

It is difficult to determine tie reghlatioil ot an alternator by actual loading, 
even when in service, owing to the difficulty .of obtaining, controlling, and 
absorbing the large balanced loads. Hence methods of predetermining 
regulation without actually loading the m^hinc are used. 


Synchronous-impedance Method.. Both armature reactance and 
armature reaction have^the aame effect on the terminal voltage. In the 
synchronous-impedance method the alternator is considered _■ 

as having no armature reaction, but the armature reactance 
is increased a sufficient amount to account for the effect of 
armature reaction. The vector diagram for a current I ^ 

lagging the terminal volta^ F by an angle 9 is shown in 
Fig,. 56. The power factor of the load is cos 0; Jfi is the Fio. 56,— Vac- 

effective armature-resistance drop and is parallel to 1 ; IX, _ tor Diagram for 
is the ajmchronous-resctance drop and is at right angles to Synchronous-im- 
I and leading it by 9Q deg. IX, includes both the reactance pedanceMethod. 
'drop and tho drop iu voltage due to armature reaction. 

That part of IX, which replaces armature reaction is in reality a fictitious 
quantity. The Bynchronous-impedance drop is given by IZ,. The ao-load 
or open-circuit voltago 


E = V(>' MS » + IE)' + (V m » ± IX.)' v»lt» (87) 


AU quantities are per phase. Tho negative sign is used with leading cunent. 

The regulation “ 100(B - F)/F (38) 

(see p. 1733). "With leading current E may be less than F and Q negative 
regulation results. 

The syachtonous impedance is determined from an open-circidb and a 
short-circuit test, made with a ve^ field. The voltage E' on open circuit la 
divided by tho current I' on short dreuit for the same value of field current. 

2,-E'll’, X. = Vz.* -Siohma (89) 

Since the synchronous reactance is determbod at low saturation of the iron 
and used at high saturation, the method gives relations that are too large; 
hence it is called the pessiimslic method. 

MMP Metllod. In the mml method the alternator is conBidered as 
having no armature reactance but the armature reaction is increased by an 
amount sufficient to include the (ficct of reactance. That part of armature 
reaction which replaces the rffect of armature reactance is in reality a fictitious 
quantity. To obtain the data necessary for computing the regulation, the 
•alternator is short-circuited and the field adjusted to give rated current in 
'the armature. Tho corresponding value of field current Is is read. The field 
is then adjusted to give voltage E' equal to rated terminal voltage IB drop 
(= F-^ IB vectorially. Fig. 57) mi open driniit and the field current I' 
read. 

It is 180 deg from the curreat vector I, and F leads E' by 90 deg (Fig. 57). 

• The angle between I' and Ij ib 90 — ff + <f>, but since is small it can usually 

• be neglected. . The vector sum otij and I' is lo. The open-circuit voltage B 
corresponding to lo is the no-load voltage and may be found on the saturation 
curve. The regulation is then found from Eq. (88). This method gives a 

, value of regulation less than the actual value and hence is called the opiimutic 
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The torque developed by an armature is proportional to the fiui and to 
the armature current. That is . ' 

T = Ki^h (81) 

when Ki is a constant. The torque at the pulley is slightly leas than the 
developed torque by the torque necessary to overcome the rotational losses. 
Let yj he the motor input. TheoutputisV/nwhereijistheefficiency. The 
horsepower • 

?jr “ VIii/746 (82) 

and 'the torque 

T = 33,(K10Pu/2irJ7. (83) 

Shunt Motor. In the shunt motor (Fig. 50) the flux is substantially con- 
stant and JiBo- is 2 to b percent of V. Hence, from Eq. (80) , the speed varies 
only slightly with load so that the motor is adapted to work requiring constant 
speed. The speed regulation of constant-speed motors is defined by the 
A.LE.E. Standards as.foUowa: In constant-speed d-c motors the regulation 

\llm\ 



(a) Three-point Bos. (6) Fo^^^pomt Box. 

F:g. 50.— ConnectioDS for Shunt D-c Motors and Starters. 


is the ratio of the difference between rated-load and no-load speeds to the 
rated-Ioad speed at the final temperature attained at operation under rated 
load for the time specified in the rating. For example, in Fig. 54 the regula- 
tion under each condition is practically (oc - be) /be (see Fig. 51). Also 
from Eq. (81) it is seen' that the torque is practically proportional to the 
armature current (see Fig. 52). The motor is able to develop full-load torque 
and more on starting, but the ordinary starter is not designed to carry the cur- 
rent necessary for starting under load. Tho shunt motor is used to drive 
constant-speed line shafting, for machine tools, etc. Since its speed may 'be 
efficiently varied it is very useful when adjustable speeds are necessary, 
such as individual drive for machine tools (see p. 1751) . 


Shunt-motor Starters. At standstill the counter cmf of the motor 
is zero and the armature resistance is very low. Hence, except in motors 
of very small size, sericB resistance in the armature circuit is necessary on 
starting. The field must, however, bo connected across the line in order 
that it may obtain full excitation. 

Figure 50 shows the two common types of starting boxes used for starting 
shunt motors. The armature remstance- remains in circuit only dining 
starting. In the three-poiat box (Kg. 60(o)) the starting lever is held, 
against the force of a spring, in the running position, by an electromagnet in 
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method. The actual regulatioa lies .BomerAero betwean.'the values obtained 
by the two methods but is more aearly equ^'to the value ‘obtained by the 
mmf method. , ■ ■ ' - ■ . ' • 

Voltage regulators bperate to maint^ the bus-bar voltage constant and 
act usually through 'the' field ot the ozdter. In the Tirriirregu^tor the 
field resistance o( the exciter is Bhort-wrcuited temporarily by contacts when 
the bus-bar voltage drops. Actually, the contacts are vibrating continuously, 
the time that they arc closed depending on the value of the bus-bar voltage. 
The General Electric Co. manufactures a direct-acting regulator in which 
the regulating rheostat is part of the regulator itself. The rheostat consists 
of stacks of graphite plates, each plate being pivoted at tho center. Tilting 
the plates changes the path of 'the current trough the rheostat and thus 
chatigea the rGsialancc, The platea are toUed by a aensltive torq,ue armature 
which is actuated by_ variationa of voltage 
{tom the normal iraiue. 

Parallel Operation of Alternators. The 
kilowatt division of load between alternators 
ia parallel is 'dotermined entirely by the 
speed-load characteristics of their prime 
movers and not by the characteristics of tho 
alternator's thoinselvee. No appreciable ad- 
justment of kilowatt load between alternators’ 67.— Vector Diagram for 

in parallel can be made by means oi thbir • MMF Method, 
field .rheostats, as with d-o generators. 

Consider .Fig. 68,; which gives the speed-load char- 
aoteristios ia terms'Of frequency of two alternators, No. I 
and No. 2, these characteristics being of course (he speed- 
load characteristics of their prime moyCTS. These speed- 
load ohaxacteristics are. drooping, which is necessary for 
stable parallel operation. The total load on tho tw 
machines is Pi +Pj' kw. Both machines must .'be Fra.fiS.—Speed- 
operating at the same frequency /i. Hence alternator 1 load Character- 
must be delivering Pi kw, and alternator 2 must bo, istics of- Altema- 
delivering Pi kw (the small alternator losses being tors in Parallel, 
neglected). If, under the foregoing conditions, the field .... 
ol ffltlier mao'hiiie is strengthen^ it cannot-deliver a greater Howatt load, for 
its prime mover can deliver, more power only :by dropping its speed. Tbisia 
impossible, for both alternatore must operate always at the same frequency /j. 
For any fixed total power load, .the divjtaon.of kilowatt load between alter- 
nators can be changed only by modifyiog.in eorao, manner the speed-load 
characteristics of their prime, movMs, such, for, example, as changing the 
tension in the governor spring. Altemators.-in parallel -are of themselves in 
stable. equilibrium., If, the driving- torque of one machine is increased, the 
resulting electrical rcactions between -the maclimCB cause a, circulating current 
to flow between macliines. This current .puts more .electrical load on the 
machine whose driving torque is- increased and tends to produce motor action 
in the ether machines. In an extreme caee,.the driving torque of one prime 
mover, may be removed entirely, and its .altinator ;will;pperate as, a syn- 
chronous motor, .driving the.primemovw mechmu'cally. . • .r, 

! .Variationsiadrivingtorquescause’cra^tstoidrculhte between alternators 
transferring, power which,tends.to keep- the ^teraatorsdn synchroniam. - If 
tee, power transfer takes, the form, of recurring pulsations,' it is called hunUng. 
Jluntmg.may be, reduced by, build^ heavy cop^ 'gridB called .amottisseur 






1726 


BLSCTBICM-^HOIHESRJNG 


series iWitE |the field olrcuit,, 0 &,ti»at if.the.fidd circuit is interrupted oPjthe line 
A'oitage becomes too low, tiie lever is released .-and' the. armature icircuit ,18 
opened automatically. In the four-point Starting box the electromagnet is 
connected directly acroffl the liiw, 'as shown in Fig. 60(i). In this type 
the armds released un^lantlyi.r^wniMurei, of .the line -voltage. In, the other 
type -some, time- elapses .before .the-field correntj drops enougb.to .effect the 
release. -iSome-atartmg.rheostats are, provide with.'pn,oycrjoad device. so 
that the circuit is automatically interrupted if too large a current .ia, taken 
by the armature. The four-point box ia used where a wide speed range is 
obtained by means of the field rheostat. The electromagnet ia not, then 
affected by changes in field CTirent. 'j’l, ■ , 

In large motors and in many scnkll motors, automatic starters are fre- 
quent^ usedl '.'The' advahtagU of tire automatic stnrtep'are'^hat the current 
is 'held' 'between certain moxnhum' and miiiiinum values so that the circuit 
docs not’be«)me,'opbhcd‘liy1od’rapi'd string as,' may 'occur' with! rnaniihl 
bperatiobrthe acc'eleraUpnj'is smbotlfand nWrly iinifornii' relay ebntaetbrs 
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Speed , and Torque.Characteristica of D-o Motors. 

{ll'Shunt motor; (2) compound motor; (3) diffcteoUalcompcuad motor; (4) series Ciotor. 


of.largp current capacity aro not difficult to design;, tho resistors and con- 
tactors may be placed in any convenient place; the controllers neod only ho 
designed, to carry the, small currents necessary to operate the, relays. In 
modern automatic starl^-.lhe resistances in scries with tho armature are 
Euccessiyely, -shortroircuited by contactors operated ,by relays. Any one 
relay is prevented fr.ora operating and cutUng oqt further resistance until 
the current has. .dropped ito some predetermined value. Since workmen can 
stop and start a motor, merely by the pushing of a button, ithero results con- 
siderable^a-ying by the shutting down of the motor when it is not needed. 
Automatic starters are very eswntid to elevator motors in’ order that smooth 
rapid acceleration,’ wi^ fr^ont starting and stopping may be obtained. 
AlBO^'automatic .’starting is _v^ necpssary_ with Kiultipl^unif operation of 
cIectric-raiIway''car8’a3id'’witK rolling-mill motots ' which' We continually 
subjected to TapM acceleration, stopping,. and reversing.'' '''7 

- Series Motor.,. lilunthe .series motor. the. armature ,and; field arc in series. 
Hence, if saturation is.noglectcd, the-tois proportional to the current and the 
torque ,[Eq. (81)];,vaiies BS,thc.cunmt.8quued. Therefore .any increase 
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Table 14. Performance Data for Alternators 

E0IiIZ0}ITAt/-C0U>LED OR BEUPBD-Tmi EkOINR'DRIVEIT GUNBRiTOES 
(WesUn^oiisc E3ectnc A Mfg. Co.) 

SO percent power faew, three phase, 60 cycle, 240 to 2,400 yolts 


Eva 

Poles 

Speed, 

rpm 

Kw 

excita- 

tion 

I Efficiency (percent) 

Approx 
net wt, 
lb 

load 1 

load 

« Io.d 

25 

4 

1.600 ' 

0.8 

81.5 

85.7 

87.6 

i 900 

93.8 1 

8 

900 

2.0 

87.0 

89.5 

90.9 

2.700 

250 ' 

12 

600 

5.0 

90.0 

91,3 

92,2 

6,000 

500 

18 

400 

8.0 

91.7 

92,6 

93.2 

10,000 

JOOO 1 

24 

300 

14.5 1 

92.6 

93.4 1 

93.9 

18,600 

3125 

48 

150 

42.0 

93.4 

94.2 ' 

94.6 

52.000 


Torbodutveh Dibrct-conhectbp Ttpe 


Eva 

Poles 

Speed, 

rpat 

Kw 

excitation 

atmv 

Percent off at 80 percent p.f. 

Cu ft 
air per 
Dun 

^ load 

H load 

fi load 

625 

2 

3,600 

12 

92.4 

94.0 

94,6 

2,200 

1050 

2 

3,600 

15 

92.9 

94,5 

95,2 

3,500 

2JOO 

2 

3.600 

19 

94.4 

95,7 

96.3 

5,000 

4.375 

2 

2,600 

26 

95.1 

96.2 

96.8 


9J75 

2 

3,600 

45 

95.1 

96.2 

96.6 

17D00 

12.500 

2 

3,600 

600 

95.1 

96.2 

96.8 

23.500 

23,000 

2 

3,600 

I00< 

95.2 

96.4 

97.0 

25,000 

37,500 

2 

3.600 

I20« 

95.7 

96.8 

97.4 

55,000 


‘ Exdtfltioa for these ratines is ususDy at 250 volte, 


or damper windings into the pole laces. Turbine* and water-wheel-driven 
alternators are much better adapted to parsUd operation than are alternators 
which are driven by reciprocating engines, because of their uniformity of 
torque. 

Increasing the Seld current of an alternator in parallel with others causes 
it to deliver a greater lagpng component of current. Since the character 
of the load determines the to^ current delivered fay the sj'stein the lagging 
components of current delivered by the other alternators must decrease and 
may oven become leading components. Likewise if the field of one alternator 
is weakened it delivers a greater leading component of current and the other 
machines deliver components of current which aro more lag^ng. These 
leading and lag&ng currents do not affect appreciably tho division of kilowatt 
load between the alternators. They do, however, cause unnecessary heating 
in the armatures of the alfemators. The fields of all alternators should 
be BO adjusted that the heating due to the quadrature components of currents 
is a minimum. "With two altemators having equal armature resistances this 
occurs when both deliver equal quadrature currents. 

Armature reactance between machines in parallel is desirable. If not too 
great it stabilizes their operation by producing the synchronizing action. 
Alternators with too little reactance are sensitive, and, if connected in parallel 
with slight phase displacement or inequality of voltage, considerable dis- 
turbance results. Armature reactance also reduces the current on short 
circuit. iVequently, external power-limiting reactances are connected in 
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then OT ■= o, and 0^ = r^/a^ Hence a conatrucUon for tho tangent and 
normal. Badius of curvature at? m B = r/sin* ®, wHere v » angle between 
OP and the tangent atP. Construction: AtTfdraw a perpendicular toPi'/, 
meetingPO in Q; at Q draw a perpendicular toPQ, meetingPiV in C; then C is 
tho center of curvature for the pointP. 


Tlie Logatithmic Spiral (Fig. 76), is a curve wWcb cuts the radii from 0 
at a constant angle e, whoso cotangent is m. Polar equation: r = ae'” 

Here a is the value of r when 5=0. For large negative values of 8, the curve 
winds around 0 as an asymptotic point. IfP? andP.?^ are the tangent and 
normal at P, tho lino TON bei ng perp endigutar to OP (not shown in fig.), 
then OiV = rm, and PN = rVl = r/sin o. Radius of curvature at 
P is PN. The evolute of tho spiral ie an equal spiral 
whose axis makes an angle — (logr in)/m witii tho 
axis of the given spiral. Area sweptoutby theradius 
r from r = 0 (where 5 = — ee.) to r = r, is A = 
i^/(4«i) e half the triangle OPT. Length of arc from 
0 toP » fi SB r/cos c = PT. 

The Tractrix, or Schiele's Anti-friction Curve Tractrix, 

(Fig. 77), is a curve such that tho portion Pf of the Fio. 77, 
tangent between the point of contact and tho z-axis is 



constant = a. 


Its equation is z « ± o 




parametric form, z ® ± a [£ - tanh t), y = o/cosh t. (For tables of hyper- 
bolic functions, see p. CO.) The z<axis ie an asymptote of t]\e curve, 
Length of arc BP » a log. (a/y). The evolute Oocus of centers of curvature) 
is the catenary whose lowest point is at B, and whoso direclrb: is 0*. 


The Cissoid (Fig. 78) is the locus of a point P such that OP, laid oil on a 
variable ray from 0, is equal to BD, the portion of tho ray lying between a 
fixed circle through 0 and a fixed tangent at the point A opposite 0. If a 
is the radius of the circle, the polar equation ie r = 2o Bin* 0 /cos 8. Rcc* 
tangulai equation, ^(2a - z) = 3^. 



The Lemniscate (Fig. 79) is tho locus of a point P the product of whose 
distances from two fixed points F, F' is constant, equal to a\ The distance 
PP' = ay/i. Polar equation is r =* a ^/ cos 2fl. Angle between OP and the 
normal at P is 25. The two branches of the curve crOM at right angles at 0^ 
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Maximum y oficurs when 6 » 30“ and r * a/y/T, and ia equal to M ay/2. 
Area of one loop «= aV2. , 

The Helix (Fig. 80) ia the curve of a screw thread on a cylinder of radius r. 
The curve croasee the elements of the cylinder at a con- 
stant angle, c. The pitch, A, is the distance between two 
coils of tho helix, measured along an dement of t he cylinder; 
hence h = 25rr tan s. Length of'one coil = V( 2 flT)’ +A* 

= 2jrT/cQa ». To construct tho projection of a helix on 
a plane containing the axis of the cylinder, draw a rectangle, 
breadth 2r and height A, to ropresont the plane, with a 
semicircle below it, as in tho figure, to represent tho base 
nf the cylinder. Divide A into equal parte (hero 8)( num- 
bered from I to 8; think of tho drcumfecenaa W also 
divided into 8 equal paila, repteacnled on tho Beinicircle 
by nurobera from 1' to 4' and back again from 4' to 8'. 

Then tho point of intersection of a horisontal line through 
1,2, . . . with a vertical line through I', 2', . . . will 
be a point of the requited projection. If the ^lipder is 
rolled out on a plane, the development of the helix will be a straight lind 
with slope equal to tan v. 



Fio. 80. 
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series to protect tie dtematow Wid eqtiipnKiat from injury tint Tvoald losult 
from the tremendous Bhort-rircuit currents. For these reaaonB, poor regula- 
tion ia large alternatora is frecpiently coMidered to be an advantage rather 
than a disadvantage, 

T:itAKS?OttMERB 

Transformer Theory. The timBformer is a device that transfers 
energy from one decUic rireuit to another without change of frequency and 
usually, but not always, tri& a change in voltage. Ths energy is transterred 
through the medium of a magneUc fieW. The energy is supplied to the tiaos- 
fotmei through the primary coil; the energy is ddivered by the transformer 
by means of the secondary co'tl. Both cwls link the same magnetic circuit. 
With no load on the seeondar)', a small current, called the exciting current, 
fiowB in the primary and pi^uoes the alternating flux. This flux links 
both primary and secondary and induces the same volts per turn ia each. 
With a Bine wave the emf 

£ a 4,44 volts (M) 

where is the maximurn instantaneous flux, n the turns on either winding, 
and / the frequency. Equation (90) may also bo written 

4.44 volts («) 

£n is the maximum instantaneous flux density in the iron and A tho net cross 
section of the iron. is practically fixed. In large transformera with 
4^n steel it varies between 60,000 and 75,000 lines per aq in, at 80 cycles, 
and between 75,000 and 90,D(X> lines per sq ia at 25 cycles. It Is desirable 
to operate the iron at as Ifigh density ae poseiblo in order to minimise the 
wei(^t of iron and copper. On the other hand, with too high densities the 
eddy-current and hystereria loeses become too great, and with low frequency 
the exciting current may become excessive. It followa from Eq. (90) that 

Bi/Bi « fli/nj (.92) 

where Ei and Et ate the primary and secondwy emfs and m and uj are 
tl#;iririmy’'JindjrRnf5nAs’:»'i[icnfl- Jin,n.rdi.nay' 

tianslormerB are small, the terminal voltages of primary and secondary aro 
also practically proportional to their number of turns. As the change in 
voltage in the ordinary constant-potential transformer over its range of 
operation is small (1.5 to 3 percent), the flux must remain substantially 
constant and the exciting current must temain eubstantially constant. 
Therefore, the added ampere-iurns produced by any secondary load must be 
balanced by opposite s«jd equal j»imary ampere-turns. Since the exciting 
current is small compared vrith ^ load current (1,6 to 8 percent) and the 
two are usually out of phase, the exdting current may ordinarily be ne^eoted. 
Hence, 

(91^; and Ii/Jfj e m/jii (94) 
where h and It are the primary and secondary currents. 

'When load is applied to the secondwy of a transformer, the secondary 
ampere-turna reduce the flux slightiy. This reduces the counter emf of tho 
prinjary, permitting more cuircat to enter and thus supply the increased 
power demanded by the Bectmdaiy. 

Both primary and secondary coiU mnat necessarily have resistance. Ail 
the 2ux produced by the primary does not h'nk the eecotidary; the hack 
ampere-turns of the secondruy produce some flux which does not Imk the 
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may, however, deliver iBeoliai>ical power uid Bfc the satne time take either 
leading or lagging eurrent. Ite cononoa applicattona ate drives ior motoi- 
geneiatdt Beta, ammonia oompresBOra in refrigeratuig plants, rubber mills, and 
ail compressors. The motor should not 1» used v^ro fluctuations oi torque 
are too violent. As i riiB. H Aonld not he Vi^ vn email zvm Ki bp) 

since it requires d-c excitation, is more difficult to start than induction, motors, 
and falls out of step quite readily whea system disfcurbancea occur. 

If situated near nn inductive load tho motor ms^r he cverexeited, and its 
leading current will neutralise entirely or in part the lagging quadrature cur- 
rent of the load. This reduces the l^R loss in the fcransmiffiioa lines and also 
increases the kilowatt ratings of the system apparatus. The syaoltionous 
condenser and motor can also bo used to control voltage and to atahllise 
power lines. If the condenser or motor is overexcited, its leading current 
flowing through the line leactanc® canaee a rise in voltage at the motor; if 
it is nudcrcxdted, the lagging current flowing throiigh the line tcactaoce 
causes a drop in’ voltage at the motor. Thus trithiu limits it becomes possihlo 
to control the voltage at the end of a traosenisMon line by regulating the 
fields of synchronous condensers or motors. I^ng 220-kY lines and the 287- 
kv Boulder Pam-Los Angeles line require several thousand kva in synchronous 
condenseiB floating at their load ends merely for voltage control. If tho load 
hocomes small, the voltage would rise to very high values if the synchronous 
condensers were nob undercxdtcd, thus maintaining nearly constant voltage. 

The synchronouB motor is started as an induction motor through the action 
of a starting or damper ending similar to the squirtcl-cogo rotor wbding of 
an induction motor. Copper or alloy bars are inserted in the laces ol the 
ealiout d-c field poles, and their ends are biased to copper segmental emd-rings 
bolted together to form a continuous ring. The process of starting a syn* ' 
cbionouB motor is simply one of aco<dcrating the motor to as high a speed as it 
will reach as an induction motor with ita damper winding end then applying 
field excitation in order to pull tho rotor into synchronism. Becauae of its 


Table 16, Perfonnance Bata for Oonpled-typo SynchTonona Motors 
(Woitingbouse I3i>clno 4 Mfg. Co.) 

TJmty power lactot, three phase, 60 cycle, 2,300 volts 


Hp i 

Poles 

Speed, 

tpm 

FuU- 

load, 

amp 

Kw 

EJRocncIea, percent 

Appear 
net wt, 
lb 

tion 

Hload 

jiwaj 

H load 

50 

100 

250 

500 

1,000 

4.0D0 

4 

8 

12 

18 

24 

48 

1,800 

W 

800 

400 

300 

150 

10.3 

20.4 

50.2 

09.3 
W 

781 

0.8 

1.5 

1.5 

5.0 

6.4 

25.0 

W.S 

68.5 

90.1 

32.9 
93,7 

94.9 

89.6 

91.0 

92.5 

33.5 

94.6 

95.6 

91.0 

92.1 
93.4 
94.3 
95.0 
95.9 

1.200 

2,400 

4,660 

7,150 

15.650 

54.500 



Q pweeut 

pcjwct iacW. ferec ^laae, 66 cycle, 2.600 volla 

50 

100 

250 

500 

1,000 

4 

8 

12 

18 

24 

46 

1800 

m 

m 

400 
. 300 

150 

13.2 

25.6 

83.6 
126 

246 

f.l 

2.0 

2.8 

7.2 

U.6 

48.D 

64.0 

87.0 

89.5 
92.4 
33.3 

94.6 

67.8 

1 89,5 

91.2 
93,4 

94.2 

93.3 

88.8 

90.6 
92,1 

93.6 

94.4 

95.5 

iSIfii 
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priinarj'.'* ,’TEe6e Wakage 'fluxes j^'iiw'rcacta'nee lii e'a'ck fading'.', 'Tho 
combined effdot' t>£ the resiataaoe and reactanc6|produce9‘ah’impddahce drop 
in each mndihg when ciutcdI flows. Thw impadanco drops produce a 
Blight drop in voltage 'rrith load. 

Transformer Testing. TratusfoimCT.rcsulatjon and losses are so small 
that it is far;inore accurate to .compute the regul^ipn ^d efficiency, than 
tOidefermincrthem by ;actuai' measurement. _ The.’n^ecessary measurements 
and computations .are oomparatively ample., and httle power is involved in 
making the testa.- .In.the open-circuit test,,tJie power input io, either end- 
ing is measured at ita rated voltage. , Usually it is more convenient to mate 
this test on the low-ypltagc 'mnding, particulmly if it is rated at 110, 220, ,or 
650 volts. -.The open-circuit porver.piactladly all goes to supply the core 
losses,, consisting ,pf eddy-current and hystereus losses. Let this value of 
power -bci^o. The-.eddy-ourrent loss varies as the square of the yo.ltage and 
frequency, the hyEtcrceja loea -varies aa the 1.6 power of the voltage, .and 
daectly as the frequency (see p. 1704) . In the short-ciicmt test one -wind- 
ing is short-circuited, and tho cutrent in the other is adjusted to near its rated 
value. " Tho voltage "Fe, the ctoeat Ii, and the power mput Pi are measured. 
When one winding of 'a transformer is Bhort-circuitod, tho voltage across the 
other winding is 3 to 4 percent of rated value when rated current flows. Since 
ft voltage range, of from 110 to 260 volts is beat adapted to measuring inatru- 
meats, that, 'winding whose rated voltage, multiplied by 0.03 or 0|,04, is closest 
to '.this, -voltage should be used for malang the short-circuit test, the 
other .winding being short-circuited. Practically all the power on .short 
pirouit gpea tp .w'pp.ly the copper loss of primary and secondary. If th& 
ffl'eaauremmtB are made on tho primary, 

■ ^ «Pf/ri* (96)) Zm » VJh (96)j In (97) 

where Sn, Zoi, and Xm are the equivalent fe^stance, impedance, and reactance 
referred to the primary. Also Ra » Rn(iu/ai)*; Zw » Zmfnj/ni)’; 
Xm » Xoifns/Tw),^ these quantities being tbe equivalent resistance, imped- 
ance,; and -reactance referred to the secondary. If the d-b resistances,' J5i 
and ijjj of'lhe primary and secondary are measured, 

Ri ='fJi -I- (ni/ii:)*Bj (98); * R -b (nj/m)*R (99) • 

The a-e or effective reMSlances arc usually 10 to 15 percent greater than 
these value's. 

. Ttegulafion. The regulation.may'be computed from the foregoing data 
as follows:; ^ ‘ 

, ' ' ■ , = V (Fi cos 6 -h JiRi)* + (Vi sin 6 ± JiZsi)* (100) 

- ' • ^gulation « 100(Fi' - (101) 

Fi = rated primary terraind rmltage; coa fl = load po-wer factor; h = rated 
primary current; = eqiuvalent’ resistance referred to primary; Xw = 
equivalent reactance referred to primary.. The (-t*) sign is used -with lagging 
current' and the (.-r) sign with leading curront. tuitions (100) 'and.(l01) 
•are equally applicable to.tbc seconduy if the subscripts are changed. 

Efficiency. -The 'only two losses in' a constant-potential transformer are 
the core loss in watts Po which is practically independent of load-and -Pethe 
ooppcVloss in watts which varies as tiieload current squared-.-'-The efficiency 
for any current'7i is '■ ' ' --' •' ■■ ■ 

T) Till cos'? /(7Xi COB fl TPtj + Ii-E«0 ' ' (102) 
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salient poles, the synchronous motor usually pulls into synchronism without , 
cl-e field excitation. , - i ‘ 

I As with the larger sizes of induction motors, synchronous motors aro usually 
started, at reduced voltage, aiWmpeusatot (Fig. 82) ordinarily being used. 
Sometimes the stator .winding is connected in Y at starting and in A when 
running. In order to minimize line ' disturbances, the field is ordinarily 
connected while reduced voltage is being applied to the stator, and the con- , 
nectioa to the running poaitioa is miide quickly go that the motor does not 
have opportunity to drop out of step. All starting functions may be auto- - 
matically performed by the operation of relays. 

,It is possible to design syn^tonous motors for any required values of 
starting and pull-in torque and, by ^lecial methods, meet the low-starting 
inmsh current limitations imposed by power compauies. 

Synchronous Conterter 

The aynchionoua convoiter is essentially a d-c generator with slip rings 
connected by taps to equidistant points in the armature winding. Hence 
alternating current may also bo taken from and delivered to the armature. 
The machine may be single-phase, in which case there are two slip rings and 
two slip-ring taps per pair of poles; it may be three-phase, in which case there 
are three dip rings and three slip-ring t^s per pmr of poles, etc. Converters 
are usually used to convert alternating to direct current, in which case they 
are said to be operating direct; they may equally weE convert direct to 
alternating current, in which case they are said to be operating inverted. 
A converter wEI operate satisfactorily as a d-c motor, a synchronous motcr, a 
d-c generator, an alternator, or it may deliver direct and alternating current 
simultaneously when it is called a double-current generator. 

The rating of a converter increases very rapidly with increase in ,the 
number of phases owing, in part, to better utilization of the armature copper 
and also because of more uniform distribution of armature heating. 


Table 17. Relative Outputs of Converter 


Power factor, 
percent 

Continuous- 

current 

generator 

1 fingle-pbMe 
f converter 

Three-phaae 

converter 

Pour-phasa 

converter 

Six-phase 

converter 

100 { 

I 100 

s; 

132 

161 

194 


im 

' 7« 

129 

Hi 

170 


100 

74 

109 

m 

143 


Because of the materialiy increased rating, converters are nearly all 
operated six-phase. The rating decreases rapidly with decrease in power 
factor, and hence the converter should operate near unity poiver factor (see 
Table 17). The diametiicai SrC voltage is the a-c voltage between two slip- 
rin^ t^s 180 plectrical degrees apart. "With u t>;ro-pQle dosed -winding, that 
is,' a’-mnding that doses on itself when the -winding is completed, the diametri- 
cal a-o voltage is the voltage between any two slip-ring taps diametricoEy 
opposite each other. 

'With a sine-voltage wave, the d-c voltage is the peak of the diametrical a-o 
voltage wave. ■ Tho voltage relations fot sine -waves are as foUo-ws: d-c volts, 
141; single-phase (-'diamdrical)', i00;.tliree-pha8e; 87; four-phase, diametrical, 
100; four-phase, adjacent taps, 71; ax*phase, diametiiod, 100; six-phase, adjar 
cent taps,' SO.- ' These relations are oht^ed from the sides of .polygon's 
ins'eribed in a cirde having a diameter of 100 volte, as shown in Fig. 64. ' ' 
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EtiTOticu Xid'^rapiTlicdS'^lly ^ tw’fe »(»ndSry;^’'&d''^686nptEr 'aro 
oora'jmd copper loseeb are 

^aaL i„\ -.’jl - - : l'; 

ill-day Efficiency. . Sfecc,.tmBtcmetfl cnirt.Mually.be’pn. the line 24 
ti per day, p® time^^e load may be very light, the all-day effi- 

ciency is impertant:: TKia i8-^U.loil«1»tal-eD;ergy'pt wntthour output 
divided by thd Wledergy or ^tthoar iapuffor the 24 hr: That is, 

-:: -'(Wr^W fc + ■ .; 

. cos ' * * + Cli*i2<ii)ti 4- * ■ • + 2lPo 

where h ia the time hou:^ that load Kifi cob fli is'being 'delivered, etc.. 

Polyphase ^ran9fbrrner''6oMec^ohii ^THrec^hase transformer feanka 
may be connected A-A, A-Y,' Y-Y, and' Y-A.' ' Tlio A-A connection is very 
co'nuu'onpar'ticuiaHy at 'thedoVerlvol^ea'ahd has the'importaht advan^ 
tage that the bank-will oparateuV'Conncctcd if one transforiher is -disabled; 
The A-Y.'con'iiebtion is ndvanta^a-for 'steppiiigJtip to' high^Volbages since 
the secondary of the^ transform^ heed’ bVwdund only fcr’fiS percent' (1 f'y/S) 
the line ybltage; it is also, necessaiy when, a four-^ra three-phase system 
is obtaineci'from a tb'ee-wiro .t^e^phaBe system since, ‘‘a, floating neutral,” 
on the teoondary cannot occui;.._Tbe Y-Y sy^m may be used for-stepping 
up ^voltage, It'-should 'hdt'-.bo u^'for 'blitoining -a three^pbaae fou'r-wre 
systemirom a.lhiee-phase toe-we system,. because of the -‘.floating meii* 
trail’ bn the setendary and: the resulting 'high d^ch 6{"|inbalsacO'.of the 
secondary ^oltages. The Y-A^^stera may be used to step down high voltages, 
the reverse of 'the A-Y conDeclio''n.l''lh;the A-Y and Y-A system's' the ratio of 
line voltages is obviously not that of^ho individual transformers-- Because of 
different phase displacement bet'^n primaries and secondaries, a A-A bank 
cannot.be connect^ ia parallel (on,;bptli, odee) with A-Y .bank, etc., even 
if they both have the correct vollagp .ratios, between lines (see p. 17i3). , 
Three-phase transformers, combine the magnetic circuits of t'hree tingle- 
phasB tranrfofithers.so th'at theyhavo’ parts In corh'monl ’-"'^material saving 
ih'bost, in 4?eigbtv'and in 'spacb-rMult^ 'Ibe 'greatest' sayine'occufring in the 
c^e and oil;'''Th0 advantages’ of ^htee-p'h>i8eteanBioifmbrS"'Bre -oftertout- 
'Jrrighedby't'heir laok'of 'fieability. "The'fwWeof a single phase sKute down 
the entire tTanHionner'; 'With three single units, one unit may bo readily 
replaced witV'a ting\e'.'^are. The primarice of Bmgl^)hBte_tranaEormers 
may be conubcted ihlY or A'at':_^ll and the Mcondariea properly phased. 
The piimariea,' aa well aa'thb sawwiaries <ff threeiphate tianefoTmers, must he 
phased. 

For the transformation of mo&rate M^nt8,u{ ppw from-thiee-phase to 
thtets-phasa, tWo transfdrittcre'emTdoyihg .mtlterthe'V- or the T-connection 
(Fig, 59) may-beused, '.The rating of tKeBesysteinB, are only 68 percent of 
the rating of the Byatem-uBtag.ihreo ainiilar transformers, 'one for each phase. 

To transform, from two- to three-phase or the teverse, the T-comrectioa 
(Fig. 60) is used. To make the eecondmy voltsees symmetrical a tap (called 
a Scott tap) is brought outmt 87;pcccfttit .(\/3/2) of the primary -winding 
of. the. auxiliary .tranaformec as Bhown.iu.Fi^ 60. , With.halancod no-load 
voltages the voltaWs becoteeisii^tly'hnh^c^ eveh'dhdW a gyniin'etrical 
load; omrig to .ungual piiaae '(Mcreh^'in'tiie indW'dual coils . : The tfeo'o- 
pKate neiitral O is one-third the‘ais4iu»'’al6Lfetlm '6\mliary tiarisforinW from 
the junction (see alw p'p. I7L3', '1714). ‘ ' '''■ ' ' '' ' ' ' ' " 
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S-phase^S^ 


' At unity power factor and 100 percent effioency, tiie ratio of alternating to 
fiiroct current is as'follows: 2 sBp rings, 1.41;_3 rings, 0.94; _4 slip Mgs, 
0.71; Sslip rings, 0.47. At effidencyij and power factor p.f., dmae by these 
quantities. T\Tenty4ve cycle converters Me^sUghtly more efBdent than 
60*oycle converters. ' ‘ i . . . • , 

The d-c voltage of converters may bo .controlled a limited amoant by 
varying 'the field excitation. Ilia,' howevw:,' changes the power factor 
simultaneously. Converters are compounded. ' In split-pole converters, the 
space distribution of the field inai^etism is altered by subdividing the field 
poles imo two or three Becrions. By varying the a'mpere-turns of the sections 
the wave form and ratio' of transform^on may be varied to a limited extent. 
With large units, the most satisfactory method is' to iiso an alternator of smaller 
rating and of the same number of'polcs"mounted on' the same shaft. This 
aJteriiator, called a booster, may boost or buck the wnverter voltage. Con- 
verters operate satisfactorily in paralld. When used to 
convert ^ternating to direct current, the machine must 
be in synchronism with the altematang supply. The 
convertor may be started from tho arC end in much the 
same ’manner that gynchrODOUS motors aro' started.' 

OocasionaJly the machine is brought to speed as a'd^ 
motor and synchronised. When oiferated inverte’d ^ 

(diroot current to alternating current) some ccnlrifug^ / 
or electrical device must be employed to prevent' the k 
converter from running away since a highly inductive \ 
load weakens the field through armature reaction and ' 
o&uses the speed to increase. , 

Cpnverters are cheaper, moro efficient, and occupy less 
floor space than motor generator sets. They’aremuch 64— EM? 

less flexible in the matter of voltage and power-factor 
control. Where they cannot operate near unity power . , - 
factor and where otherwise transformers are not neces- ,■ ^ ‘ ' 

sary, their advantage over o motor-generator set is doubtful. ' 
Industrial synchronous converters have effidencies at one-half (full) load 
from 90 to 92.5 (92,4 to 94.3) percent,- the larger eizes.’iaying.tho.bigbsr 
efficiencies. Synchronous booster effidencies at- one-half- (full) load .vary 
similarly from 91.3 to 93 (93.8 to 94.4) percent (see also llg. 67), 

For tho conversion of alt6rnsting-to’''direct current St 600 volts (d-c) and 
higher, mercury-arc metal-tank rectifiers, rather than- motor-generator sets 
and synchronous converters, are being used knew installations (80o p. J.753). 



Bating of Dectrlcal Apparatus , .. . , 

Tie rating of electrical apparstes la almwt .d^ermined; by thQ;ina5imura 
temperature at which the materials in the maoliine, eapccislly those employed for insula- 
tion, may be operated for long periods without detworaiioni^ It is permissible, as far as 
temperature is concerned, to overioad the ai)^iiiftW,eo''looc'ft3'the safe temperature is 
not wceeded. The A.I.B.E. Standards, No. '5,;JulyJ 1926.‘cl8^ify insulating materi- 
als.in tkes general classes; Class 0-^toii;8ihc,paphr,Wd similar organic materials 
when neither impregnated nor .immersed -in dli.Ctass'A— oottoni-silk, paper, and 
similar organic, materials when so treated -w impr^Dated as -to increase .the thermal 
liout, or -whon permanently immersed in ml, a^ ^ enameled wire; CIms B— inorganic 
m^erials 'such as mica and asbes'tra in ftkh'omhiaed with binding substaneps. 

The limiting temperature rises' are’ 'as foUows;: Oiss' O-l-np agrement re'ached but 
Eisiiraum temperatures 'should not bceed lOd’a ’ aass A— (1) armature 'Windings, 
■mre field windings and all windlcgs okertbaii {S);S5C; (2)’sraglB.]8yer field' windings 
with exposed uninsulated surfaces and bare coppw windings, 65 C; (3) cores and moohan- 
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An autotransforznsr, also called compensator or balancing coil, 
coaaists essentially of a ongle «ril linkinB a magnetic circuit. Part of the 
energy is transformed, and tJie temainder flows through oonduotively. Snit« 
able taps are provided so that, if the piimaiy voltage is applied to two of tie 



V-cQnnertioo. T-cwmection. 

Fig. 59. — Transformer ConnedaoDS for TrMsfonning Moderato Araounta of 
Three-phase Power, 


taps, a voltage may bo taien from any other two taps. The ratio of voltages 
is equal practically to tic ratio of the tuma between their taps. An nuto- 
transformer should he inatailed only when the ratio of transformation is not 
large. The ratio of power transformed to total power is I *- n, where n is the 
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Pia. eO.—Coanectioos for Transforming from Three-phaee to Two- and 
Four-phase. 

ratio of low-voltage to high-voltage emf. This gives the saving over the ordi- 
nary transformer and Is greatest when the ratio is not far from unity. Figure 
61 (a) shows 100 kw bemg changed from 8,300 to 2,300 volts; 30.3 kw only are 
being actually traneformed, and the Temainder of the pcrocT flows through 
4XSamfl-^ 
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conductiyely. Figure 61(6). diows how an ordinary 10:1, 10-kw lighting 
transiormer may he connected to hoost 110 kw 10 percent in voltage. In 
Fig. 61(5), however, the 2311-volt secondary must be insulated for 2,300 Volts 
to the core and ground. The voltage likewise be reduced by reversing 
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ical parts in contact with or adjacent to iasnlation, 55 C; (4) commutators and collector 
lings, 65 C. Class B— all temperaturw 20 C luglier than Class A. The temperature 
measurements are determined with a timmometer. Ordinarily an ambient temperature 
of 40 C is used. 

Efflciency of Electrical Apparatus 
The losses in electriod apparatas are iron leases, copper or PR losses, and, 
where there are revolving parts, friction losses. In constant-speed machinery 
or machinery operating under constant voltage as is generally the case, the 
iron losses are nearly constant regardless of load. The copper losses are 
proportional to the square of the load enrrent. To determine the efficiency 
of electrical apparatus the output and input are sometimes measured. This 
is frequently impracticable, tmd the method is open to the objection that it is 
difficult to measure mechanical input or output accurately. A more accurate 
and satisfactory method is to measure the electrical input or output, depend- 
ing on whether the machine is motor or generator, and calcuiate the losses. 

In a motor or generator, the constant losses are bearing and brush friction, 
windage, armature hysteresis and eddy-current losses (called stray power), 
and the field copper losses. The stray power may be determined very closely 
by running the machine light, whether motor or generator, at the same 
induced emf and speed as imdcrlood conditions and measuring the armature 
input. From the measured resistance of the armature (including brushes and 
brush-contact resistance) the armature leases may be calculated for any 
assumed output or input. If the machine is a motor, the output is 

(Input - losses) « V/ - - VI f - S, (109) 

where 7 is the terminal voltage, 7 the line current, 7 / the shunt-field current, 
and Bp the stray power. Since 7 includes the field current 7/, 

Output = VU - - Sp (110) 

With a generator. 

Input * (output + losees) « 77 -b lo^Ra + 77/ + Sp (111) 
The efficiency ■ (input - losses) /input =output/(output + losses) may 
be calculated from Eqs. (109), (110), and (111). Since shunt motors are 
frequently used to drive pumps, compressors, and similar apparatus, Eq. 
(110) is very useful in determining their outputs (see pp. 1724 and 1727 for the 
efficiencies of generators and motors). 

Industrial Applications of Motors 
Altotns.'Uns ot Direct Current. Tha induntinn motor, pactlcnUrly 
the squirrel-cage type, is preferable to the d-c motor for constant-speed work, 
for the initial cost is less and the absence of a commutator reduces main- 
tenance. Also there is less fire hazard in many industries, such as saw mills, 
testUe mills, and powder nulls. The use of the induction motor in such places 
as cement mills is advantageous since with d-c motors the grit makes the 
maintenance of commutators difficult. 

For varlablo-spced work like cranes, hoists, elevators, and for adjustable 
speeds, the d-c motor characteristics are superior to induction-motor char- 
acteristics. Even then, it may be desirable to use induction motors since 
their less desirable characteristics are more than balanced by their simplicity 
and the fact that a-o power is available. Direct-current power is supplied at 
116 and 230 volts, 230 volts being preferable because of the saving in copper. 
In certain railway shops where 550 volts is available, 650 volt motors may be 
used, but their use, particularly in small azes, is undesirable because of com- 
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the 230-voIt coil. An antotransformer diould never be usea when it is 
desired to fceep dangerous primary poteotiab horn the eecondap'. It is used 
for starting induction motors (Rg. 62) &nd for a numbor of similar purposes, 

Data on Transformers.’ Single-phsae 65-deg self^cooled oil-insulated 
transformers for 2,300 volt primaries, 230— 115-ToIt secondaries, and in sizoE 
from 6 to 200 bva, {or 60(25) cy:^ have effiacndaf Icom oo&-haU to JvU 
of about 98 (97-98.7) percent and r^ulatioa of 1.5 (1.1'to 2.1) percent with 
p.f. = 1, and 3.5 (2.7 to 4.1) percent with p.f. =» 0.8. Power transformers 
with 13,200-volt primaries and 2,300-volt secondaries in sijcs from 667 to 5,000 
tvs and ior both 60 and 25 cycles have effidendes from ono-ialf to full load 
of about 99.0 percent and regulation of about 1.0 (4.2) percent with p.f. « 
1(0.8). 

Altemating'cumnt Motors 

Polyphase Induction Motor. The polyphase -induction motor is the 
moat common tj^e of motor used. It ordinarily consisM of a stator which 
is wound in the same laatiner as an alternator stator. 1/ two-phase current is 
supplied to a two-phase winding or threo-phaso current to a three-phase wind- 
ing, a rotating magnetic field is produced in tfieair gap. The number of poles 
which this field has is the same as tlio number of poles that an alternator 
employing the same stator winding 'would have. Tbo speed of the rotating 
field, or the synehronom speed, 

Ar-I20//Prpra ■ (104) 

where/ is the frequency and P the number of poles. 

There are two general types of rotors. The squirrel-cage type consists 
of heavy copper burs short-circuited by end ruigs, or the bars and end rings 
may be an integral aluminum casting. The wound rotor has a polyphase 
winding of the same number of poles as the stator, and the teminols are 
brought out to slip rings so that external resistance may be introduced. 
The rotor conductors must be cut by the rotating field, hence the rotor cannot 
run at synchroaous speed but must slip. Tho sKp, a « (i/ - ATj)/// (105) 
where Nt - the rotor rpm. Tho rotor frequency 

{m) 

The torque is proportional to the air-gap flux and the components of rotor 
current in space-phase with it. The rotor currents tend to lag the emfa 
producing them, because of the rotor-leakage leactiuico. From Eq. (106) 
the rotor frequency is low when the motor is running near synchronous speed, 
and hence there is a large component of rotor current in space-phase with 
the flirs. TOth large values of slip the increased rotor frequency increases 
the lag of the rotor currents behind their emfs, and henco considerable 
space-phase difference between these currents and the flux develops. There- 
fore, even with large values of ffurrent the torque may fee small. The torque 
of the induction motor increases with dip un^ it reach^ a maximum value 
called the breakdown torque, after wMcb the torque decreases (see Fig. 6S). 
The breakdown, torque varies as the sqowe of the voltage, inversely as 
the stator impedance and rotor reactance, and is independent of lie rotor 
resistance. 

The squirrel-cage motor develops but Kttlc torque on starting (s » 1.0) 
even though the current may be three to seven timea rated current. For any 
value of slip the torque of the induction motor ywies as the square of the 
voltage. The torque of the squirrel-cage motor bn starting is inherently low 
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mutator difficulties. Alternating curreait is almost always 60 cycles, threc- 
pliase, and 220, 440, and 550 volts we all used for smaller motors. For 
larger motors, 1,150, 2,300, and even 6,600 volts may bo used. Whore both 
lights and motors are to be supplied from the same a-c system, tie 208-120 
volt four-wire three-pliaae system is now in common use. This gives 208 
volts 3-phase for the motors, and 120 volts to ncutrjd for the lights. 

Electric Drives 

Cranes and Hoists. The d-c series motor is best adapted to cranes and hoists. 
When the load is heavj’ the motor alow* down automaUcaliy and develops increased 
torque thus reducing the peaks on the electrical fijisfem. With light loads, tlie speed 
increases rapidly, thus pving a lively crane. Hie series motor is also well sdapted to 
moving the bridge itself and also the trolley along the bridge. Where alternating cur- 
rent only is available and it is set ectmomical to convert it, the clip-ring type of inducrian 
motor, with external-resistance speed control, is the best typo of a< motor. Squirrel- 
cage motors with high-resistance cad rings to improvo the starting torque are used occa- 
sionally (also see Dgner system, p. 2730), 

Woodworking Tdachicery. Circular s&ws ate ustully driven by a belted aquirrel- 
cags induction motor running at 1,140 and 1,720 rpm, the speeds of the saws being 
much greater than those of the motors. Band saws have considcrnble dywhccl effect 
and reqiure motors having high starting torque. Slip-ring motors may be used, but 
squirrel-cage motors having 7 to 8 percent slip are desirable. An added advantage is 
the fact that with heavy load, the motor slowa down, thus vtilitiog the fiywheel energy 
of the saw, Planers may be driven at high speed by brited squin-el-cage induction 
motors. In modern practice the motor is an integral pact of the Tnacbiae, uring dircot 
drive. SicoB speeds of 6,D!XI to 10,000 rpm ore necessary and at 50 cycles the jnaxisium 
speed obtainable is 3,500 rpm, the two-pole motors are supplied at higher frequencies 
by frequency changers. This is economical only mth a nuoibec of planers. 

Sumps. Singl^ectiag reeiprecatiug pumps should be driven with compound 
motors and dnpleg and triples pumps with shunt motors, if direct current is used. 
Sguirrel-^age and slip-ring motom are satisfactory with a-e eupph’. To reduce starting 
torque a by-pass In the pump U frequently opened until the motor comes up to speed. 
Constant head requires oonetant torque, and variable capacity under these conditions 
necessitates variabio speed. For eSdent operation, field control should be used with 
d-c motors and pole changing with induction motors. 

Centrifugal pumps may be driven by sbunt, compound, squirrel-cage, end elip-ring 
motors. Since such pumps reqmre very email etarting torque, general-purposesquirrel- 
cage motors ma!« an ideal drive. 

Compressors may be driven with shunt, squirrel-cago, slip-ring, and Bynchronoue 
■nnfiuin. Tl'rfii 'np and greatta, iurcdi. connecuon is preloraD’ie. Iftany typo ol 
compressora require flywheel effect, particularly with aynebronoua-motor drive. Syn- 
chronous motors arc being widely uecd for-compressoi drive becaueo of their desirahle 
power-factor characteristics. High-torqud synchronous motow have been developed 
which can replace most induction motore of ^ hp and greater. 

Kectifiers 

Direct current is frequently ncoesaaryior such purposes as electric railways, 
ciectrolytic work, and charging batteries, when oi^ alternating current is 
available. "With large amounts of power .either induction or eynchronous 
motor-generator-Bets or synchronous ’ converters and also mercury-arc 
rectifiers may bo. used for converting the power. For. small amounts of 
power, rectifiers are, as a rule, less expemsive and more, efficient. : 

"With a Biagle lectiSer unit iRg. 66(a)} UiBn^attve .ball-wave is eliminated 
entirely, and, with a -Boninductive.lo^. current flows only on alternate 
ialt-cycleB jFig. 65(h)), This is called- haJf-wave rectification. With two 
rectifier units and a center-tap' connection o in the secondary of the tran^ ' 
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but.is, Btill further reduced in tiie Mtors because of-.tbo necoasity.for 
applying reduced ybltage. ^ i,. • , ,, .,.'i ; 

Polyphase aquirrel-cage motors are'uaod for conataEt7speed^,'wbrk. 
They are being used, more commonly, oiTaccount of their rugged construe, tion 
and the absence 'of 'mdvmg'electrical’oontdctB ■which makes them siiltablefor 
bperalidu •wheh' 'expb8ed"to' inflwnmaHe' dust or gas.' General-ptirpose 
squirfel-cagb liiotbra have Btarirng'-torqucB of about 1.6 times full loa'd torciue 
'at' rated vo'llage.'',,'The hi^cst'tprqhes oedir at tlie higher' rated', 'speeds. 
'The, locked' rotor 'cuitcnts 'Vary between four 'and seyen times duU-load 
current. Special 'mbtbra with bigh-rbastance rotors are built- up 'to api^roxi; 
raatclydO'hp usually for infermittent duty on elevatorsl'punch pres'ses; ariil 
similar applications.' Thefee ^erally ^ve'tKe maximum torquo at'starting 
and operate at approximatdy 15 to 20 percent below synchronous 'speed 
at full load. They ©ve -rairid- acceleration, and their starting current is 
relatively, low. Up, to 7.5 hp, the squirrel-cage motor may usually. he con- 
nected directly acrbss'ihe line. If the motor.is prbtect6,d from overload by 
fuses, a double-throWiBWitch should be used so that the large starting current 
does not , Sow |n;tbo fBBts. In , . pishBi^ha ' ' o ; 

modern practice, niot(^ are — . - . 

protected by temperature over- 
load ,, relays' which, 'oporatq 
'thermally to trip the circuit 
breaker. Since a time element 
is involved in the operation of 
such relays, they do not respond 
to iargo starting currents, be- 
cause of their short duration. 

By some modifications in con- 
ventional design, motors as large 
as 200 hp can be connected . 
directly across the fine without 
the current exceeding 3.5 times 
rated current. A double- 
sqturrel-cage motor is an ex- 
ample. In this type of motor 
there is a high-resistance ■wind- 
ing in the top of the rotor slots 
and a Jo-w-reastauce tidoding in 
the bottom of the slots. The F,<}. 62.— Connections of General Electric 
low-resistance -winding is made Compensator. 

,to have a high leakage react- 
ance, either by separating the -wimhngs -with a magnetic bridge or by malnrig 
the slot very narrow in the area between the fc-wo -windings. On starting, 

, because of the high reactance of tho low-resistance -winding, most of the rotor 
current will flow in the high-reastanoe-mnding, giving the motor a large atart- 
ingtorque. AstherptorapproachestholowvalueofelipatwhiohitnormaOy 
'operates, the rotor frequency and hence .the rotor roactanco become low 
mos^ ,of the rotor current flows in Ijhc low-resistance winding. Hence the 
motor operates with a loV' value of ^p. It 'thus has the excoUeht operating 
characteristics of the singli^uirrd-^ge motor and at the same time has a 
large starting torqae. .i , . , 

, . In'.ordcri.to reduce tho line'earrantiiitlielarger ratings a polyphase auto- 
transformer. or '.compWsator^is '.used', ’,'^g. 62). On Btarting,:the three’ 
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formor [Fig. 66((i)], current can flow to tio positive terminal of the load 
tlirough unit 1 when terminal a is poaitava and, likewise, through unit 2 
to the positive terminal of the load when terminal ii is positive. This gives 
full-wave rectification [Pig. 66(6)]. If a smoothing inductance is connected 
in aeries with the load, the current is prevented from going to zero by the 
inertia effect of the indne- 
tance, and the pulsations in C uirenf 

the rectified wave become - f -- ■ * i AAA 

small ripples [Fig. 66(c)l.- A-Cvo/fs /\ /\ /\ 

Full-wave rectification ; I j \ \ I I 

without a center tap may be -t— J — I — 1 — 1 — I — 

obtained by means of the (<>) &’ngle recHfier (b) Half-wove rectification 
bridge circuit (Fig. 67). 65, — Sii^o Uectifier Unit and H^-wave 

Four rcctifjdng units are con- Rectification, 

neoted to form four bridge 

arms oh, ac, bd, and cd as shown. When Unfid'ais positive, the current path 
is fl, 6; load, c, d. Whenlinod'dispoativo, the current path is d, 6; load, c, a. 
Current thus always enters the load at the poative terminal. The same full 
wave as shown in Eg. 66(6) will thus be obtained, and smoothing inductmee 
maybe used to reduce the cunent pulsations as in Fig. C6(c). 


SmoofhifTgt ,,, 
int/u^nce • 


( 1 ) ( 2 ) 

(WFolhwove rectification 


COCnter-toprotiftr fe,Eff,drfamiithi»3M.d.nce 
Fio. 66. — ^Two Rectifier Units and Center-tap Connection. 

The mercury-arc rectifler depends on the rectifying action of mercury 
vapor for its operation. Figure 68 shows a typical single-phase rectifier. 
The glass tube is exhausted to a vacuum of 0.001 to 0.0005 mm. The iron 
cathode C is in contact with a pool of raorcury. The anodes Ai and At are 
graphite. Current enters anodes Ai and At during altranate 
half-cycles, flows to the cathode Mid out to the load. Indue- i 
tance in series with the load is necessary to prolong the cur- 
rent flow beyond the balf-^^cle of voltage and thus maintain jbf ^oorfl ^c 
the arc. Tho rectifying sctionisduotothefact that theoro | \ ^ 
maintains the cathode hot spot in the pool of mercury, ^( 4 _ 

making it a source of high electron eousMon. The electrons pjg 67 

arc attracted to each anode as it becomes positive and Bridge Cir- 
result 'in cuivent flow from anode to cathode during this Puji. ' 

time. The direction of current flow is opposite to the direo Rectifi- 

tioh of flow of the electrons. A stertiiig anode As in series cation ' 
with resistance S is necessary to start-fte arc. Figure 69 * ' . ' 

shows a'threophase rectifi^ bdng siippUed by three secondaries of a three- 
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coils are connected in Y across the fine, and the motor is connected across tbe 
taps Tphici reduce voltage at tiie motor terminals. A double-throw switch 
is so arranged that the motor, after 'it has been started, can he connected 
across the full line potential and the autotransformer disconnected from 
circuit. The double-throw switch, whidi is equipped with sliding, self- 
wiping contacts, is immersed in oil. Means are provided for preventing the 
switch being thrown to the running position without first being thrown to 
the starting position. The taps are generally brought out from the windings 
BO as to give voltages of apprommatcly 40, 68, 70, and 80 percent of lino 
voltage. To limit the current to ns bw a value as possible, the lowest taps 
that will give the motor sufficient voltage to supply the required starting 
torque should be used. As the torque of an induction motor varies as the 
square of the voltage, the compensator produces a very low starting torque. 

Besistances in series with the stator may also be used to start squirrei- 
cage motors. They are inserted in each phaso and are gradually cut out as 


the motor comes up to speed. The resistors 
are generally made of wire-tsrpe resistance units 
or of graphite disks inclosed within heat-resist- 
ing porcelain-lined iron tvibes. The disadvan- 
tage of resistors is that if the motor is started 
slowly the resistor becomes very hot and may 
burn out. Resistor starters are less expensive 
than autotransformers. Their application is to 
motors that start with light loads at infrequent 
intervals. 

By introducing resistance into the rotor 
circuit through slip rings, the rotor cnircnta 
may be'brought nearly into phase with the air- 
gap fiux and, at the same time, any value of 
torque up to maximum torque obtained. As 
the rotor develops speed, resistance may be cut 
out until there is no external resistance in the 
rotor circuit. The speed may also bo controlled 
by inserting resistance in the rotor circuit. 
However, like tho armature-resistance method 



Fio. 63.— Speed-torque 
Curve of 10-hp, CO-cycle, 
1140-rpm Induction Motor. 
Curves (o), (6), (c)— Squir- 
rel-cage Characteristics; 
Curve (d) Resistance in 
Wound-rotor Motor. 


of speed control with shunt motois (see p. 1729), jt is inefficient and gives poor 
speed regulation. Figure 63 shows graphicaUy the effect on the torque of 
introducing resistance into the rotor circuit. The wound-rotor motor is used 
where large starting torque is necessary as in railway work, hoists, and cranes. 
It has better starting characteristics than the squirrel-cage motor, but, because 
of the necessarily higher resistance of the rotor, it has greater slip even with 
the rotor resistance all cut out. Obviously, the wound rotor, controller, and 
external resistance make it more expensive than the squirrel-cage type. 

One disadvantage of induction motors is that they take lagging current 
and the power factor at half load and less is low. The speed-load and 
torque-load characteristics of induction motors are almost identical with those 
of the shunt motor. The speed decreases slightly to full load, the slip being 
from 10 percent in small motors to 2 percent in very largo motors. The 
torque is almost proportional to the load nearly up to the breakdown torque. 
The power factor is 0.8 to 0.9 at full load. The direction of rotation of any 
three-phase motor may bo reversed by interchanging any two stator wires. 

^ Speed Oomrol of Induction Motors. ' The Indnclion motor inherently 
>» « oonatanl-Bpeed motor. IWm Eqs. (104) and (106) the rotor speed 
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Transformer 
secone/an'es , 


phase transformer system! ' CuEront,'eiiteinl.&6' tiifce'at any of the toee 

graphite electrodci A, and leav^al; tie cathode C. 

; Multiphase rectifiers require no jndaotoce to sustain the ( 

arc,. although a smoothing inductance^ (Big. 69), is iisualiy 
connectcdin, the load circuittbeliminate the current ripples. 

Single-phase glass-tube units are availaWe up to 50 .amp 
at 110 volts. The voltage drop across iJie'arc is neorly 
' constant'at approximately 25 Trolts/in^spectivc of current, 

50 that the efficiency of mercury ^cs increases 'witli voltage. 

Mercury-arc rectifiers with metal tanks for supply- 
ing large amounta of power have been developed.' Tlicse 
usually operate six-phase. They are built in' units of 300 _ 

kw at 250 volts up to 3,000 kw at 600 volts and to ‘4, 000 kw 
at 3,000 volts and have been used snccessfully 'for street- ' 
railway and other d-c power supply. ' At 600 volts and ' TranspmrSKtudi^ 
over, they compare very favorably with the synchronous Fjs.' fis. — Sin- 

converter (see Fig. 70). , . gle-phase , Mer- 

For 600 volts and higher the ^o'des, tisuidly 6; 12, or 18 cury-aro Recti- 
in number, are mounted within a sin^e tank and s single 
mercury pool constitutes the common cathode. The volt- , , 

age drop from anode to cathode is from 20 to 25 
volts and does not vary with the current but 
remains nearly constant. Henco the efficiency 
increases with increase in voltage. At 250 
volts the stated values of voltage drop would 
give an efficiency in the neighborhood' of 00 
percent. To decrease the voltage drop the 
ignition is used for the lower voltages. Each 
anode end its cathode are mounted within a 
single steel tank; the caihodo 'is not usually 
insulated from the tank. The single tank 
permits much closer spacing of anode and 
cathode and reduces the voltage drop. The Fig. 69. — Threo-phaso 
arc is ignited each half-cyclo by a high-resist- Mercury-arc Rectifier, 
anco rod which dips into tbo mercury pool, the , 
rod being enerpzed at the proper instant Its 
• action is not unlike that of a spark plug. 

Figure 70 shows the over-all efficiencies of . 
metal-tank rectifiers, a synchronous' converter, ' "I 
and a synchronous' motor-generator set. All ^ 
units have the same power rating of 3,000 kw; ^ 
the losses in the transformers and' auxiliary c 
equipment arc included. 

The Tungar rectifier consists of a glass bulb ® 
filled "with inert argon gas at low pressure, a 
t;mgsten filament which can be heated and used , 
as a cathode, and an additional graphite electrode Am^ere^ Per Ceni 

which is the anode , (Fig. 71).' This rectifier Fig. 70.— Gomparati'vo 
' operates oii the principle of electron emission'and Efficiencies of Converting 
'ionization by 'collision. When the anode is posi- Machinery, 
tive with respect to the fil/tTn e n t, 
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' eriiitted by the hot filament are attracted to'the anode and ionize, by collision, 
the molecules of the 'gas. The negative ions go to the anode and the positive 
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= 120/(1 -6)/?': .(107) 

Tlie speed can, be changed only by changing the frequency, poles, or slip. 
In some applications whare tiie motors constitute the only load on the 
alternators, as with electric propulsion of ships, their speed may be changed 
by changing the frequency. Even then the range is limited, for both turbines 
and aiternators must operate near their rated speeds for good efficiency. 
By employing two distinct windings or by reconnecting a single winding by 
switching it is possible' to chmi'ge the number of poles. Complications prevent 
more than two speeds bedug readily obtained in this manner. Elevator 
motorsfrequentlyhavetwodistinctwinihngs, andintheU. S. S. “Tennessee" 
the motors also liave two windii^, one wound for 24 and the other for 36 
poles. In the U. S. S. ''New Mexico" the windings are reconnected for 24 
and '36 poles by switching. Anofier objection to changing the number 
cf poles is the fact that the design is a compromise, and sacrifices of desirable 
characteristics usually are necessary at both speeds. 

Table 15. Indnctton Ifiotor Data 
(WesUnghoiisc Electric & Mfg. Co.) 

Three phase, 220 volt, 60 cycle, 1.750 rpm 



Weight, 
lb j 


- Power factor, percent 1 

Efficiency, percent 

power 


H load j Ji load j ii load 

H had 


i load 


SQOJnRBl/KTAOF TrPB 
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ioas to tte filament, current flow iliua being from anode to filament. During 
the next half-cycle when the filament is positive with respect to the anode, the 
electrons are attracted into the filament, ionization ceases, and no current 
flows. Such rectifiers have a maximtim rating of 75 volts and 6 amp, and 
the efficiency is 70 percent approximately. They are used extensively for 
charging storage batteries. 

Electrolytic rectifiers consist of an aluminum plate and a lead plate 
Immersed in ammonium pho^hate or sodium borate solution. Current 
can pass from the lead plate, but not from the aluminum to the solution. 
By using an aluminum plate on eadi dde of the 
lead and connecting the load between the lead 
plate and the center of the transformer winding, 
full-wave rectification is obtmned. 

The copper oxide or Rectox rectifier oper- 
ates on the principle that a layer of cuprous 
oxide on the surface of copper permits the 
passage of electrons from the copper to the oxide 
but prevents their passage in the opposite direc- 
tion. The conventional direction of current flow 
is opposite that of the electrons. In the com- Fig. 71,— Connections for 
mercial rectifier, the units consist of washers IH Tungsr Eectifior. 
to IH in. diam, mounted on an insulating rod. A 
soft metal washer is placed between copper 
washers to produce a more uniform pressure on the 
oxide. The oonnections are shown in Fig. 72, the 
"bridge circuit" (Fig. 67) beingused since it gives 
full-wave rectification. This type of rectifier is 
adapted only to small power and optimum con- 
ditions; the efficiency is 70 to 75 percent. Since 
it is inexpensive and requires negligible main- Fio. 72.— Copper-oxide 
tenanco, it is the most widely used rectifier for Rectifier with Bridge Cir- 
small amounts of power. cult. 

Switchboards 

' Switchboards may, in general, be divided into two classes: direct-control 
and remote-control boards. With direct-control boards the switches, 
bus bars, meters, and other apparatus are mounted on or near the hoard; 
with remote-control boards, all bus bars, ewitehes, and similar equipment are 
located some distance from the board, usually in separate compartments or 
rooms, and only the control-drcuit apparatus is on the board. For low- 
voltage circuits up to and induding 750 volts, direct-control panels ore 
generally used. For circuits of 1,100 volts and over, no live switch parts or 
apparatus should appear on the face of the board and all switches should he 
of the remote-control type. Most switichboard panels are now standard- 
ized as to size and thickness. Standard switchboards for control stations 
are usually 90 in. high, and each panel consists of two or three slabs. Tie 
lengths of the General Electric Co. standard slabs for a two-piece panel are 
62 and 28 in., respectively, for upper and lower slabs, and the correspond- 
ing dimensions for Westinghouse slabs are 65 and 25 in. Marble is still 
used for switchboard panels, but its uso is becoming less common. Slate, 
which is less expensive than marble, is used extensively and may be made 
moisture- and oil-proof by black enamelmg or by finishing in black marine, 
Rolled sheet metal and ebony asbestos board are used considerably. 


LJ&JSaJ 
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The change of slip' by iatrodatang reristaace into the rotor circuit has been 
diBcussed under the •wound-rotor motor (eea p. 174S)- -It is possible to 
introduce counter emfs into.thc rotor circuit at sKp frefluency, by means of 
special commutator machines.. The power, which in resistance control is 
(issipated as heat, is converted into mechoniesl power and a portion returned ■ 
to the line. This method of conteol is Only inracticablo in very large units 
and its applications are limited. In the concatenation method of speed 
control the rotors of tivo ivound-rotor motors are mechanically coupled 
together. The stator of the second motor is supplied with power from the 
rotor slip rings of the first motor. If both motors have the same number of 
poles and equal number of turns in both stator and rotor, the set will operate 
efficiently at a little less than half ^nohrououa speed. Because of its com- 
plications this method is little used in this country. 

Induction Generator. II an indnetaon motor, while ccmnected to a 
source of power, is driven above synchronous speed, it becomes an induction, 
or asynchronous, generator and returns electrical enfir 0 ’ to the line without 
any change in connections. "RTicn driven above synchronous speed, the 
rotor conductors cut the rotating field in a direction opposite to that when 
operating as a motor, and henee the mechanical power applied to the shaft' is 
converted into electrical power. The load increasce with the negative slip; 
tlus periaitB induction generators to be driven by prime movers ■without 
governor control. On short-circuit, the induction generotor has the desirable 
oharacteristio of not delivering any power. It must always be used in 
parallel •mth some synchronous apparatus. Since it must take lagging 
current from the line for its own excitation, sad in addition cannot deliver 
any lagging current to the system, the induction generator is little used 
for power supply. Induction motors are frequently used in railway •work, 
especi^y in mountain systems where it is advantageous on the do'wn-gradcs 
to permit the motors -to operate as induction generators, thus acting as 
brakes and in addition returning energy to the line. 

Single-phase Induction Motor. If one phase of a three-phase motor is 
opened while the motor is running, it will continue .to operate, but with a 
rating of only about 60 percent of jta three-phase rating. Likewise, if 
one phase' of a two-phsse motor is similarly opened, the motor will continue 
to operate at one-half its two-phase rating. • In boto cases the motor con- 
tinues to operate single phase. It -will not, however, start single .phase. 
The single-phase motor runs in the direction in which it is started. There are 
several methods of starting single-pbase.induetioa motors. Short-circuited 
turns, or ‘'shading coils," may be placed rwound tho pole tips which retard 
the time phase of the flux in the polo tip, and thus a wtok torque in the direc- 
tion of rotation is produced. A hi^reristanco starting rvinding placed to 
produce polos between the main, poles provide a'rotatiag field which is weak 
hut is sufficient to start the motim. Thisia called the "split-phase" method. 
In order to minimiza overheating this winding is ordinarily cut out by a con- 
■trifugal device when tho armature readies spoed. In the larger motors a 
repulaion-motor stort is used. The rotor is ■round like 'an .ordinary d-c 
armature with s commutator, b'nt’ivith short^circuitod brushes pressing on it 
axially.rather than radially. The motor starts aa arepulsion motor, develop- 
mg high ■torque. When it nears its synduonoua speed,' a centrifugal device 
pushes tho brushes away from the ponumitator, and'at the same time causes 
tile segments to be, shor^clroultod,, thus' convcrting the motor into nsingls- 
phaae intoction motor, ,, , . ' ' '• ■' 
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S^tcliboardfi diould be erected at feaet 3 or 4 ft from the 'VJail. For 
panele supplying circuits of 750 volts or leas the frames should be iuBulated 
from ground, and for hisbci voltagea all fcaioea should be grounded. For 
low-potential work, the conduutoia on the Teas td tbo BwfttbboaTd wa usuaVly 
made up of flat copper strip, known aabiis-bitf copper. The size required is 
based upon a cutrent density of about 1,000 amp per sq in. Tabic 18 gives 
the sizea of horizontal hue bm for variofoa tvurrents. V^ben the eurrent ia 
greater than the values ©ven in the table, a laminated bar is built up ol thin 
strips aeparated. from each otba- to sve a greater radiating surface. 

Tbe cuircnt'caTiying cap&oty ia ealmdated on the basis oi 60 percent 
load factor for denoties wWdi undesr average otmd/tions of radiarioB would 
give a temperature rise of about 10 C, With a load factor of 100 percent the 
cuirervt denritiftS given should be halved. For vertical bus bars the values oi 
current abould bo reduced 15 to 20 percent. 


Table 13. Coppat Bar Bata 
{The Cutter Co.) 


Size, 

in. 

Am- 

peres 

i 

Amp 

per 

Ohms 

per 

l.DOO 

It 

m, 

lb 

per 

1 

Sim, 

io. 

1 

Am- 

peres 

Amp 

per 

.sq 

1 t't* 

Ohms 
per 
1,000 
, ft 

Wt. 

lb 

per 

ft 



1,732 

0.0336 

0 97 1 

2KX)5 

liftfi' 

1,700 

» jw?! 

' 4.56 

IMK ( 1 

iin 

litW 

0.0269 

i 121 

2MX« 

' 1.715 

1,097 

0.00557 

«.t7 

nixk 1 

626 i 

1,669 

^0.0223 

1.45 

2 X15 

um 

1,222 

0.00640' 

3.89 1 

IHXH ! 

7?4' 

1,657 

1 0,0192 

170 1 

N 0 .OOOOA.W.G. 

76?' 

1,606 

n 0505 ' 

0,64 ' 

: IKXH 

m 

(,<42 

1 0.0179 

M7 


505 

1 , 55 ; 

0.0428 

0.75 

IliXN 

7^6 

1,416 

0.0149 

2.16 

46 in. round 

426 

1,356 

O.U273 

1,18 

l«XfS 

116 

1395 

1 0,0123 

254 


56D 

1.767 

0.019D 

I 71 

2 XH 

l,in^ 

ii'isn 

0,0I!2 

2.91 


bol 

1,096 

0.0107 

3,03 

2HxH 

1,154 

1,367 

1 D.00995j 3.27 







Equipment of Stasdard F&oels. FoUomg are enumerated the rarioiu psrU 
required in the eqnlpmeaC of standard panels for varying ecrviacs: 

Gettfirator er Si)sriirflnou£.eon*crt«r Panel, Dweet-cumnt Two-uswt Syetem; 1 dttuiV 
fcteaket; 1 aniTeetst; 1 htndwhad fw rhecstai; 1 Toltnieter; 1 aahi awitch (3r*pol9 8.t. 
or d.t.) or 2 g.-p. switches. 

CffKfraior or Synchrono^ts-conterier Pmd, Dina-ainml ThTee-icwe Svdm: ? rircuU 
breakers; 2 ammeters; 2 handwteels for field rheostats; 2 field switsbes; 2 potential 
receptacles for use with voltmeter; 3 awitriies; I four-point starting awiteb. 

Generator or Spne^ronoui-raofor Panel, rfcree-jiiwM fArca-wire System; 3 Rciaoters; 1 
three-pbm wattmetec; 1 vottroeter; 1 fidd ammeter; 1 d.p, field B\vilch; 1 baudwh&el 
{ot field itewtat; i synchiomalne receptade (4-pt.); 1 potential reseptaole (8-pt.); 1 
field rheostat; 1 triple-pole wi awitch; 1 power-footoi kdientor; 1 synchronizer; 2 series 
ttansiormen; 1 governor-control switch. 

Synthroncus-emcrier Pand, Thru-phase: I ammeter; 1 power-factor indicator; I 
synchronizing receptacle; 1 triple-pole ml eirciui breaker; 2 current transtoecners; 1 
potential transformer; 1 wattiour meter (polyphimc); I govetnor control awiteh. 
Itidiidian ifalar Panel, Tfirec-pAoM: 1 ammeter; aeries transfoitncis; 1 oil switch. 
Feeder Panel, lKTecUiirTMii,T»o-iweimdrfe««-«rtr«:l8.-p. circuit brealcfir;! ammeter; 
2 8.-P. raain switches; potenUal rcoepkcles (1 four-pmnl for 2-wice panel; 1 four-point 
and 1 eight-point for 3-wire panri). 

Fuier Panel, Three-wire, Tira-phttH and Sinjfe-pftose: 3 ammeters; 1 automatic oil 
snitch (3-pole for three-phase, 2-poIe for ain^pbaae); 2 aetlea tcatisformera; 1 shunt 
transformer; 1 wattmeter; 1 voUmeter; 1 wafctimur meW; 1 Unudwheri for control of 
potential regulator. 

Etciter Panel (foT \ or 2 1 SEanete (3 for 2 txcitere); 1 field rheostat (2 for 

2 exclttss); Ifoni point reoeptajje (2fQr2 ezdt^; I equalizing rheostat for regulator. 
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Phase Converter. If a polyphase induction motor be operating single- 
phase, polyphase emls sjre generated in its stator. Such a machine can be 
utilized, therefore, for converting single-phase power into polyphase power 
and when so used is called a phase converter. Unless corrective means are- 
utilized, the polyphase emfs at tire machine terminals are somewhat unbaN 
arced. The phase converter la used prinrapally on railway locomotives, for 
it makes possible the use of three-phase diiving motors with but a single- 
trolley wire. 

Alternating-current Commutator Motors. Inherently Bimple a-c 
motors are not adapted to high starting torques and variable speed and do not 
have good operating characteristics, particularly with regard to commutation. 
There are a large number of types of commutating motor that have been 
developed to meet the requirement of high starting torque and adjustable 
speed, particularly with angle phase. These usually have been accompanied 
by compeusating windings, centrifugal switches, etc., in order to overcome low 
power factors and commutation difSculties. With proper compensation, 
commutator motors may be demgned to operate at a power factor of nearly 
unity or even to take leading current. 

One of the simplest of the single-phase commutator motors is the a-e 
series railway motor such as is used on the New York, New Haven, and Hart- 
ford Railroad. It is based on the priniaple that the torque of the d-c series 
motor ia in the same direction irrespective of the polarity of its line tominals, 
This typo of motor must be used on low frequency, not over 25 cycles, and is 
much heavier and more costly than an equivalent d-c motor. The torque and 
speed curves are almost identical with those of the d-c series motor. Unlike 
most a-c apparatus the power factor is highest at light load and decreases vnth 
increasing load. Such motors operate with direct current even better than 
with alternating current. Universal motors ore small simple scries motors, 
usually of fractional horsepower, and will operate on cither direct or alter- 
nating current, even at 60 cycles. They are used for vacuum cleaners, electrio 
drills, and small utility purposes. 

Synchronous Motor. Just as d-c shunt generators operate as motors, an 
alternator if connected across a-c bus bars to which power is being supplied 
will operate as a motor if its driving torque is removed, and mechanical power 
may be delivered by its shaft. Each conductor on the stator must be passed 
by an alternate polo every half-cycle so that at constant frequency the rpm 
of the motor is constant and is equal to 

N » 120//P rpm (108) 

and the speed is independent of the load. 

The synchronous motor has the desirable characteristic that its power 
factor can be varied over wide range merely by changing the field excitation. 
With a weak field tlie motor takes a lagging current. If the load is kept 
constant and the excitation increased, the current decreases and the phase 
difference between voltage and enrrent becomes less until the current ia 
in phase with the voltage and the power factor is unity. The current is 
then at its minimum value, and the corresponding field current is called the 
normal excitation. Further increase in field current causes the armature 
current to lead and the power factor to decrease. Thus ■underexcitation 
causes the cunent to lag; overexcitation causes the current to lead. Because 
of its adjustable power factor, the motor ia frequently run light merely to 
improve power factor or to control the voHage at some part of a power system. 
When BO used the motor is called a synchronous condenser. The motor 
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Switches. The current-carrying parts of switches are usually designed 
for a current density of 1,000 sunp per sq in. At contact surfaces, the current 
density should be kept down to about 50 aixip per sq in. Knife switches 
are used on low-tension circiuta and, in' most casM, .nre mounted on the front 
of the board. They should be mounted to throw vertically, with the blade 



Swltchboaid 'Wiring Diagrams for Geawatois. 

Fig. 73. — Diagram for 125-voH or 250-volt D-c Generator. Fig. 74. — Dia- 
gram for Three-phase Alternator and Exdter for Small or Isolated Plant. 
Fig. 75. — Diagram for Three-wire D-c Generator for Dee in Small or Isolated . 
Plant. 

Stsibols: At ammeter; A-8., three-way ammeter ewitch; C.B., circuit breaker: C.T., 
current transformer; D.R., discharge resistance; F., fuse; F.S.i ficid switch; Q.DJ’., 
ground detector plug; gronnd detector receptacle; L„ ground detector lamp; 

O.C., overload coil; oil circuit breaker; PJ*., potential plug; P.R,, potential 

receptacle; P.T., potential ttansformet; Rkeo., rheostat’, R.S., teaiat&noB; S, switli; 
SA., shunt; V., voltmeter; If.ff.Jlf., watt-hour meter. 

side of the switch dead or disconnected from the source of power when open, 
to lesson the danger of accidents contact. Plug switches are used on high- 
voltage circuits where the current is small, as with arc-lighting ciromts. 
Copper-brush switches substitute a leaved copper brush with a triping, 
contact for the knife-blade contact and make use of an auxiliary break 
between carbon blocks to prevent burning of the copper leaves due to arcing. 
This type of switch is much used ns a rixcnlb breaker, being rendered automatic 




DIFFERENTIAL AND INTEGRAL CALCULUS . 

DKBWATI7ES AND DIFFEEENTIALS 

Derivatives and Differentiala, A function of a single variable x may 
be denoted by/(a:), ^( 2 ), etc. Tbe value of the function ■when x has the value 
*0 is then denoted by /(so), FCso), etc. • The derivative of a function y=f{x) 
may be denoted by /'(x), or by dy/dz. The vaiue of the derivative at a 
given point a: = zo is the rate of change of the function at that point; 
or, if the function is represented by a curve in-the usual ■way (Fig. 1), tho 
value of the derivative at any point shows the slope of the curve (that is, 
the slope of the tangent to the curve) at that point 
(positive if the tangent points upward, and negative 
if it points downward, moving to the right). 

The increment Ay (read: "delta y"), in yis the 
change produced in y by increaang x from Zo to ij -f 
Az; that is, Ay » /(zo 4- Az) -/(z#). Tho difier- 
ential, dy, of y is the value which Ay would have if 
the curve coincided with its tangent. (The dififeren- ^ 
tial, dz, of z is the ' same aa Az wlien z is the indo- “ 
pendent variable.) Note that tlic derivative depends 
only on the value of Zo, while Ay and dy depend not 
only on Zo but also on the value of Ax. The ratio 
Ay/Az represents tho slope of tho secant, and dy/ds tho slope of tho tan- 
gent (see Fig.' 1), If Az is made to approach scro, the eecnht' approaches 
tho tangent as a limiting ' position, so that the derivative = /'(*) « 
iy_ lim fAy! lira r/(*o + Ax) - /(zo)l , 

S - i o[5j = A* = o[ Tx J ■ ™ 

The symbol "lim" in connection with Ax = 0 means "the limit, ns Ax 
approaches 0, of ..." [Aconstnntcissnidtobe the limit of a varlableuif, 
whenever any quantity mhos been assigned, there is a stage in the variation- 
process beyond which |c - is always less than »«; or, briefly, c is the limit 
of u if tho difference between c and « can bo made to become and remain as 
small as we please,] 

To find the derivative of a given function at a given point: (1) If tho 
function is given only by a curve, measure graphically the slope of the 
tangent at tho point in question; (2) if the function is given by a mathematical 
expression, use the following rules for differentiation. These rules give, 
dkeotly, the differential, dy, in terms of dx; to find the derivative, dy/dx, 
divide through by dx. 

Buies for Differentiatioa. (Here u, s, w, . , . represent any funotiona 
of a variable x, or may themselves be independent variables, a is a constant 
which does not change in value in tho same discussion; e s= 2.71828.) 

1. d(o + u) = du. 2. d(a«) = odu. 

3. d(u + V -b to + . . .) = du + ds + dw + . . . 

4. d(uB) = tidti + viu. 

6. d(uvv). 


vdu 


6. d- 

» 

7. d(u") B rnur-yu. 


. , , ./du.dt.dw, 

.) = (win. . ,){— + - + —+ . 

- udii 


■ 1 - 
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Thus, d(u’) => 2udii-, * 

r- du 

8 . dv u /=" 

2V It 

10. ^{6“) = e'‘du. 

,1 

12. dlog»u = — 

14. c2 sin u = coa udu. 

16. d cos u as - gin udit. 
18. d tan « = sec’ udw. 
... du 



3u^u; etc. 

»'0-S- 

11. d(o“) = (log, a)a*'du. 

13. dloguu ~ (loEioe)~ =(0.4343. . )— • 

15. d CSC V = — cot u cac u du. 

17. d sec u = tan u sec u du. 

19. d cot » = - cac* V du. 




28. dlogi COB u 

30. d ainh u ■ 
82. d coah u ■ 
34. d tanh u - 

80. d u 
88. d coat'^Ju 
40. dtanh-‘u 


U a cotudu. 

27. d log. tan 

i = — tan ti du. 

29. dbg* cot u 

: cosh u du. 

81. d csch u B 

> sinh u du. 

33. d sech u = 

• sech* u du. 

35. d coth u s 

du . 

87. d C8ch“* « ■ 

Vu’ +1 


du 

30. d sech^ u = 

Vo'-l 


du 

“1 -ui 

41. dcoth“*u = 


- sech u tanh u du. 

- cscb* u du. 

du 

Wu> + 1 
du 


tfVi - tt’ 
du 

" 1 - u»’ 

42. d(u*} = (u''"^){ulog.udii +»du). 

DerivatiTOs ol Higher Orders. The derivative of the derivative ia 
called the second derivative; the derivative ol this, the third derivative; and 
soon. Notation: i{ ff = /(x). 


nx)=D,y 


r{x) = Dh 


dV. 


dV. 


Note. If the notation is used, this must not be treated bb a fraction, like dy/di 

but as an inseparable symbol, made up of a symbol of operation, dVdx*, and an Operand jr. 
Tie geometric meaning of thosecond derivativd . 
is this; if the original functionv = /(x) is repre- 
sented by & curve in the usutd way, then at any 
point where /"(x) is posfJtre, the curve is concase 
upward, and at any point where /'(x) is negative, 
the curve is concave downward (Kg. 2). When _ . 
f"{x) = 0, the curve usually ^ a point of ”[ 
inflection. 2 . 

DiSerentials of Higher Orders. The diBet- 
ential of the differential ia called the second difierential; the differential of 
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in its action by tbs addition oi trip^ng coils. Oil bMa,k s^tches ate nsod. 
in high-voltage work where the wl is nocesBair to extinguish tlie arc. 

Circuit Breakers. ■ Any oftheforcgoingswitcheseciuipped with a tripping 
device , constitutes a circuit breaker. The tripping device is usually actuated 
by a solenoid which may be onctgjzed in variotw ways. la ovetload circuit 
breakers a solenoid toil connected in th» nijun ttrcmt trips the breaker when 
the current exceeds a certain value. If the cod is either connected in series 
with or across the circuit and is deagned to trip the breaker when the current 
or voltage decreases beyond a cei'tain value, the arrangements are, respec- 
tively, known as underload and undemltage circuit breakers. By means 
of a combination shunt and series coUs the circuit breaker may be made to 
trip when the energy reverses. Circuit breakers may trip when the difficulty 
is immediately cleared by a local breaker or fuse, in order that service Bhall 
not be interrupted unneoessarily, ttutomatically rsclosing breakers are 
used. After tripping, an automatic mechanism operates to reclose the 
breaker. If the, short-circuit still exista, the breaker cannot reclose. The 
breaker thus attempts to reclose two or three times and then if the short- 
okenit still exists it remaina permanenUy locked out. 

'In the Tatd-of-currenl'iise breakers tlm tripping mcnit is neatly nonindne- 
tive and is in parallel with a highly'' inductive branch. The more nearly a 
fault approaches a dead abort-mreuit, the greater tho rate of current riac and 
the greater the proportion of current forced into the tripping circuit. Henco 
it follows that tho greater the rate at which the cuiTent rises, the lower the 
value of total current at which the breaker trips. •. If motors or other loads 
seldom exceed their msiximum raVinga. fuses may be used for protection 
because of their low first cost To avoid delays incurred by looking for and 
replacing fuses, the tendency at the present time is to use circuit broakors and 
thus reduce the time of shutdown to a minimum. 



Fig. ,V6."Parallel Fiu. 77.— Loop cir- 
circuit. • ■ cuit. 


Power Distribution 

Distribution Systems. The choice of the system of power distribution 
U determined by the type of power that is available and by the nature of the 
load. To teanamit a given power 
over a given distance with a pven 
power loss (J-B), the weight oI 
conductor varies inversely as tho 
square of the voltage, Incandes- 
cent lamps will not operate 
economically at vdltagos much 
higher than 120 volts; the most 
smtablo voltages for d-c inotoi« 
arc 230 and 550 volts, although 560 volts is practically obsolete, except for 
railway motors; for a-c motors, standard volta^ are' 220, 440, and 550 volts, 
three-phase. 

Parallel Circuits. Po'^r is usually distributed' at constant potential, 
and all the devices or receivers In the drouit are connected in parallel, giving 
a constant-potential systom (Fig. 76). If conductors of constant cross sectioa 
are used and all the lamps, Li, Lt, etc,, are operating, there will be a greater 
Yoit^e'. IR drop in the portion <d tiie dreaU' AS. and CD than in the other 
portions; also the voltage will opt be the same for the, different lamps but 
will decrease ;doug the mains vprth tfatstnee from the generating end. 

^ hoop Circuits. A more nearly equal volfca^ for each load ia obtained 
in the loop system (Fig, 77). The electric&l distance from one generator 
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appliances. Pure nickel is used to aatialy the high requirements in the 
fabrication of radio tubes, such as the elimination of all gases and impurities 
in the metal parts. It has also other uses such as in incandescent lamps, for 
combustion boats, laboratory accessories, and resistance thermometers. 

Carbon withstands high temperatures and has iiigh resistance; its tem- 
perature coefficient is negative; it will safdy carry about 125 amp per sq in. 
Amorphous carbon has a reastivity of 3,800 to 4,100 microhms per cc, 
retort carbon about 720 microhms, and gr^bite about 812 microhms per 
cc. The properties of any particulw Hnd of carbon depend on the tempera- 
ture at which it was fired. Carbon tor rlieostata may best be used in the form 
of compression rheostats. 



MCWlMilOOlOO 0 
Magnefirfng ForM,li,611bertsperCn 

Fig. 86.— Characteristics of per- 
manent-magnet materials. 


mAGNSTS 

A permanent magnet is one that retains a coneidcrable amount of magnetism 
indoBnitcly. Permanent magnete are used in electrical instruments, telephone receivers, 
radio loudspeakera, magnetos, and lor any purpose where a constant magnetic field ia 
desired. The steel used should have high 
retentivity, a high remanence, and a high 
coercive force (see Fig. 11. p. 1703). These 
properties are tisuallj’ found with hardened 
steel and its alloys. 

Five percent tungsten sted having small 
percentages of chromium and manganese and 
0.63 to 1.0 percent carbon is frequently used, a , i 
Special cl\ro!nwm-oobB.lt atccle have been J ^{“ 
developed which give the following analyds in 
percent: "Alpha" quality— C. 0.66; Mn, Uacc; 

SI, 0.28; P, 0.016; S, 0.040; Or. 3.31: Co, 30.18. . 

Another successful alloy is C, I.O; Cr, 3.60. 

An alloy, Alalco, consisting ol aiumiouiD, iron, 
nickel, and cobalt, developed by the General 
Electric Co., has permanent magnetic properties 
fa: superior to the foregoing alloys. The 
oompoaitjon of Alnleo IT, which bceausc of ita 
high stability is commooly used with inatruraents and melits, is aa follows: Al, 1 0 ; Mi, 17 ; 
Co, 12.8; Cu, 0.0. 

Permanent magnets operate over the porUon DE of Uio hysteresis loop (Fig, 11), and 
high reoianence and tugh coercive force are both desirable. The area of ODS is propor- 
tional to the energy stored in the magnet and fa a criWiow of the material. la Fig, 85 
are shown the characteristics of .different magnet materials. It will be noted tliat 
although Alnico has less remanence than mogstenotcobalt-chrotniucriBlceV the coercive 
force and area are very much larger. 

The steels for permanent magnets are cut in strips, heated to a red-hot temperature 
and forged iirto shape, usuafiy in a “bTilldMer." If they are to be machined, they are 
cooled in mica duet to prevent air hMdeniDg. They are then ground, tumbled, and 
tempered. Permahent magnets are JnagneWaed dUier by placing them over n bus bar 
c.arrying a very heavy direct current or by fdacing them across the poles of a powerful 
electromagnet. 

Unless permanent magnets aresabjeeted to uti6inat a^ag, they gradually deteriorate 
or weaken. With magnets for electrical jnstrninents, where a constant field strength is 
imperative, artiiicial aging is.aecoraplishedby mechanical vibration or by immersion in 
oil at 250 F for a period of a few botiis. 

In an electromagnet the magnetic field is produced by an electric current. 
The core is usually made of goto iron or mild steel because, the permeability 
being higher, a stronger magnetic field nuor be obtained.' Also since tho - 
reteativity is low, there is Kttle irojible-due to the sticking of armatures when 
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terminal to tlie other through any recaver is the same as that through any 
other receiver, and the voltage at the recavers may be maintained more 
nearly equal, but at the expense of additional conductor material. 

Series-parallel Circuit. Fes incandescent lamps the power must be 
at low voltage (115 volts) and the voltage variations must be small. If the 
transmission distance is conadcrable or tire loads are large, a large or perhaps 
proiiibitivc investment in conductor materia would, be necessary. In some 
special cases, lamps may bo operated in groups of two in series as shown in 
Kg. 78. The transmitting voltage is thus doubled, and, for a given number 
of lamps, tho current is halved, the permissible voltage drop (7fi) in conduc- 
tors doubled, the conductor resistance quadrupled, the weight of conductor 
material thus being reduced to 25 percent of that necessary for simple parallel 
operation. 

Three-wire System. In the series-parallel system the loads must be' 
used in pairs. To overcome this objection and at the same time to obtain 
the economy in conductor material of opwating at higher voltage, the thrcc- 



Fig. 78,— Series-par- Fia. 79.— Three- Fig. 80.— Three-wire system with 

ailel system. wire system. two generators. 


rvire system is used. It consists merely of adding a third wire or neutral to 
the system of Fig. 78 as shown in Fig. 79. 

If the neutral wire is of the same cross section as the two outer wires, this 
system requires only 37,5 percent of the copper required by an equivalent two- 
wire system. Since the neutral ordinarily carries loss current than the outers, 
it is usually smaller and the ratio of copper to tliat of the two-wire system is 
even Isas than 37.5 percent (see Table 23). 

^^hen there is an equal number of lamps on each half of the system, there 
will be no current flowing in the middle or neutral wire, and the condition 
is the same as that shown in Fig. 78. When the number of lamps on the two 
sides is different, the neutral wire will carry a current equal to the difference 
of the currents in the outside wires. For example, if each of the lamps in 
the system shown in Fig. 80 takes 1 amp, the currents in each part of the 
system will bo given by the numbers on the ammeters shown connected in 
the system. 

The three-wire system shown in Fig. 79 is not practicable because no means 
are provided for holding the neutral at its correct potential. If, for example, 
four lamps are in operation on one ade of tho system and three on the other, 
as shown, tho voltages on the two adss of the system hecDine seriously unhal- ' 
anced and tho throe lamps are subjected to overvoltage. One method of sup- 
plying the neutral is shown in Kg. SO v^ere each side of the system is supplied 
by a separate generator. This is open to the objection of the greater com- 
plications of two machines, greater cost, more floor space, and tho lesser 
cfBciency of two machines. • '• 
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the circuit is opened. Electromagnets may have the form of siniple solenoids, 
ironclad solenoids, plunger electromagnets, and electromagnets with externa! 
armatures. 

A solenoid is a winding of insulated conductor and is wound helically; 
the direction of winding may be dthor right or left. A portative electro- 


Table 25. Maximum Pull per Square Inch of Core for Solenoids 
with Open Magnetic Circuit 

(From data by Underhill, Elec. World, 45, 796, 881, 190G) 



magnet is one designed only for holding material brought in contact with it. 
A tractive electromagnet is one denned to exert a force on the load 
through some distance and thus do work. The range of an electromagnet 
is the distance through wluch the plunger will perform work when the winding 
is energized. After the core becomes salu* 
rated, the pull varies almost directly with 
the number of ampere-turns. For long 
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tivo magnet is best suited, for the length of 
co!'e is governed practicaliy by the range of 
action desired, and the area of the core is 
determined by the puU. Solenoid and 
plunger is a solenoid provided with a 
movable iron rod or bar called a plunger. 

When the coil is energized, the iron rod 
becomes magnetized and the mutual action 
of the field in the solenoid on tlie poles 
created on the plunger causes the plunger to 
move ivithin the solenoid. This force be- 
comes zero only when the magnetic centers 
of the plunger and solenoid cmnade. II the 
load is attached to the plunger, work will bo 
done until tho force to be ororcoine is 
equal to the force that the solenoid exerts on 
the plunger. When the iron of tho plunger is not saturated, the strength 
of magnetic field in the solenoid and the induced poles are both proportional 
to the exciting current, so that the pull varies as (he current squared. When 
the plunger becomes highly saturated, the pull varies almost directly' with 
the current. 

The maximum uniform pull occurs when the end of the plunger is at the 
iCenter of the solenoid and is cqu^ to 

F = CAia/t 


Distance D, In. 

Fro. 87.“-Pu!I of solenoid on 
plunger. 

1. Coil and plunger; 2, coil 
and plunger with stop; 3, iron- 
clad coil and plunger; 4 and 5, 
sameasS with different lengths 
of stop. 


(118) 
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Balancer Set. Another method of obtaining the neutral is to use a 
balancer set. This contdats of two aniilu shnnt or compound machines 
coupled together with the armatures connected iu senes across the outer 
lines as sho'rni in Fig, 81. When the loads are belajiced, there is no neutral 
current and the two maohinee metrfy run idle as motors, being connected 
in series across the line, If the load on one ade of the system becomes greater 
than that on the other ade, tiie thaednne on the more heavily loaded side 
operates as a generator and pumps some ol the neutral current to its side of 
the hne. The remainder cd ti»e neutral current go^ through the other 
macluno euppl jing it witti the power that enables it to operate as a motor and 
and drive the generator. For esample, in Kg. 81, the load on the positive 
side of the system is greater than that on the negative ride. Hence, the 
machine G on the poritive ride is operating as a generator and the maclrine M 
is operating as a motor. If the machinns are compounded so that when oper- 
ating as a generator the winding is cumulative and hence is differential when 
a motor, the voltage unbalance with change in load can be made practically 
sero. 



Pio. 81.— Motor-generator balancer. Ko. 82.— Three-wire generator. 

Since balancer sets tahe power ccmtiimously, they arc used ior the moat 
part on large systems of high divoraity where the percentage unbalanoe is 
small. 

Three-wire Generator. The three-wire generator is another common 
method of obtaining a neutral. It is a regular generator that would ordi- 
narily be used to supply the outer wires with poww. Two or more taps o and 
h are, however, brought out from the armature -mndlng to two slip rings (Kg. 
82). A compensator or reactance coil of low resistance is connected across 
the slip rings. The neutral of the three-wire ayatom is connected to its 
center point. ThGvoltageacnjsBthesUpriugsfealtemating. BecausecCits 
choking action, but little allecmiting current flows in the compensator. 
Direct current flows back through the compensator to the armature. The 
inductance of the compensator has no effect on the steady direct current, and 
the resiatance of the eompenaator is low so that there U little voltage drop due 
to ti\e direct current. Two or more eompenaatore with their neutrals con- 
nected may be used. Yfith two smh compensators, the second compensator 
is connected to slip rings that are tapped to the armature ending at points 90 
riectrical degrees from the first. la order to eliminate all but one slip ring, 
the reactance coil is sometimes mounted within the spider of the armature. 

Wiring Calcvti&tiona 

, Wiring Calculations for Direct-current Circuits. The determination 
of the proper size of conductor is influenced by a number of factors. Except 
for short distances, the minimum size of conductor recommended by the 
National Board of Fire Underwriters in TaWe which is based on the 
maximum permissible current for each type of insulation, caunot be Used; 





MAGNETS 


1769 


■where A is the cross-sectional area of the plunger, sq. in.; n the number of 
turns; I the current, amp; I the length of the solenoid, in.; and C the pull, lb 
per sq in. per amp turn per in- C depends on the proportions of the coil, tlio 
degree of saturation, the length, and the physical and chemical purity of the 
plunger. Table 25 gives values of C for several different solenoids. 

Curve 1, Fig., 87, sho'ws the characteristic pull of an open-magnetic circuit 
solenoid, 12 in. long, having 10,000 amp-turns or 833 amp-turns per in. 

When a Strong pull is desired at the end of the stroke, a stop may be used 
as sho'wn in Fig. 88. Curve 2, Fig. 87, shows the pull obtained by adding 
a stop to the plunger. It -will bo noted that, except when the end of the 
plunger is near the stop, the stop adds little to the solenoid pull. The pull is 
made up of t'wo componente— one due to the attraction between plunger and 
winding and the other one due to the attraction between plunger and stop. 
The equation for the pull is 

P = ATTt(Un/l„*Ci*) + {C/m lb (119) 

•where A is the area of the core, sq in.; n is the number of turns; h is the length 
of gap between core and stop; and C and Cj are constants. At the beginning 
oi the stroke the second member of the equation is predominant, and at the 
end of the stroke the first member represents practically the entire pull. 
Approximate values of C and Ci are Ci = 2,060 (for I greater than lOd), 
C * 0.0096, where d is the diameter of the plunger, in. 
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Fig. 88-— Solenoid rrith 

Fig. 89. — Conical 

Fig. 90.— Ironclad 

stop. 

plunger and stop. 


solenoid. 


The range of uniform pull may be extended by the use of conical ends 
of stop and plunger, as shown in Fig. S9. A atronger magnet mechaniciilly 
may be obtained by using an ironclad solenoid (Fig. 90), in which an iron 
return path is provided for the flux. Except for low flux densities and short 
air gaps the dimensions of the iron return path are of no practical importance, 
and the iact that an iron return path is used does not aHoct the pull curve 
except at short air-gaps. This is illustrated in Fig. 87 ■where curves 3, 4, and 
5 are typical pull curves for this same solenoid when it is mado ironclad, each 
curve corresponding to a different petition of the stop. 

Mechanical jar at the end of the stroke may be prevented by leaving the 
end of the solenoid open. The plunger then comes to equilibrium when its 
middle is at the middle of the ■winding, thus providing a magnetic cushion 
effect. Electromagnets ■with external armatures are best adapted for short- 
range work, and the best type is the horseshoe magnet. Tho pull for short- 
range mangets is expressed by the equation 

F = BU/72, 134,000 lb (120) 

where B is the flux density in lines per sq in. and A tho area of tho core in 
sq in. A greater holding power is obtained if the surfaces of the armature 
and core are not machined to an absolutely smooth contact surface. If the 
6urft^ is slightly irregular, the area of contact A is reduced but the flux 
density B is increased approxima^y in proportion (if the iron is being oper- 
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■tho size of conductor must be largw ia’Otder that the voltage drop (JR) 
shall not be too great. With branch iarcuits supplying an incandescenWemp 
load, this drop should not be more than a snudl percentage of the voltage 
between nires. Good practice in interior wiring allows a drop of not more 
than 3 volts in feeder cirouite from the nuun' switchboard to the iarlhest 
tablet board and a drop of not more tiian 1 volt from any tablet board to the 
farthest' lamp, 

' The resistance of 1 cir mil-fl of commerdal copper may be taken aa 10.3 
ohms. Theresiatanceofacopperconductormay^eiprcsBedasR “10.81/A, 
■where I is tho length in feet and A the area in circular mils, If the length 
is expressed in terms of the transndsaon distance d (since the two wires are 
usually run parallel) . tho voltage drop IB to the end of the circuit is 

e “ 21.67dM (112) 

and the size of conductor in rircular mils necessary to give the permissible 
voltage drop e is ' ’ 

A «= ^UJdJe (113) 

If c is expressed as a percentage s of the voltage E between conductors, then 
A = 2,mid/xE • (114) 

Example. Find tho size of cooduclor'.to gupply power to a 10-bp 220-volt d-o motor 
SOO ft from the switchboard with 5 volts drop. Assume a motor eSciency of 86 percent. 
The motor will then require a current of (10 X 746)/(0.86 X 220) ■ 39.4 amp, , From 
ilq. (113), A “ 21.6 X 30.4 X 600/5 » 85,100 dr m3s. The nearest standard wire 
isNe.UA.W.G.). 6«e Tabla 19. 

The calculation of the size conductor for d-c threo-wire circuits is made in 
practically the same manner. With a balaitced circuit no current fiows 
in the neutral wire and the current in each 
outside wire will be equal to one-half the 
Bum of the currents taken by jdl the receiv- 
ing devices connected between neutral and 
outside wires plus the sum of tho currents 
taken by tbe roemvers connected between 
tho outside wires. Using this total current 
and neglecting the neutral wire, make 
calculations for the size of the outside wires 
by means of Eq. (113). The neutral 'wire should have tho same cross section 
as the outside wires in interior wiring. 

Example. What aiie wire should be used for Iho three-wire main of Fig. 83? AFcw- 
ablo drop Is 3 volts and the distance to the load oentet 40 ft; circuit loaded ivltli two 
groups of recRvera each taking 60 wnp cmnected between the neutral and the outaido 
wires, and one group of receivers taking 20 amp connected across the outside wires. 
Solution: Load = (60 + 60)/2 + 20 * 80 amp. Substituting in Eq. (113), cir mils = 
2l.6W/e ='21.6 X 80 X 40/3 t= 23.030 dr mils. 

Referring to Table 20j‘No. 6 wire, which has an area of 26,280 cir mils, is the next 
sise larger. This size of wire would satisfy tho vcJlageslrop requireraentB. but nibber- 
iasuiated No. 6 has a safe carrying caparity of but 60 amp. The current in the circuit 
is 80 amp. Therefore, with rubber-insulatod wire. No. 2, wbieb has a carrying capacity 
of 90 amp, should be used. ' The iteuirsl wire should be tho same size as the outside 
wires. For Mposed biring Ivith slow-hominE or weatherproof insulation, No. 4 wire, 
which has a capacity of 90 amp, could be used. 

‘ Wking calculations for 'a-c nreuits are esaentially tho same as for d-c 
circuits, but other factors such as power factor, reactance, and skin eSeefc may 
require oonaderafcion. Skin effect becomes pronounced only when very large 
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Fw. 83.--Three-wire 230-110- 


volt main, 
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ated below saturation), and the pnll is increased snee it varies as the square 
of the density B. Non-magneUc stops should be used if it is desired that the 
armature may be released readily when the current is interrupted. 

Lifting magnets are of the portative type in that their function is merely 
to hold the load. The actuid lifting is performed by the hoisting apparatus. 
The magnet is almost toroidal in shape. The coil shield is of manganese steel 
which is very hard and thus resists wear and is practically nonmagnetic. 
The holding power 

F = £5.4/72,134,000 lb (121) 

where B is in lines per sq in. and A the area of the holding surface in sq in. 
It is difficult to calculate accurattdy the holding force of a lifting magnet 
for it depends on the magnetic characteristics of the load, the area of contact, 
and the manner in which the load is applied- 

Rapid action in a magnet mao' be obtained by reducing the timo constant 
(see p. 1708) of the winding and by subdividing the metal parts to reduce 
induced currents which have a demagnetizing effect when the circuit is closed. 
Tile movement of the plunger throu^ the winding causes the winding and its 
bobbin to out a magnetic held; if the bobbin is of metal and not slotted longi- 
tudinally, it is a short-circuited turn linked by a changing magnetic field and 
hence currents are induced in it. These cunents oppose the flux and hence 
reduce the pull during the Iramaent period. They sdso cause some heating, 
Where it is found impossible to reduce the time constant sufficiently, an elec- 
tromagnet designed for a voltage much tower tlian normal is often used. In 
many electromagnets, the plunger, at the completion of its stroke, automati- 
cally connects in series with its winding a resistance of sufficient magnitude 
to reduce the current to a safe value. The solenoids on many automatic 
motor-starting panels are designed in this manner, as the extremely short 
time of overload produces very rapid action but does not injure the winding. 
When slow action is desired, it can be obtained by using solid cores and yoke 
and by using a heavy metallic spool or bobbin for the winding. A separate 
winding short-circuited on itself is also used to some extent. 

Sparking at switch terminals may be reduced or eliminated by neutralizing 
the inductance of the winding. This neutralization Is accomplished by wind- 
ing a separate short-circuited coil with its wires parallel to those of the active 
winding. (This method can be used with d-c magnets only.) Tliis is not 
economical, since one-half of the winding space is wasted. By connecting a 
capacitor across the switch terminals, tho energy of the inductive discharge 
on opening the circuit may be absorbed, ll'or the purpose of neutralizing 
the inductive discharge and cauting a quick release, a small reverse current 
may be scut through the coil mnding automatically upon opening the circuit. 
Tinfoil sleeves placed over the various layers of the winding absorb energy 
when the circuit is broken and reduce the energy dissipated at the switch 
terminals. This sclicme can be used for d-c magnets only. Sticking 
of the parts of tho magnetic circuit due to icadual magnetism may be pre- 
vented by the use of non-magnetic stops. lu the case of lifting magnets 
subjected to rough usage and hard blows (aa in a steel works), these stops 
usually consist of plates of moi^anese steel, which are extremely hard and 
non-magnetic. 

Alternating-current Tractive Magnets, Because of tho iron losses 
due to eddy currents, the magnetic circuits of a-c electromagnets should 
be composed of laminated iron or steel. The magnetic circuit of large 
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conductors are used ior aUernatuig eiarent. ‘Por mterior 'wiring, condncloTS 
larger than 700,000 cir mils should not be used, and many prefer not to use 
conductors larger tlian 300,000 dr mils. Should tlie required copper cross 
section exceeds these values, a number may be operated in parallel. 

For voltages under 5,000 the effect of lire capacitance may be neglected. 
With ordinary single-phase inteiiar rririDg, 'where the effect of line reactance 
may be neglected and 'where tlie power factor of the load (incandescent lamps) 
is nearly lOD percent, the calculations are mado the same as for d-c circuits. 
Three-wire a-o circuits of ordinary length 'with incandescent lamp loads are 
also determined in. the sanie manner. When the load is other than incan- 
descent lamps, it is necessary to know the power factor of the load in order 
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Fig. 84.— Tbrcc-wire angle-phase system, 
to make calculations. When the exact power factor cannot be accurately 
deteiniinedi the following approximato values may bo used: incandescent 
lamps, 0.95 to 1.00; lamps and motors, 0.75 to 0.85; motors, 0.5 to 0.80, 
EquBtiem (U5) gives the value of euirenl in a tin^e-pbase circuit. 


P X 1,000 

Exp 


(115) 


where I is the current, amp; P the kilouuitts; E tlio load voltage; and p 
the power factor of the load. The size of conductor is then determined by 
substituting this value of 1 in Eq. (113) or (114). 


Example. In Fig. St, load *= 10 kw; voltage of circuit « 220-110, tbrce-wire; 
power factor = 0.86; distance = 180 ft; ahowable drop = 4 volte. SubslitutuiE these 
values in (115), the current J = (10 X ],000)/(220 X 0.850) = 53.5 amp', SubsUtut- 
ing again in (113), cir mils = 21,6 X 53.5 X lM/4 = 52.000. Tlie next larger standard 
size of we is No. 3 (52(030 dr milB), .which will coiry SO arap (see Table 2D).' 

Foritiiree-phaso three-wire a-c.drcuits,the current per wire 

, ' ■ I =W!KlP/v^r =888P/£p (116) 

. ^Computations 'are usually 'made of voltage drop per wire. Hence, if 
reactance can be ne^ected, the conductor cross section in dr mils is one-half 
that given by Eq. (113). That is, 

4 = 10.SId/c dr mils (117) 

where e la (117) is the voltage drop per wire. The voltage drop between any 
two 'irirw is -V^e. ' ' ' ' ■ 

Example. In Fig, 85, load = lO kw; vollage of diout « 220; power factor = 0,85; 
distMice = SCO H; aUo'waWe drop pa Kwe = 4 volts. Bubstituting in (116),' I «’ 
(580 X W)/(220 X 0.85) * 31 amp. Bubstitoling in (117), A = 10.8 X 31 X SB074 
= 30,100 cir ails. . . , , • 

..The nant larger. standard size We No. 6 '(33,100 dr rails) nill carry with rubber 
insulation 65 amp and with otb'd'inBnlations 80 amp (Table 20) and is therefore ample 
in section for 31 amp. Three No. 6 wires would be used for this circuit. 



Table 26. Diameters and Woigrlits of Magnet Wire 
(Rea Wire Co.) 



single allk-covered enamel; S.C.C. =» einglo cotton 
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Table 19. Resistance and 6ft Cycle Reactance for Wires with Small 
SpacmiS 



For other frequeneiee the re&clancc will be in direct proportion to the frequency. 

Whore all the wires of a circuit, two -wires for a single-phase, four wires for a 
two-pliasa, and three wires for a three-phase circuit, ate carried in the aamo 
coadult or where the 
wires are sepaialed less 7?iree-_pft«s« 


than 1 in. between cen- 
ters, the effect of line 
(inductive) reactance 
may ordinarily be neg- 
lected. Where circuit 
conductors are large 
'and widely separated 
from one another and 


h }&}' 



=IQkw-0.85%pt 


the CTTCvdts areiong, the Tje. S 5 . — Tbicc-pbase lamp snd induetjon-motor 
inductive reactance load, 

may increase the volt^ 

age drop by a considerable amount over that due to resistance alone. Such 
problems are treated the same aa high-voltage problems. Lino reactance 
decreases somewhat as the size of wire iacreasea and decreases as the distance 
between wires decreases. 


Insulated Wires. The following type® of ineulated wire are in common use for low- 
voltage v-iring: rubber covered; aynthotio (SN); weatherproof (WP); slow burning (SB); 
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magnets is usually built up of thin aheete.of sheet metal held | together by 
means of suitable -damps. Sm^ corcs-of circular cross section usually 
consist of a bundle of soft iron '-wires. Since the iron losses increase with the 
flux' density, it is not advisable to operate at as high a density as with direct 
current. The current instead of bdogliioited by the redstance of the winding 
is now determined almost entirely by tiwinduotiVo reactance as the resistance 
is small. 'With thb removal of the load the current rises to high values. The 
pull of a-c magnets is nearly constant irrespective of the length of air gap. 

In a single-phase magnet the pull varies from zero to a maximuni and 
back to zero twice every cycle, which may cause considerable chattering of 
the armature against the stop. This may j>e prevented by the use of a spring 
or, in'.the case of a solenoid coil, by allowing the plunger to seek its position 
,o{ equilibrium in the coil. Chattering may also be prevented by the use of a 
short-oircuited winding or shading coU around one tip of the pole piece or 
by the use of polyphase. In a two-phase magnet the puli is constant and 
equal to the maximum instantaneous pull produced by one phase so long as the 
voltage is a sine function. In a three-phase magnet under the same condi- 
tions the pull is constant and equal to 1.5 times the maximum instantaneous 
pull of one phase. Should the load become greater than the minimuiu instan- 
taneous pull, there •will be chattering ns in a single-phase magnet. 


Heating of Magnets. The lifting capacity of an electromagnet is limited 


by the permissible current-carrying capacity of the 
winding, which in turn is dependent on the amount 
of heat energy that the winding can disripate per 
unit time without exceeding a ^ven temperature 
rise. Coils wound with wire having cotton insula- 
tion will, in general, be operatingatasafetempera- 



Winding space factor ' 
Fio. 91. Fig. 92. 


,ture if the average power expended does not exceed 0.5 watt per sq in. of 
radiating surface. 


Design of Exciting Coil. Let n be tho number of turns, I the moan length 
of turn in in. {I » 2ffr, where r is the mean radius, in.), A the cross section 
of wire in cir mils. The resistance of a cir mil-ft of copper is practically 12 
ohms at 60 C, or 1 ohm per dr mii-in. Hence the resistance, R » ril/A 
ohms; the current, / = EA/tU; the amp turns, vJ = BA/l\ tho power to be 
dissipated, P - E^A/nl. From the foregoing equations the cross section of 
wire and the number of turns may be calculated. 


Space Factor of Winding. The “space factor" is the ratio of the not 
volume of conductor in a given winding to the gross volume of the winding. 
Only in the theoretical case of uninsulated square or rectangular conductor 
may the space factor be 100 percent. For wire of circular section with 
insulation of negligible thickness, wound as shown in Fig. 91, the space factor 
will be 78.5 percent. 'When the turns of wire are "bedded," as shown in 
Fig. 92 (which is tho case in most windings, particularly with smaller-sized 
wires), there is a theoretical gain of about 7 percent in space factor (Under- 
hill, Elec, WorW, 63, 155, 1909). Experiments have shown that in most 
cases this gain is about neutralized in practice by the flattening out of the 
insulation of tho wire due to the tendon used in winding. 'Wben wound in 
a haphazard manner, the space factors of magnet wires vary according to 
size, substantially as follows: 


, Double ootton oorcred Single cotton covered 

Size, A. W. G 0 6 10 16 20 25 30 35 

Spece factor, percent 60 53.8 45,6 35.1 32.2 32 '25.7 16 
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and for 'm'n’ng fixturea, rubber covered sad heat resiBtjng. Varniahed cloth (T) and 
alow-burnine weatherproof (SBW) arc tittle used at the present time. Rubber -covered 
wire for voltages up to 600 volts has an unbrok^ robber wall protected with cotton 
braid impregnated willi moistureproof compound. Type letter (R) is a code grade 
rubber with a maximum operatirrg tempoature 122 P, (SP) a better grade or per- 
formanoe grade rubber 140 F, (RHJ a hest-reaslsiit rubber 187 F, (R’S?) a moisture- 
resistant rubber for wot locations 122 P, (BHT) a small diiuncier lieat-reaistant rubber 
167 F for general building wiring, (RPT) a soiall diameter performance rubber 14D F 


Table 20. Allowable Currest-canTing Capacities of Conductors, Amp 
t^ot Moi 6 Ttan Three Conductor* in Baceway or Cabled 
(Based on l^oio Temperature of 88 1 ) 



X 

— B — 

G 


I 

— B — 

i G 

Sire 

AWG 

Types i 
R 1 

RU 

rSt 

Bile, 

Types 

1 K 

V 

RU 

Types 

1 KHT 

RW 

RPT 

BH 

mils 

R \7 

EFT 

1 RH 


1 

HP 



RP 


H 

15 

18 

! n 

2!0 

177 I 

213 

255 

U 

20 

25 1 

1 27 

300 

198 ; 

238 

285 

IQ 

25 

31 

1 37 ' 

550 

214 

260 

5 lf 

8 

55 

41 

49 

400 

2)3 1 

281 

536 

6 

45 

54 1 

' 65 . 

500 

265 1 

519 

382 

■Ol 

■n 

■■M 


600 

293 1 

353 1 

422 




86 

700 . 

520 

585 , 

461 




99 

750 

350 

598 ' 

475 


HI 



800 

340 

410 

490 

■1 

Hi 

IH 

BH 

m 

360 

454 

! 519 

0 

' 105 

, 127 

151 : 

1.000 

577 

' 455 

: 545 

OQ 

. 120 

1 H 5 

: 173 1 

m 

409 

«i 

. 589 

090 

1 150 , 

1 166 

1 199 

1.500 

454 

522 

1 625 

oon 1 

160 1 

I 193 1 

250 1 

1.750 1 

451 ! 

544 

. 650 


I ' 


1 

2 J) 0 O 

463 1 

1 

1 555 

1 666 


Correction Factor for Boom Temperatures Over 86 P 


... 104 

11.3 

1!«? 

131 

140 

158 

.. .71 

SO 

.JItl 


.. .82 

71 

.an 

,41 

no 


.. .88 

.82 

.76 

.67 

.68 

.35 


Temp, deg F 

CoUA...; 

Col. B 

Col' c .« .to .01 .S6 .so .w 

I'or aluminum wire the allowable carrying capacity ehnll be taken as 84 percent of 
those given in the table for the respective siies ot copper niro with tho same kind of 
covenng. 

‘ For 4 to 6 oonduotors the current is 80 per cent. 

For 7 to 9 conductors the current is 70 per cent. 


in sisea 14-10 for rewiring existing raewsya for increased loads. (RU) n very thin high 
quality rubber 140 F in sites 14-10 for rewiring easting raceways for increased loads. 
Sjwthetie (SN) is a solid syntheUe oompouad of amall diameter 140 Fin sites 14 to 4/0 
lot rewiring emting laoeways its increased loads. Sbw-bimiiag wire has three 
braids oi cotton, imprognated with a fire-remting compound; its use is limited to tem- 
peratures over 185 F. Waatherproor Hire is cheaper than other wires einco the 
insulation consists merely of three braids d erttoa impregnated with moisturenroof 
compound. This wire is fimited to outdoor use and must be supported on insulators 
M if the wire were bare, for the covering has no effeoUi^ maulatrng properties, Fixture 
Trire 18 made with either heat-resistant or lubbor insulation. The rubber-covered wire 
IS used for out-door fixtures and in fixtures where it is not subjected to extvemo heat, 
as well as where the voltage between wires may be between 300 and GOO volts The 
heauesistant wire must be used in fixtures where the tefflperaturo meeds 120 P 
Fixturea should be wired with ashestos-corered heat-rcsiatsat fixture wire except that 
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■ Magnet wire is a soft insulated eopper mre of high conductivity. It 
may be obtained in square, rectangular, and circular section, but the round or 
cylindrical wii-e is used almost enUrdy in the smaller sizes. Ribbons are 
frequently used in the larger siaes. Cotton covering is used on large and 
medium-sized wres but silk is used for the very small wires. Both cotton and 
silk insulation char at about 260 F and so are unsuitable for bigh-temperaturo 
operation. Enameled magnet wire is used wiiwe it is necessary to have tbo 
thinnestinsulationposableandBlillretainlughinsulotionresistaDce. Enamel 
covering is now highly rcaslant to abrnfiion and is used even on the larger 
sizes of wire. Enam^ insulation will withstand a temperature of 400 F for 
long periods of time without deterioration. Enamel and cotton arc now 
much used instead of the double textile coverings. The advantage lies in the 
greater space factor and increased dielectric strength. The cotton has no 
dielectric strength but acte as a spacer. With enamel it acts as a cushion to 
protect the enamel and as an absorbent when Uie winding is impregnated. 
The enamel has subatamtiol dielectric strength. 

Magnet wire provided with asbestos coverit^ is used on magnets and spools 
operating at liigh temperature. Wire insidoted in this manner may bo 
operated 'at near rod boat wititoul iniuring the insulation. Fiberglas, 
a thread spun from very fine glass fibers, Is now being used extensively as 
high terapeiatiire- insulation for wires. Its medumical properties arc far 
superior to those of asbestos, and it can withstand toinperaturcs approaching 
red heat. The thread can also be wovon into a fabric and used for insulation, 
particularly in tape form. Formex, an onamelod wire, has groat adherence, 
^tretchability, and mechatiical toughness. • ' • 

GUetron Tubes and Radio 



Electron tubes depend for th«r operation on the fact that a hot body 
emits extremely small negarivdy diargcd particles of electricity called elec- 
trons. An dectros tube with two decb^cs is called a 
diode and cdiuists of a hot filainoot (Fig. 93) and a plate 
P in a higlily evacuated glass tube. 

When an emf S is applied between the plate and the 
filament -so that the plate is poriiivc and the filament is 
negative, the electrons eraiUed by the filament are drawn 
to the plate. The current, towever, flows from plate to • p 
filament since the conventional direction of current flow ' ' 
is opposite to the direction of-flow of the electrons which 
are negative.chargea. The .relation of.the current to.tho 
voltage, fortliree different temperatures of the filament, is ■ 
given in Fig. 94. At .any given fiJment .tomperaturG' |Ti 
the current increases rapidly at first frith iiicrea0oia:volt- 
age and then at some point such as a the current becomes 
essentially constant,,. This is filament saturation and 
occurs when the voltage is suffidently high to draw all the 
electrons emitted .by .the filament at the ^ven lempora- . 
tore. , When the, temperature of the filament ia increased 
to temperatures Tj-and T$, more electama arc emitted by 
the .filament and saturation occurs at higher values of , 
voltage; When the filament is poative and tiie plate negative, the electrons 
are all idrawnito tlie filament andfPo current flows, 'Hence tliis tube has 
unidirectional conduction and may boused as a rectifier. ,lt is the basis of 


' 'electrode tube. 

•Fig. 94.— 
Currenf^voltage 
' characteristics 
of twotoleotrodo 
tube. 



« Under certain coaditioos more than nine wires arc permitted is a single conduit 
(see Table 9, Chap. 10, Natianal Electrical Code, 1940). 

For rewiring existing raceways sec Table 6, Chap. 10, National Electrical Code- 

Table 22. Approximate FuU4oad Currents of Motors 
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the kenotron and tungar rectifier (p. 1753). Itis'also used as the detector 
in receiving sets (pp. 1778, 1780). 

In the three-electrode tube or triode (Fig. 95} a grid is placed between 
filament and plate but very close the filament. A relatively small difference 
of potential applied between grid and filament has a much greater effect 
on the electron flow to tlie plate than when applied between filament and 
plate. A very small araonnt of energy applied to the grid can, therefore, 
control a very much greater amount of energj'^ going to the plate. The 
energy applied to the grid may be zero as grid potential need not be accom- 
panied by current. This characteristic of the tube makes it a very eflioient 
amplifier and modulator of electric waves. It may also bo used as a rectifier 
and detector. Figure 98 shows typical static relations between grid voltage 
and plate current in n triode rrith different plate voltages. Tho plate current 
Ip is plotted as a function of grid voltage for three different values of plate 
voltage El, £2, Ei. In order to make the plate current zero, a negativo 



potential such as — F!?' must be applied to the grid. If a small a*o voltage 
if (Fig. 96) (ko Fig. 99) is appHed to the grid, a corresponding variation of 
plate current ip results. If the tube is made to operate on tho straight portion 
of the characteristic by applying a negative polarizing voltage -Eg to the 
grid by means of a C battery (see Pig. 95), the tp wave is similar to the 65 wave 
and there is no distortion. When the grid is negative, the grid current I,, 
must be zero. Tubes are usually operated with a negative grid bias since it 
reduces distortion. They may, however, be made to operate on any desired 
portion of tho characteristic 1 ^ means of the 0 battery. 

The plate current ip (Kg. 96) represents a considerable increase of power 
over the grid input and may be utilized for operating a loudspeaker or the' 
power maj' bo further amplified. 

In order to reduce the bum that occurs when a-c supply is used, the cathode 
frequently consists of a metallic cylinder with a heater inside. The heater 
usually is a hairpin loop of tungstmi wire enclosed within the cylinder and 
insulated from it by refractory material (see Figs. 97 and 98 in which Ea 
may be'replaced by a-o voltage). Obviously, the cyclic variation in the tem- 
perature of the cylinder and, therefore, in file emission is much loss than for 
the fQament alone. •• ' • ' 
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Table- 25. For Selecting Wire and Fuse Sizes for Motor Branch 
Circuits. 

(See Table 22 for fuD-load motor current) 



Minimum allownble 
ise rf copper Twrfe A. 
W. G. or Kf mile 

For ninning 
proteMtoniA 
motors, amp . 

JIaximum allownblo rating of 
branch circuit iuscs, amp 
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40 
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200 • 

W 
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um 
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m 
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• • OD 
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509 

\- 350 
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[ 500,000 

IBii 

250.0H 
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H- 
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« For the running protection cJ 1 Irp and less, the protection given in coJumrs 7, 8. 
and 9 may be comidcted SM&ewitV, .but iJ ibft motai is Vocatcd wjt ot sight oi tbs oper- 
ator, the values in columns 5 and 6 should be used. 

^ Singie-pbaeo repulsion or spUt phase. ' ' , ■ 

' High-reactance squirret-eage motors,' dengned to liiuit tbo starting current by 
means of deep-slot secondaries or douWe-wound secondaries. , 
i Code letters marked oh motor nanuiidntes iadicale a catio of current taken with the 
rotor looked, to rated current. Letter Aindicat^ 0 to 3.14,' B to B, 3.15 to 4.99; F toll, 
5.0 to 14.0 and higher. Adoptedstandudby K.KM.A. 

when the fixt>ire ■wire vnil not be subjected to tomperaturca higher than 194 F, a cotton- 
covered heat-reeiatant fixture wire nay be Tised, Table 20 gives the carrying capacity 
of insulated copper wire. •. • ' ' 

Bes^or Mabeiiarls 

For use in rheostats, ele(Jtric furnaces, otom, heaters, and many electrical 
appliancea, a Tbastor.materid TOiJi iagh medtang point and high resUU-wty, 
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With radio-frequency amplification, the capacitance between the grid and 
plate is objectionable in that it causes feedback and limits the possible 
amplification of the tube. This capacitance is reduced to a very small value 
by the use of a screen-grid tetrode (Kg. 97). The screen grid completely 
surrounds the plate and is connected by a tap to the B battery so that its 
potential is negative with respect to the plate. 



Fig. 97.— Screen-grid tetrode. Fig. 98.— Pentode. 


When the plate becomes negative •with respect to tlie screen grid, secondary 
electrons emitted by the plate, owing to the impact of the primary electrons 
from the filament, arc drawn to the screen grid. Tliis reduces the plate 
current in the region of operation and curtails the power output of the tube. 
This effect may be eliminated by a suppressor grid between tlie screen 
grid and the plate (Fig. 98). Tho suppressor grid is connected to the filament 


and hence is always negative with respect to the plate. Therefore, any 
electrons emitted by the plate are driven back. Such a tube is a pentode. 

Figure 99 shows the connections of a 

tube for use as an amplifier with indue- f~ — 

tive coupling in which the cmf c, is ^ « 

amplied to Cp' (see Fig. 96). The plate 

current ip flows through the primary itfi ae » 

of an amplifying transformer. Since the j i , 3 k 

ratio of secondary to primary turns j | ~ 

fi^ 2 /iViis 8 omethinglikel 6 :l,thesecond- r ] kj 
ary emf ci' is much greater than that of — *] Transformer 

the primary. For audio frequencies the nfi , , 

amplifying transformer has a laminated ^S.-Vaouum tube as am- 

iron core; -with radio frequencies an air- putier. 


core transformer is used. The amplified emf e, may be fed to a second 


amplifier. In this manner several stages of amplification are obtainable. 
Resistance and capacitive couplings are also used in amplifiers. 

As the grid voltage Cp swings moro negative {Kg. QG) distortion is produced 
in the amplified plate current because of the curvature of the Ip - Ep 
characteristic. In fact, -with too great a negative awing of a portion of the 
negative half of the ip wave may become eliminated, and largo distortion 
results. In order to reduce such distortion to a very small amount and 
increase the power output per lube, the push-pull amplifier, shown in Fig. 
100, is used. There is a center' tap o at the center of secondary of> of the 
input trksformer to which the negative of the C battery is connected." The' 
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which docs not disintegrate or corrode at higji temperatures, is necessary. 
These reqmrements are met the nickd-chromium and nickel-ohromium- 
iron alleys. For electrical instruments and mcaaidtig apparatus, the teaator 
material should have high ledetivity, low temperature coefficient, and, for 
many uses, low thermoelectric power against copper. The properties of 
resistor materials are givenin Table 24. Most of these materials are available 
in ribbon as well as in wire form. Cast4ron and steel wire are efficient and 
economical resistor materidsfor many uses, such as power-absorbing rheostats 
and motor etarters and controllers. 

Advance has a low temperature ooeffident and is useful in many types of 
measuring instrument and precisiDD equipment. Because of its high thermo- 


Table 24. Properties of Metals, Alloys, and Resistor Materials® 



' Couiteay of Briver-HaTriB Co. (except moael mcial). 


electric power to copper, it is valuable for thermoelements and pyrometers. 
It is non-corrosive and is used to a large extent in industrial and radio rheo- 
stats. Hytemco is a nickel-iron alloy characterised by a high temperature 
coefficient and is used advant^cously where self-reguletioii is required as in 
immersion heaters and heater pads. Magno is a manganesc-nickol alloy 
which is used in the msnufaciure of incandescent lamps and radio tubes. 
Mtnganui is a coppcr-manganesc-niokel alloy which, because of its very 
low temperature coefficient and ite low thermal emf with respect to copper, is 
very valuable for high-precision electrical measuring apparatus. It is used 
for the resistance units in bridges, for shunts, multipliers, and similar measur- 
ing devices. Nichrome V is a nickel-chromium alloy free from iron, is 
noncorrosive, nonmagnetic, withstands high temperatures, and has high 
resistivity, It is recommended as materisd for heating elements in electric 
furnaces, hot-water heaters, ranges, radiant heaters, and high-grade electrical 
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positive of the B battery is connected to the center tap o' of the primary a'b' 
of the output transformer. Hence so far as the direct current to the plate 
circuits is concerned the tivo halves of the primary a'b' are in opposition, 
vhereas the alternating voltages across the two halves are in phase \rith each 
other. Owing to the symmetry of the connection, ev’cn harmonics caused 
by the curvature of the characteristics are eliminated entirely and the odd 
harmonics are ordinarily so small as to be ne^gible. With this arrange-uent 
much greater power outputs with negUglble distortion can be obtained. 



A vacuum tub® may bacotne a power oscUlMor or a generator of alter- 
nating current. A tube may be made to oscillate by connecting an oscillatory 
circuit, consisting of inductance and capaciuince in parallel, in the plate 
circuit. A portion of the energy of the plate dreuit is fed back into the 
grid circuit, the direction of the connection being such that the emf due to the 
plate circuit is substantially in phase with the grid em! and so reinforces it. In 
Fig. 101 a simple oscillator is shown. The osdllatory circuit consisting of 
the inductance Lp and capacitance Cp in parall el is called the tank circuit. 
The frequency of oscillation / * l/2r \/LpCf. The grid circuit is coupled 
to the plate circuit by the mutual inductance A/ between Lp and L,. A grid 
leak Rf prevents the accumulaUon of electrons on 
the grid which would block the tube. Theload on 
the osdllator may be inductively coupled to Lp. 

A radio wave such as is used for broadcasdng 
is a Hgh-frequeney or r-f frodio-frequency) con- 
tinuous wave having a frequency of 1,000,000 to 
30,000,000 cycles per sec. This is called the 
carrier wave. In order to transmit speech and 
music this wave is modulated by a-f (audio- 
frequency) waves produced by the vmce and by 
music. Figure 102 shows such a modulated wave. The envelope of tbs 
modulated carrier-frequency wave is the a-f wave, as shown in Fig. 102. 

There are several methods of modulating the carrier wave. A common 
method is to introduce into the plate dreuit of a tube, oscillating at the carrier 
frequency, an additional emf of audio frequency, the peak value oi which is 
somewhat less than the steady plate voltage Eh. Figure 103 shows a sim ple 
plate-modulation dreuit. The carrier-frequency tuned tank-cricuit LpCp 
and grid circuit are similar to those in Fig. 101. The secondary S of an audio- 
frequency transformer h is introduced into the plate dreuit. The primary 



Fig. 102. — Hectified 
radio wave-train. 
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tbia, the third, differeatiall etc. These quantities are of little importance 
except iu the case ■where ds = a constan't. In this case 
dsf = =/"(») ‘W; =/'"(a:)'(tJir)®; . . ■ 

The first, second, third, etc., differoaUala are close approximations tO'the first, 
second, third, etc., difTerenccs (p. 116), and are therefore sometimes useful in 
constructing tables. Thus, denoting thefirst, second, third, etc., dificrencea by 
D', D”, D'", etc., and, assuming always that di « a constaut, 

D' + + + . + . . . 

D" =dV + dV + Mjd*y + . . D" - iX" + 'HsD"" + • . . 

D"' = d’v + d^ + . . di» = X)'- HIX'+HO'"- + . . , 
Functions of Two or More Variables may bo denoted by /(i, 1/, . . .), 
F{x,y,. . .),etc. Thederivativcofsucbafunctionw .)iormed 

on the assumption that i is the only variable (y, • . . being regarded for the 
moment aa constants) is called the partial derivative of u with respect to 

X, and ia denoted by A(s.j), or D»a, or or Similarly, the partial 
ox 02 

ditU 

derivative of u with respect to j/ is fv(x,v), or DpU, or or 

Nora. Ia the third notatioo, diu dcoolcs Uio differential of u formed on the aBsume- 
tioa that X is the only variable. If the fourth notation, du/dx. is used, this must not be 
treated as a fraction like du/dx; the d/dxisasymbol of operation, operating on u, and 
the "dz " must not be separated. 

Partial derivatives of the second order axe denoted by/zt, /ry, /yy, or by Du, 

WDyu), DyU, orbyl^* w^Hbolast8yinbola'bcing“in8eparaUe.” 
ox’’ 0x01/ oy* 

Similarly for higher derivatives. Note that /tv = /»*• 

If incremonts ax, ay, (or dx, dy) ore assigned to the independent variables 
X, y, the increment, Au, produced in u » /(z,y) is 

a« * /(i + Ai. y + ay) - /(s,y) 5 

while the differential, dy, that is, IbovaluewbicbAti ■would have if the partial 
derivatives of u ■with respect to x and y ■were constant, is given by 
du = 

Here the coefficients of dx and dy aro the values of the partial dorivatlvea of u 
at the point in question. 

If I and y are functions of a third variable t, then the equation 

expresses the rate of change of u ■with respect to I, in terms of the separate rate 
of change of x and y with respect to f.' 

Pot the graphical representation’ of «.s= /(x,y), See p. 178. i 

Implicit Functions. If /(x,y) = 0, eithw of the variables x and y if 
said to be an implicit function of the other. To find dy/dx, either (1) solve 
for y in terms of x. and then find dy/dx directiy; or (2) differentiate the equa- 
tion through, as it stands, renic-mb^ng that both i and V are ■variables,, and 
then divide by dx\ or (3) uso the, formula dy/dx = - {/r//y), where/, and 
h are the partial derivatives of /(x,s) at the point in question. 

MAXIMA ASD MISIMA 

A Function of One Variable, as y = /(x), is said to have a maximum at 
poinix «=xo,ii at that pointtheslopeitf the curve 18 zero and the concavity 
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downward' (see’Fig.' 3); a enffident condition (or 'a maiimuta is /'(lo) = 0 
and /"(xo) negative. Similarly,^*) ins » minimum if the slope is zero.and’ 
the concavity upward; a sufficient condition for a minimum is /(so) = 0 and 
/"(lo) positive. If /'{*e) = 0 and , 
0 .and /'"(zo), 0i the point i# will be a 
point of inflection. If /’(x^ = 0 and 
/"(zj) = 0 and /'"(xo) = 0, the point zq will 
be a maximum if /""(lo) < 0, and a mini- 
mum if /""(xo) > 0. It is usudly' sufficient, 
however, in any practical ca^ to find the 
values of * which make f{x) = 0, and then 
decide,' from .'a general- knowledge of the 
curve, which of these values (if any)' give 
maxima or minima, without investigating the higher derivatives. 

A' Function of Two Variables, as u s J(x,v), will have a maximum 
at, a point , (a!o,V( 3 ) if at that point /* = 0, /, = 0, and /« < 0, < 0; 
and a minimum if at that point /* =» 0, » 0, 'and /»* > 0, > 0; 
provided, da each case, (/**)(/»»).- (f*»)*i8 positive.. If/* * 0 and/i, « 0, 
and fxx and '/vv have opposite signs, the point (xs,v«) will be a “saddle point”' 
of the surface representing the function (p. 178). , 

EXPANSION IN SEEI8S 

' The range of values of z for whioh each of the sorios is convergent is' stated 
at;the right of the series. 

Arithmetical and Oeometrical Series, and the Binomial Theorem. 
See p. 114. 

Exponential and Logarithmic Series. 

— + ~+ — + — + 

. . .J. O>0, -«<*<+ C9, 


, whoram « Ing.t'i = (,'L3026)(JogviaV 


log, (1 - «) = • 


”4 s' 
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Fio. lOS.—Plato modulation. 


current of. this transformer comes from the microphone circuit consisting of a 
battery B and a microphone T. The capacitanco C bypasses the carrier- 
freQucncy circuit around the secondary 8 of the audio-frequency transformer 
b. Ordinarily there is not suffident power in the microphone circuit, so that 
an amplifier (Figs. 99, 100) is inserted 
between the microphone and the 
transformer h. 

The ordinary sound-produdng devices, 
cannot respond to tie bigb-frequenejf 
modulated wave such as is shown.in Mg. 

102, and the frequency is far too high to 
be audible to the human ear. It is, 
tlicrefore, jiecessary to demodulate 
such waves in order that the reedving 
devices may be actuated by a-f currents 
similar to those used for modulating, 

This is called detection. 

The detector must rectify or suppress 
one-half the wave shown dotted in Fig. 
lOS. The lugb-ftequency components 
of the rectified wave are by-passed by a 
capacitor such as C, (Fig. 104), This leaves only the a-f wave shown by 
the solid line which is essentially the a-f wave which was transmitted. TJiis 
wave then actuates the phones or speaker. 

A common method of detecting is tlie grid leak shown in Fig. 104, A very 
high resistance Rg shunted by a small capacitance C, is in sorics with the grid. 
The incoming carrier ware from tho antenna flows through tlie inductance 
ilf which is in the grid circuit. Owing to the curvature of the grid-current 
charaoteiistic Iq, Fig, 98, rectification is produced by the grid current flowing 
in C( and Ro. Figure 104 shows a simple 
regenerative receiving set in which some of Uie 
plate energy is transferred to the grid 
by mutual inductance. Tho plate dreuit 
coupled to tlie antenna inductance 
means of the coil Mp. A portion of tlie 
energy of tlie plate circuit is fed back into the 
grid circuit through the mutual induction of 
ilfy on M reinforcing the received rignal. 

This is called regeneration. A small capaci- 
tor Cp shunted around the phones by-passes 
the r-J portion of the reotifed wave of Mg. 

102, Two or more stages of amplificnUon 



Fic. 104. — Simple rcgeucra- 
tivD receiving set. 


niay.be obtained by replacing the phones (Fig, 104) by Cj, or the input of' 
an amplifier such as is shown in Figs. 99 and 100. Tho phones or loudspeaker 
may then be connected in the plate dreuit of the tube of the Inst stage of 
amplification. ; 


The diode (see Fig. 93) is now in common use as a detector. It is '^^ery 
much less sensitive than the grid leak, bat, with the high amplification now 
possible with heterodyne recepiion, this is no great disadvantage (see p. 177$). 

Frequency modulation rather than the amplitude modulation just 
described is also being used. Mie amplitude of the carrier wave remains 
constant but its frequency is imried in accordance with the frequency of the 
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tioQ temperature produces more raiw in low-temperature than in bigh- 
femperature types. 

Thermocouples of platinum and plalinuin-iuc^ alloy produce twice 
the voltage of a platinum-rhodium combinatioii, but should not be eubjected 
to temperatures above 2000 F. Tbennoelectric couples are particularly 
adaptable for measuring temperatures in restricted spaces. The couples 
can be made thin enough to be jneerted into spaces less than Mo Tdde. 
They are adaptable also for indicaiing temperatures of objects at a distance 
from the observer. 

Any convenient siso of wire may be used, bat a good electrical contact 
at the junctions, and insulation of the rest of the wire, ate important. Junc- 
tions may be merely twisted together: but for mechanical strength and to 
ensure good electrical contact in sjMte of (uddarion, welded or soldered junc- 
tions are preferable. Insulations may bo enamel, silk, 
cotton, or other fiber for low temperatures, and asbestos, 
porcelain, or other refractory for high temperatures. Pure 
metals should be used for thermocouple wiree^ and each 
batch of vdro should be calibrated. 

Thermocouple instruments may be cither of the milli- 
voltmeter type or of the poteniiomcler type. Millivolt- 
meter insii'unienta have the advantage of being direct 
reading, but the readings are affected by the resistance of 
the le^s.. This difficulty is minimized by using a mini- 
voltmeter of high internal rcdstance, but in any case the 
resistance of the thermocouple and leads should bo as close 
as possible to that for which the instrument was calibrated. 

The accuracy of a high-grade millivoltmetor pyrometer 
with 6 in. scale and with calibrated couple and leads is 
usually within 1 or 2 percent of full-scale reading. 

Potentiometer instruments measure the thermocouple voltage by 
bdancing a known battery voltage agwnst it. Ko current Sows in the 
thermocouple or the lead ^ree, and hence thoir resistance does not affect 
the readings. A simple potentiometer circuit is shown in Fig. 4. The 
accuracy of thermocouple roadinge with a potentiometer instrument is 
limited by the length of the slide wire T>GE, by the sensitivonesB of the gal- 
vanometer, and by the accuracy of the wire calibration. Over-all accuracy 
varies ftcmt ahwifi I percent in commercial wide-tamgi umfwixoftDJji tji ijimiih 
0.1 percent in the precision laboratory typo used for comparative measure- 
ments with the same batch of wire. 

Since the temperature measurement by a thermocouple is the difference 
in temperature between the two junctions, the cold junctioa or reference 
junction should be kept at a known temperature. In laboratory work, this 
is usually doneby inserting the cold junction in'a vacuum bottle with cracked 
ice and water. For industrisJ hi^-temporature work, the temperature of a 
cold junction buried 10 ft underground is approximately constant (within 
6 F), Intern^ compensating devices miQr be built into the instrument to 
compensate for cold junction when the latter is at the instrument. These 
cold-junction compensators may be manually adjusted, or they may be 
automatic. (See p. 1721.1 

Potentiometer-type industrial temperaturo recorders and controllers 
using thermocouples arc increasing in number and variety because of their 
advantage of high accuracy, the usual guarantee on such instruments being 
less than 1 percent of full-scale deflection. 
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Fig. 4.— Foten- 
tiomotor Circuit. 
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a-f wave. This method is advantageous in that quality is improved and 
static disturbances are in a large measure eliminated. 

Radiatioa Electrical Energy. When a capacitor is charged, the 
energy represented by the charge is stored in the dielectric medium of the 
capacitor; it is possible to utilize part of this energy for the purpose of radio 
communication. If a radio aerial or antenna (which, with the earth, forms 
a capacitor) is electrically charged, the stored energy wiU exist not only near 
the antenna but also out at a great distance. It an alternating voltage of 
high frequency is now applied between the antenna and the ground, this 
capacitor will be rapidly charged and Recharged. If the frequency of 
reversal is sufficiently high, a second storage of energy in the field takes place 
before all the first energy stored at a great distance will have time to return 
to the antenna. Thus the antenna sends out successive energy impulses 
only a portion of which returu to the system on each successive reversal; the 
unreturned energy impulses become ether waves the velocity of which is 
approximately that of light (3 X 10* m per sec in the ether or air) until 
intercepted or absorbed. 

The wave length X is the distance, usually expressed in meters, between 
succesave wave crests. The frequency / of the radio wave propagation is 
the number of wave cycles per sec and may be obtained from the equation 

X/ = 3 X 10* m per sec (122) 

For example, if the wave length is 300 m. the frequency / = (3 X 10*)/ 
(300 X 10*) ■ liOOO kilocycles (kc). Continuous carrier waves used in 
bioadcasting ate produced by tube osdlktors which ordinarily have an 
oscillating circuit, composed of inductance and capacitance in parallel, con* 
nected in the plate arcuit. Regenerative feedback (see Fig, 101) which 
sustains and reinforces the natural oscillations is obtained by coupling the 
plate circuit back to the grid. The antenna is coupled to the plate circuit. 
Modulation, is accomplished by introducing the a-f emi produced by the 
microphone, but usually ampUfied,' into dther the grid or plate circuit 
(Fig. 103). 

Superheterodyne Reception. In most modern receivers, superhetero- 
dyne reception is used. The method is based on the principle that a high- 
frequency current a may be converted to a lower frequency by superposing 
on it a second current of frequency a'. The frequency of the two, after pass- 
ing through a detector tube, will result in an envelope frequency (see Fig. 102) 
equal to a - a'. This envelope frequency is called the beat frequency and, in 
receivoTS, the intermediate frequency (i-f). The intermediate frequency 
is obtained by a local osdilator superpoang its frequency on the incoming 
modulated signal. If the incoming modulated frequency is 1,000 kc and the 
superposing frequency is 1,656 kc, tie beat frequency is 1,566 — 1,000, or 
556 kc. In tuxung, the frequency of the local osmllalor is adjusted to the 
incoming frequency so that the heat or intermediate frequency always 
remains the same. This simplifies the design of the amplifier and the circuits 
of the j-f stages since they can be adapted to fixed frequencies and thus 
operate under optimum conditions. 

Superheterodyne Receiver. In Kg. 105 is shown a typical superhetero- 
dyne receiver as produced by the Browning Laboratories, Inc. For sim- 
plicity the tuning eye and details of the i-f amplifier have been omitted. The 
incoming signal from the antenna enters the tuned radio transformer Ti which 
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lleotrlcal-TesistaiiCQ theTmometais .employ a briflE® wicmt and 
may uso a null or balance metiiod of indication as already described for 
tbe thermocouple potentiometer. The seneitive element is a coil of fine wire, 
usually nickel or platinum, mid the' change in resistance of this wire ■with 
temperature is measured. The reastanee thermometer is a highly accurate 
and sensitive tempernture-measnring derice and has the advantage of being 
adjustable in scale and range by ^ adjustment of the resistances in the 
bridge. A disadvantage trf the resistance thermometer is its rather high 
cost, and its applications are usually limited to distantrieading installations 
in 'which precise measurements are needed or 'where the range covered is only 
a few degrees, as, for instance, in the accurate control of temperatures in 
rooms or storage spaces. 

In the radiation pyrometer, a thermocouple or a thermopile is located 
at the focus of a lens -within alcn8tube(Rg. 5). When this device is sighted 
upon a large area such as an incandescent fuel bed or a furnace ■wall, tbo 
temperature attained by the thermocouple will be a function of tbo tempera- 
ture of the object sighted upon and -will be almost independent of the di&- 
tance from the object, aa long as the entire field of the lens is covered. The 
reading -will depend upon the cmisai-vity of the source of radiation. The 
instruments are calibrated for black-body eoni^tiona and will be approximately 
correct -when sighted into a large furnace 
through a small opening. The instrument 
readings may be 10 to fiO percent low when 
sighted upon Ugbtrcolorcd or metallic sur- 
faces in the open. lUdiation pyiomcteis ate 
ordinarily used for temporaturee above 1000 
F, but by substituting a thermopile (series 
thermocouples) for a sin^e couple tbe instru- 
ment may also be adapted for lower tem- 
peratures down to and indudlng ordinarily 
atmospheric temperatures. The radiation pyrometer is made in both 
indicating and recording types and is also used as the sensitive element for 
control devices. 

The optical pyrometer meosures temperature by indicating the brifihtneas 
of tbe radiation received from an object, in a narrow band of tbo visible 
spectrum. The optical pyrometer measures monochromatic radiation, and 
the radiation pyrometer measures total radiation. Most optical pyrometers 
are operated by visual comparison of tho apparent brightaess of the body 
•cnifiw tiosBiTTitiun ■** «A a tftsnhHri ’li^nt eouice. , .Tne 

brightness of tho standard li^it is varied either by an absorption device such 
as a polarizing prism or by varying the filament current in an electric lamp.- 
In the latter type, if tbe lamp filmnent and the object are both in focus in 
the same field, the filament wdll disappear when the current has been adjusted 
to give the filament the same brightness as the object. This type of insttu- 
ment was used to determine theintemationei temperature scale above the gold 
point. Optical pyrometers usually employ a milliammeter instrument for 
final reading, but potentiometer instrumonts are also available for more 
accurate -work. Tbe photoelectric pyrometer, which uses a photocell astihe 
senatm element, may be classed as aa optical pyromstei . 

' The accuracy of optical pyrometers, under favorable conditions may be 
■ within 1 percent. ' The optical pyrometer is used principally in the lower 
range of thermocofiples, but it may be used for temperatures as low as 
1200 F. When black-body conditions do not prevail, the optical pyrometer 
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is sTibjeet to considerable error. For mdlten’iiiotals in the open, for instance, 
the instrument may read as moch as 300 F low, ' Other sources of error aro 
the ■ presence of screens of smoke cfc gases and the necessity for visual setting 
which may introduce human error.' In. the determination of temperatures 
of lurainoue Sames, the optical pyrometer has been applied with some success 
by uang color screens of two different-wave lengths, red and green. 

Pyroraetric cones aro n emple md inexpensive form of fusion pyrometer. 
Tie cones are small pyramids, about^in. hi gh . Bach cone is prepared from 
nuxtures oi oxides and ^ass, to pve a de^te melting point. A serifs oi 
cones with melting points 20 to 70 deg apart covers the range from about 
1100 to 3G00 F. The accuracy of the measurements is about the same as 


Table 4. Melting Points of Seger Cones 


No, 

1 

G 

Deg * 
' ^ 

No. 

j “a* 

Deg 

F 

1 No.' 1 
1 1 

Deg ' 
C 

Deg 

F 

fl?7 

too 


i 7 1 

i 1270- 1 

2320 ' 

30 1 

. ■ 1670 

3040 - 

Cl 6 

750 

1380 1 

15 

1435 1 

2615 

35 1 

1770 ; 

3220 

UlO 

950 

1 1740 , 

1 20 

1530 1 

2790 

1 39 

1880 

3420 

tl 

' ,1110 

■ 2030 , 

26 

1580' 

2380 

1 42 

1 

2C00 

(about) 

3600 


the 'interval between succesavo cones, although it may not be as close 
because the behavior of the cones depends somewhat on the r.atc of heating 
and upon the furnace atmosphere. Pyrometrio cones me used mainly in the 
ceramic industries. 

Calibration of temperature instruments is usually accomplished by one 
of three methods; (1) The instrument to bo calibrated may be compared with 
a standard instrument of euitablo type. This ahould be done in a well- 
stir^ duid, Tfith the sensitive elements ol the two instruments fastened 
togetieri (3) The readings of (be insUument may bo determined at the 
melting or: solidifying point of pure solid malcricds. The points usually 
used are ice, 32; tin, 449; load, 021; zinc, 787; aluminum, 1220; sodium 
chloride, U73; and copper 19S2F.- Cocd'mg curves (temperature vs. time) 
should be plotted and the point deterajined from the Sat portion of the curve. 
(3) The readings' of the instfUiuent inny bo determined at the hoEing points 
or saturation temperatures of pore liquids. Water is usually used and 
temperatures are taken from the steam tables. Pr^ufes must be measured 
ve^ accurately, as by dead-weight apparatua. The atmospheric boiling 
points of naphthalene, 425, and of suipbur, 832 F, are often included. 

Accuracy of temperature measurement depends on instrument and 
oh method of appEcation. Almost any required degree of accuracy in 
scale and calibration may he obtained -with glass-stem thermometers, elec- 
trical-resistance thermometers, or thwTOOCOUploe, but large errors may bo 
introduced by improper applicstioD. Most these errors are due to; (1) 
stratification and poor mixing of the 'fluid; (2) radiation; (3) incomplete 
immersion or conduction. As the difference b^een measured temperature 
and ambient temperature inoreasesj-these errora become greater. 

The Bureau of Standards, at -Washington, D. 0.,' will calibrate all types of 
thermometers and pyrometers. A’fee Bchedulo can be obtained on request, 
A cerl'ificate of calibration is pwwided by iJw bureau for each instrument. 

Surface temperatures are beet measured with-thennocDuples, but they 
my also be measured with thermometeas or with radiation- instruments. A 
thermometer pressed firmly against a hot surfaice and sealed with plastic 
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is adiustcd to select tlio dewed signtd. The trai^former iacreases the voltage 
impressed on the first r-f amplifier tube (HP). The signal is not only ampli- 
fied in the plate current of the r-f tube but also by the effect of the tuned r*f 
transformer (Tj) which also couples ttie agnal into a mixer tube (pentagrid 
converter) . The local frequeEQr isalso fed into tho converter by the oscillator 
0. This frequency is mixed that of the modulated incoming signal, and 
several frequencies are produced in 13ie plate dreuit of the converter, but all 
the frequencies except the difference or beat frequencies between the oscillator 
and the incoming frequencies are eliminated by a tuned i-f transformer in the 
i-f amplifier. This difference or intermediate frequency is constant and 
varies in different circuits from 456 to 465 kc. Tho i-f amplifier amplifies the 
power of the i-f frequency which has all the modulation characteristics of the 
incoming signal. In addition, the amplifier adds greatly to the selectivity 
of the act because of its tuned coupled dreuits. Tuning the incoming signal 
is accomplished by the dinultaneous adjustment of the throe variable capaci- 
tors Cl and Ci, and Cj which are all “ganged” on the same shaft. 

After the i-f amplifier, the i-f sgnal is rectified by the diode detector (p. 
1773), and the resulting audio frequency flows through a resistor E usually 
of the potentiometer type. This resistance acts as volume control. The 
audio frequency developed across the resistance is amplified by the audio 
amplifier and phase inverter. The phase inverter also provides the two 
suitable feed potentials for the push-pull amplifier. The output of the 
amplifier is supplied to the primary of the a-f transformer Tj and the speaker 
is connected to its secondary. 

Automatic volume control (a-v-c), is obtained by the voltage developed 
MTOS8 the I meg itsistance Ej which charges the O.OS-micTolBrad a-v-c capaci- 
tor. This voltage is fed back over the wire W to terminal 3 and gives a 
more or less negative bias to the grids of the r-f aad i-f tubes, according to the 
strongth of tho incoming signal. 

The power supply system is shown at S. The current from the 110-volt 
60-cyclo supply goes into the primary of a 60-cycle transformer T. There are 
three aecondaiies. The top secondary I, \i6ua% rated at 5 volte, euppUee 
the filament of the rectifier tube E', this filament also acting as oathodo. In 
tho intermediate secondary 2, usually rated at 350 volts max to the grounded 
center tap, the outer terminals are connected to the two anodes of the rectifier 
tube R'. The lowest secondary 3 supplies the heatei'S of the tubes in the sat 
and is rated at 6.3 volts. It also has a grounded center tap which fixes the 
potentials of the heaters. To the right of the rectifier is a filter in which the 
speaker field is used as a scries reactance. The rectifier delivers direct current 
for the B or plate voltage of 260 volts. A potential of 90 volts is obtained 
for the screen grids by means of the drop in tho 25,000-ohm resistance. 
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lesid low, the erroi TErying fwJKi about 5 T wbeu the ttue tem- 
perature is 50 F above arobieot, to 20 F whea the temperature is 200 F above 
ambieut. More accurate Borlacfr-tempota-teie measuTCiueuts may be made 
with thermocouples, either attached to the surface with adhesive or imbedded 
in cement in a shallow groove. Fine wires (24 to 40 gage) should be used, 
and the insulated lead wires should be in coatact unth tlio surfflce for some 
distance from the couplo. For high temperatures or for quick readiugs from 
inaccessible surfaces, a radiation thennople or a radiation pyrometer may be 
Used. 

^SESStTBB MEASUKEMESTS 

The preferred method of measuring barometric pressure is by means of 
a mercury column with a brass scale. Standard barometer reading at sea 
level is 29.92 in. of mercury at 32 F or 30 in. at 5S P. Gage pressure is 
the pressure indicated by a gage, above atmospherie. Vacuum is preaauie 
below atmospheric and is commonly expressed in inchea of mercury. Abso- 
lute pressure is the sum of gage and barometric pressures. 


Table 6. Barometer Correctious for Temperature 
To oonwt tea obswved reading of a mercury bar omett? or U tub* to tha J2 F stand- 
ard, add or subtract the Movinc values m hchea of mercury. 


Observed reading ol mercury column, u, ol mercury 


ooluma, dtg F 

20 

22 

24 

26 

28 

30 

32 

-20 

+0,09 

40.l« 

+0,11 

+0.11 


+0,13 

+0.14 

fl 


+0-06 

+0,06 

+0.07 


4o,05 

+0.0S 

20 

+0,02 

+0-02 

-bO.OZ 

+0 02 


+0,02 

+0.02 



-0.02 


-0 09 



-0.03 





-b.«l 




80 


-0.10 

-0,11 

-0.12 

“0,13 

“0,14 

-D,I5 

100 

-o.iy 

-0.H 

-0.15 

-0.W 

“0,18 

“0,19 

-0,20 


Table 6. Barometer Corrections for Gravity 
To correct the observed reading of a mercury barometer or U tubs to the equivalent 
reading at standard gravity, subtract or add the following values in inches of mercury. 


Elevation, it 


North 

latitude, d«e 


0 

1 

0 

1 

2JKn 

2dxn 

1 1 

^ 4J»Q 1 

. 4,000 ! 
1 

1 6.010 ' 

1 6.QQ0 

^ SHght of column, io. oj mercury 


1 30 

28 , 

28 

26 

26 

: 24 

1 24 j 


25 

30 

35 

40 

45 

50 

, -0.05 1 
-0.04 1 
1 -0.03 
-0.02 1 
1 -0.00 
+0.01 

, -O.M 
-0.04 
-0,(B 
-0.01 
-0.00 
+41.01 

-4).0$ 

-0.04 

-0.03 

-0.02 

-fl.Ol 

+0.01 

-0.05 1 
-0.04 i 
-0.03 1 
-0.02 ; 
-0.01 
+0.01 

-0.05 

-0,05 

-0,Q3 

-0.02 

-0.01 

-0.00 

1 -0.05 

-o.w 

1 -0.03 
i -0.02 
-0.91 
-0,00 

1 -8.06 1 
1 -0,05 

1 -0.04 
-0.03 1 
-0.0! 
-0.00 

-0.05 

-0,04 

-0.03 

-0.02 

-O.Cl 

-0.00 




SECTION 13 


ENGINEERING MEASUREMENTS 
MECHANICAL REFRIGERATION, ETC. 

BY 

GBOEGE L. TUVB, M. E., Professor of Heat-Po'sfer Engineeriag, Caso 
School of Applied Science. 

JBEOME B. McMAEON, B. S., Manager of Controller Division, Tho 
Poxboro Company. 

WILLIAM SPRARAGER, B. E., Technical Secretary and Editor, American 
Welding Sodety. 

FRANK L, FAIRBANKS, recently Chief Engineer, Quincy Market Cold 
Storage & Warehouse Co. 

LLEWELLYN WILLIAMS, Vice President in charge of Engbcering and 
Manufacturing, Tlie York Corporation. 

RAYMOND HASKELL, Ch. E., Pb. D., Consulting Engineer, The Texss 
Co. 

ODIN ROBERTS, S. B., A. M., LL. B. (deceased), Counsellor at Law, 

SecHon 13 except pp. 1882 to 189$ from “Mechanical Sogineers' Bandbook," 
edited by Lionel S. Marks 


CONTENTS 


MECHANICAL MEA5CBSMENTS 


By G. 1 . TUYE 


Temperature Measurements 

pressure Measurements 

Measurements of Time and Speed. 

Pagb 
1783 
. 1790 
. 1795 
. 1790 

Weighing Devices 

, 1796 


. 1797 


, ivim 


, 1807 



Dfiterminatiou of me Moisture m 

Steam 

. 1816 

Flu6-gM Asalyris 

. ms 

AUTOMATIC CONTROL 


Bt J. B, McMAHON 



Page 

Gas Welding 1884 

GosCuIUdc 1835 

Resistance wdd'ag 1837 

Tbermit Welding 1842 

Surfacing 1843 

Welding Procedures, 

Steel 2844 

Cast Iron 1640 

Nickel Alloys 1848 

Aluminum Alloys 1848 


MECHANICAL REPRIOERATIOH 
Bt F. L. FAIRBANKS 
REYiaen bt E. J. MACINTIRB 


Refrigeration Machines and Proc- 


Selection of Variables to Be Con- 
trolled 1822 

Self Regulation 1823 

Process La^ 1823 

Modes of Operation 1824 

Automatic^ontrol Mechanisms. ■ 1820 

WELDING 
Bt W. SPRARAGEN 
Arc Welding ]S23 


esseo 1851 

Rdrigerants for Vaporization Ma- 

ehiacs 1852 

Rating (d Refrigeration Macbtnea.. 1858 

Compressiorj Machines, 18.59 

Hoo^oldRcfrigeraUngMachincs. . 1863 

Condensers 1864 

Absorption Machines 1866 

Ammonia Solutions 1867 

Aitoiption Machines 1874 

BnoeCoediag..,.. 1876 



PESSSURB MEASVnEUSitTS 


1791 


The corrected barometer rsadicir is tho (Asarved rea^Hng coirected lor 
tempeiatwre, gravity, elevatioR, and iMtcument calibration. For absolute 
pressures coaaiderably above a'teaospberic, the barometer reading as observed 
is usually sufficiently accurate. If lorr absolute pressureB are to be deter- 
mined, such as the exhaust pressure of a condtmaiug steam turbine, all 
baromotei coxieetions should W apjdied. Baronvcfer coirectione for t-cmpera- 
tuie, gravity, and elevation are ^vcn in TaUee 6, 6, and 7, The A.S.M..E, 
Power Test Codes require these tluee corcections for accurate work and 
require in addition a barometer calibratioa correction. The Code specifies 
that this harcmcler colihrctioR is to be made by correcting the observed 
barometer leading (Tables 5 and 6) and reducing the result to aea level 
(Table 7). The difierence between this result and the “wc&tbcr-map read- 
ing” for the location, of tho observed baroioeter, obtamod from the TJ.S. 
IVeather Bureau, is the calibration correction. Baromclric pressures reported 
iy the TTeaflisr Burcaii have ^rcady been corrected to 32 F and reduced to 
esa level. The reading of n local barometer for purposes of calibration, 
should be made at the same time that tho Weather Bureau takes its readings. 
These readings aro taken at 8 kx. and 8 p Ji., 75th meridian time (E.S.T.) . 

Table 7. Barometer Corrections for Elevation 
To corrent the observed reading of & mercury barometer or U tul)e to the equivalent 
reading at a higher elevation, snbtritttiiefollowmg values in iachee of mercury for each 
100 it dlQorence in elevation (add for lower devotioii). 


Mean 

elovition 

it 

Mean atmospherio temperoturcF, deg Y 

-!0 


2. 

40 

ns 

to 

100 

Q 

0.13 

Q.12 

o.u 

0.(1 

o.n 

Q.IO 

0.10 

5.000 

0,52 

0.52 

O.ll 

0.55 

0,10 

0,10 

0.10 

2.0(10 

0.12 

0.11 

O.J) 

0.10 

0,10 

O.ID 

0.D9 

3W 

O.lt 

o.u 

0.5Q 

0.(0 

0,50 

0,09 

0,09 

4000 

O.H 

0.50 

0.10 

0.10 

0.09 

0.03 

0.05 

XODO 

0,10 

O.iO 

0.10 

0.09 

0.09 

0.08 

0.03 

6.ma 

0.10 

0.(0 

0.09 

0.09 

0,05 


0.05 

1,000 

0,10 

O.fB 

0.00 

0.09 

O.OB 

O.W 

D.03 


rollomng 2 s fi typical example of a barometer correction: 

The barometer reading at the center line of the turbine casing 5a a power plant at 
Eoaton, Mass, is 29.81) in, of mercury. Barometer temperature 75 F, Barometer 
riatatu. WalAd Vft it bdow ceaVet feso. The t«w.pwitoite- c/xrection ^Ta.yA 

ia -0,13 in. of mercury; the gravity cortcetion (Table $1 ie —0.01 in. of mercury, and 
the elevation correction (Table V) is -0.02 b. of mercury. Tho calibratioa oorrection 
determined from Weather Bureau conipaiisoa ia aMUmtd to be +0,04 in. of meioury. 
The total net correction is the eum £d these four or —0.12 in. of mercury. The bato- 
metric pTcasme nt the turbine center line is then 2i».C8 in. of mercury. 

Aneroid barometers are eometimea used on account of their compactnesa 
and portability. The aoerwd ia aa exhausted chambBr with coirugaled 
diaphragm walls, the collapsing of winch va i«isted by a spring. Tho dcftec- 
tions of the diaphragme againat the spring are indicated or recorded by a ■ 
lever mechanism. A recording aneroid baroraeter ia called a barogtapb,. 
Because of hysteresis and s^ng, the anerrad barometer should be calibrated 
frequently against a mercury barometer. The aneroid barometer ia also 
made in more accurate nt^ type in wbidi the diaphragm ia brought back • 
to an initial poattion by cKai^g'tiie ter^on.of the loading spring. This 
same motion.TOt'ates the scale to ghre the new reading, '■ 
Absolute-pressiwe gages, may be in»d6"by using a mecoury barometer 
tube as a vacuum -gage; The Taemim' connection is made at tho mercury 
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cistern, or the barometer tube may be turned into n U and the vacuum con- 
nection made.at the open end. Since the pressure in the closed end is prac- 
tically zero, the mercury-level differenlird gives absolute pressure directly. 
Recording absolute-pressure gagea of this type are available, the recording 
function being obtained by a fioat in. the high-pressure end of the 

U-tube barometer. Recording absolute-pressure gages are also made by 
differentially connecting an aneroid barometer and a spring-type vacuum 


Manometers are U-shaped tubes, miher vertical or inclined, filled with a 
liquid of known density. The (hfference in pressure at the two ends of the 
U is determined from the displacement of the Pressure 

liquid. A manometer with one end open to ^p/pes 

atmosphere gives a direct reading of equivalent ^ I 

gage pressure or vacuum, i.e., pressure above or 1 ^Airor 

below ,, atmospheric. The U-tube manometer J J 

{Fig. 6) may bo used hi dthcr upright or J 

inverted posiUon. The mr or indiiatii^ liquid Sfass** , r 

in the top of the inverted U tube must be J ■ * Gloss 

trapped ^before inverting the instrument, or it ^ . 

may be pumped in against the existing pressure, j 

A correction must bo made for the difference in liquid t ^Pressure 
heights of the columns ofiadicating liquid above fiip^i ■ 

the manometrio fluid in the two legs. Even with Fio. 0.— -Upright’ and 
air above the manometric fluid, a correction Inverted U-tube Manom- 
should bo made at high pressures — the density eters. 
of air at 100 lb. pressure is about O.Ol of the 
density of water. Hrs 

A manometer is easier to read if a large chamber or cistern [' 

is used as one leg of the U lube, as shown in Fig. 7. The u 

readings may then be taken on the smidl-boro side only, with jk 

proper compensation for the alight change in level in the ' |s 
cistern. A cistern-type manometer with the small-bore tubo jtj 

inclined instead of vertical is often called a draft gage, lb |i 

because it is the instrument usually used in test work for 1^ rh 

measuring chimney draft. The increase in length of scale for 
a pven vertical rise results in a more sensitive instrument. ^ ___ 

The multiplying factor for the scale of an Inclined manometer cigtef^-type 
or draft gage is equal to the cosecant of the angle the tube 
makes iritb the horizontal. The usual miiltipljdiLg factors are 
from 2 to 1 to 10 to 1, but a multipHcation of 20 to 1 may bo used if the 
instrument is accurately levded. The most common errors in the readings 
of inclined manometers are due to faulty setting of the zero of the sede or 
to inaccurate leveling of the instrument. Th^ should always he calibrated 
by comparison with a micromanometer, preferably a hook gage device with 
water as flind. 

The two-fluid manometer is also a more sensitive gage than a simple U - 


tube. Two fluids of different spetific gravity are used, such as oil and water 
or mercury and oil, A two-fluid manometa for gas pressures is shown in 
Fig. 8. One of the cisterns may be open to the atmosphere. The .heavier 
liquid may be either water or alcohol diluted witii water to. make its specifle 
gravity only slightly greater thaa that of the lighter liquid (kerosine). The 
alcohol may .be colored .with an aniline dsre tijat is insoluble in the kerosinei 
If the. specific gravity, of the ^te elcobd is 0.88 and that of the kerosine is 
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REraRENCEs: A.S.M.E. Codes on Instinments and Apparatus. Bebar, ‘'Fundamen* 
tals of Instrumentation," Instruments Publishing Co. Diederichs and Andrac, "Experi- 
mental Mechanical Engineering," "Wiley. Glazebrook, "Dictionary of Applied 
Physics," Macmillan. Shoop and Tuve, " Mechanical Engineering Practice,” McGraw- 
Hill. Smallwood and Kcator, "Mechanical Laboratory Methods,” Van Nostrand. 

Errors In Measurement. An error ie the difference between the observed value 
and the true value and may be expressed ae a percentage of either. Errors may be due 
to tie instrument, the method, or the observer. Instrument errors may be reduced 
by repeated calibration. Certain inaccuracies may be unavoidable, such as those due 
to the aging of glass or of magnets. Errors may be due to sluggishness or look of 
eensitiveness, but sensitiveness beyond the requirements of the desired accuracy may 
result in slowness of operation. 

The scales on moat indicating instruments are 2>f to C in. long. Instrument and chart 
graduations closer than 20 to the inch are difficult to read. "With these physical limita- 
tions, an accuracy of 1 or 2 percent of fuU ecalo is the best that can be expected with 
many common instruments. To determine the difference between two readings I in. 
apart on an instrument scale, within an accuracy of 1 percent, colls for readings accurate 
to a linear distance of Hoo In- which is not possible without a magnifying lens. Errors 
lu method of application or use of instruments ore sometimes very large. Personal 
errors and blunders are minimized by the training and experience of observers. A lack 
of knowledge of instrument technique may introduce errors of considerable tnngnitude. 
Aoddental errors still remain when all coniroUable conditione are kept os near eon* 
st&nt as possible. Such errors may be treated by the laws of probability and the 
theory of leaet squares. 

Relative accuracy of observations is usually much higher than absolute aecunoy, 
hlany instrumente and methods are quite saUsfactory for measuring differences in tem- 
perature, velocity, rate of Sow, etc., but are not suitable for determining absolute 
values. 

TEMPERATURE MEASUREMENTS 

TmAramerfes lor measTcrmg AenipwnitarD imi in 7 u’d’io \ , t^ieo 

gives the temperature range and the degree of accuracy usually obtainable. 

For temperatures below 1000 F, the choice is among a mercury thermom- 
eter, a thermocouple, a gas- or vapor-filled pressure-gago thermometer, 
and an electrical-resistance thermometer. For temperatures above lOOO F, 
the choice is among a thermocouple, a radiation pyrometer, and an optical 
pyrometer. 

Liquid-in-glass thermometers are usually filled with mercury and have 
a vacuum in the capillary. Since the freesing point of mercury is —38 F, 
alcohol or pentane is used for very low temperatures. To measure tempera- 
tures above 600 F, the mercury is sealed under pressure, using nitrogen or 
carbon dioxide in the capillary. With special glass, this gives a range up to 
1000 F, although difficulties from stem ffistortion may be encountered above 
900 F. For greater ease in reading, the glass stem may be made with colored 
inserts, a colored background, or with a magnifying-lena front. Glass-stem 
thermometers are graduated for complete immersion of bulb and stem unless 
partial immersion is specified. When tize stem of a total-immersion ther- 
1783 
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0.79, tHen the diSerence of gas pressures io inches 'a! ^atet 5 b H(0.83 O.TO) 

= 0.04H, i.e., the gage ahoffs a <hfferralco 35 timcS'greater than a U tube 'mVa. 
■water. A. Bmsil cotcwtlotv may be neceasary tur the differenco an level of 
the surfaces in the two daterM, but by umHug the cisterufi large this cor- 
rection may be avoided. The g!:^ columns •' , , ,' ann 

ghould not be over }{t in. in iateraal djjuneter Area of These tanks about m 
to avoid irregular meniatna . ■ times mienna! sectional area 

The tn,ts.iioiaute? liquids most commonly WDes.^^ Jogos 

•used are mercury, water, oil, alcohol. Table Jog'as ■! \ 

S gives the densities of these liquids ah 32 aid pressure 
70 r and also the conversion factors to change 
manometer readiuga into pressure in ■pounds 
pw sqviarfe iwch, • ! 

Invcrtcd-bell manometerB ore vridely 
used for permanently mounted draft gages, 
and they operate hko a gaaoiacter storage 
tank. Functionally, 'they are modified 
'U-tube manotncitora, the inade of the bell 
acting as one leg of the manomeler (see Fig. 

§). Vertical dieplacement of the bell is 
balanced by a weight, and the diRplaccment 
may ba paatly magni&ed by a lever mecha- 
niata ittd a bug pointer. Ihus « large caey- 
rcading scale may be used. 

Udioromattometers are nianometeis fitted 
vdtb some precision reading or magnifying 
device. They ate ■usually graduated in in- J7o. S.— Diflereatial Manoui- 
orements of O.OOi in, of water, though they eter. 

may in some casos be sendtlvo to 0.0001 in. 

Most micromanometersareof the incUued-tube typo. The Wahlen go^:e la a 
twO'huid inclined-tuba rmctomnnomcler, uang fluids csf very nearly 'the 
aaine den^ty.- (For details of construction' see Vnin. jKanofg, Bnp. BspU 
Sid, Bull 120.) 

A hook gags is a means for accurate measuring a liquid lovel, and it is 
Bometimes apjiiod to manomoteis, in order to obtain more accurate readings 
Table 8. Manometer liquids and Conversion Factors 



■ 

Manometer h'^uida 

SjwaGc gravity relative 
to water at 39 F« 

b convert in. o! lic^uid 
0 lb per s^in. multiply 

Maaom- 

cter 

temp 70 F 

Mancra- 

eltr 

temp 32 F 

Mauom- 

c&r 

temp 70 F 

Manopi' 

cter 

temp 32 F 


13.545 

0.998Q 

O.W 

O.SIO 

8.790 

Q.7J9 

J3.S?S 

0,4SP 

0.03t1 

0.0289 , 

0.0296 

0,0185 

0.0285 

Q,(5Z67 

0.#I ' 

0.0293 
0,0)0) 
0,8293 
0,0291 
8.0130 ■ 


Rwosinc (44-4B deg. A.P.I.) 

Asd draft gage o’d (approii 

Metbyl (wood) alcohol 

Ethyi (aaihl alnoiic? 

Gaaoline (5S-QQ deg. A,?.!.) 

0.312 
0,3% 
0.310 
' 0.895 
■ 0.751 


» Density of water at 39 F, 62.4S lb i«i ca ft. 
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mometcr is only partially immersed, ^ia a thermometer well, a correction 
for stem exposure must be made. The A.S.M.E.,Te8t Codes recommend 
the attachment by asbestos thread of a second thermometer with its bulb 
neiii' the middle of the exposed portit^ of the stem and corrections made by 
the formula K ~ 0.000088i)(£i - where D is the number of degrees of 
exposed filament, h the reading of main thermometer, and k the reading 
of the attached thermometer. When tiie stwn is cooler than the bulb, the 
correction K, in degree Fahrenhdt, is added. 


Table 1. Range and Accuracy of Thermometers and Pyrometers 


Type 

dange, 1 
deg F 1 

Accuracy, deg F 

Glass thermomelera: 

Ordinary claes. mereurv-CUed 

-30 to 760 ' 

0.5 to 2 

Jena alass, mercury and nitroeen-Clled 

.Quartz glass and borosilicate daa, meremy 



-38 to 950 , 

2 tolO 


-95 to 150 1 

1 to 2 

Ordinary glass, pentent-fillcd 

-300 to 713 

1 to 2 

Presaure-gage thermomsters: 

Vapor-pressure type; 

2l)0io too 

2 tolO , 


lOOto 300 I 

2 tolO 

Sulphur-diodde-filled 

liauid-filUd or gas-filled type: 1 

. Alcohol-fiM 1 

20 to 250 

2 tolO 

-»to 3Dt) ^ 

2 lolO 


-38 to 1000 ' 

2 'to(0 



2 tolO 


300 to 1000 



-WtoISOO 1 

0,003 to 5» 

Tlictmooouple pycometere: 




380 to 2800 1 

i 2 to20« 

OptUel pyromstere i 

HOC up 

20 for blsck'body eond!* 

Rsdlstfon pyrcaioters 

>008 up 

tions. 

20 to 30 for Waok-body 

Fusion pyrowsters 

n00to 3600 


Caloriraetrle devices 

100 to 2500 


ColOT-temoeratiira ciiarfa 

800(0 2900 

tJncertwn 


< Depends upon iDdieating instrument. 


Sstemal pressure corrections should be applied to glasS'Stem thermoni' 
eters when the bulb is exposed to high pressures. The correction is about 
'0,01. P per lb per sq in. in the case of a high*grade thermometer with a bulb 
wall thickness of O.S to 0.7 mm. 

Thermometer wells amUar to the finnod well of Pig. 2 and Table 2 
are prescribed by the A.S.M Jl. Codes for measuring the temperature of a gas 
hr of a superheated vapor in a pipe. When the pipc'contains.a saturated 
vapor only, or a flowing liquid, the fins may be omitted. Thermometer wells 
should be filled with a non-viscous liquid of liigh conductivity. Water, 
alcohol, or kerosine may be used for low temperatures, mercury or oil for 
higher temperatures, andtin or adder for temperatures above 600 F. Exposed 
parts should bo insaJated. 

For industrial appheations, gLass^stem thorraometsrs with special metal 
protecting cases are ovailable. In all applications, the direct immersion of 
the thermometer in the fluid is preferred, but where this is impracticable 
the bulb should at least be in good thermal contact wi^ the wall of the 
ihermometer well. 

, In solid-expanBioDi thermometers, tiie sensitive element is a bimetallic 
fltrih or roil wJnrh in fised at One end. The quality of these instruments 
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than are possible by viaual obsemtion of a mcnisons. The essential feature 
of a hook gage is the piercing of tiio liquid surface by a sharp-pointed hook, 
raised liom below, lust before th® point pferces the ekia of the liquid sur- 
face, a pimple is seen to rise above tiro point The point is lowered until 
this pimple is baieiy discemiUe, and the position of the point, i.c., the 
liquid level, is then read by means of a vernier or a micrometer screw. The 
standard Fan Test Code of the A.S.H.V.E. requires that inclined manometers 
used in fan tests be calibrated in place against a water-filled hook gage 
reading to 0.001 in. of water. See p. 281. S 

Commercial manometers are avalable with indicating, recording, and 
integrating devices. These devices are actuated by the level of the liquid 
in the manometer (usually mercury) nsii^ floats and lever arrangements 
or electrical or magnetic arrangements. It is thus possible to make the 
manometers distant reading. 

Dead-weight Gages depend on balancing a known 
weight against the preaarre to be meaeured. The weisht 
is supported on a piston, and the pressure is usually 
transmitted to the bottom of the piston by oil, which also 
acta as seal and as lubricant for the piston. The piston 
is rotated with respect to the cylinder to prevent friction 
errors. Dead-weight gages are used as gage testers for 
calibrating other gages. They are also used in precision, 
test work and for master gages in the boiler rooms of 
large steam statiouB. By spring loathng a dead-weigbt 
gage, a very sensitive pressure gage for a small range 
may be obtaiued, as, for instance, a gage that reads 575 
to 626 Ib per sq in, for a 600 lb steam boiler; such gages arc mode distant 
reading by electric telemetering. The dead-weight gage is obtainable in 
any range from manometer pressures to 60,000 lb per sq in. 

Bourdon-tube gages are tho most common of the spring-type gages. A 
Bourdon tube is elliptical in cross section, bent into a circular arc. When 
internal pressure is applied to such a tube, it tends to straighten out. Single- 
spring and double-spring arrangements are used in pressure gages. A variety 
of Bourdon gages are available, from the common production-type gage selling 
at a dollar or two, to the special precision gage wth machined alloy-steel 
tube, hardened sector, pinion, and bearings, and special adjustments intruding 
a micro zero setting. Such precision gages are accurate to about 0.25 percent 
of frih-atafe wnd m mad.® In •CBnally W ‘lo Ifi m. For 

accurate work, a Bourdon gage should be calibrated frequently on a dead- 
weight gage tester. In use, tho gage should be protected from vibration, 
from cseessive temperatures, and from corrosive liquids or gases. Gages 
of special materials are available, in case corroaon is a problem. For ammo- 
nia, an all-steel gage is required. 

Diaphiagiu and bellows gages are used mmniy for low pressures, thou^ 
metallic-bellows gages are available for pressures as high as 200 lb per sq in. 
The diaphragm or bellowB gage provides larger forces for actuating the 
indicating or recording mechanism thui the bent-tube gage and, consequently, 
is especially suitable for measuiing pressures in the manometer range or 
in the low Bourdon-type ranges. Slack-diaphragm gages use soft elastic 
diaphragms of leather, treated doth, or rubber, externally spring loaded. 
Several commercial makes of dridt gages operate on this principle and 
have tho advantage of not involving Miy liquid or requiring accurate 
leveling. 



Fig. 9.— Inverted- 
bell Manometer. 
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varies from the domestic loorii thenaometerscMtingbut afew cents to labora- 
tory thermometers of fair precision. SoJid-expanflion thermometers should 
be checked frequently, because the zero point HUQ' change with use. 

Table 2. UimeiiiBioM o£ Tbermometer Wells 

Dimensions for Plain Thermometer Wells.CPJg. 1), In. 


Pipe size, 

in. ■ A. B 

.S-6 m% 3»K6 

7-20 : 7 


G B ■ E G n 

nHt K H H 

2Hti y* H 


J P 

H y- 
% 



Dimensions for Fiooed Tbermometer Veils (Fig. 8), In. 

Pipe 

sisei 

in, A. BCD E GHJKLMP- 

8- e 4^2 '4 2 ms '»«« 0-525 H H I’fo Hi H 

7-12 1H 7 2H 2Hs ^Hs H H 1H« H Ht Hi H : 

13-20 lOKs lOKs .2K. 2He ?ii 1 iHc IH Ht Hi i - 


Pressure-gage thermometers are tho least expensive of the distant 
reading and recording types and are widely used in indusWial service. Tho 
operating fluid may be a .gas, vapor, or liquid; tho fluid bulb is connected by , 


capiliary tubing to a presatire-spring displacement unit, 

as shown in Pig. 3, Inexpensive units used for auto- ■ ^f^Boun/on 

mobile instrument boards have an accuracy of only 6 Vapor-, spring 

industrial and laboratory service may have B maximum ^pl ^opfljory 
error of I to 3 percent of full-scale reading. If tho woing 

capillary and tho spring tube of a ga»- or liquid-filled , 
unit are subjected tO' ambient temperatures widely ^ M 
different from that for which the instrument was cali- r^'''^,'Bu!o 
hrated a large error may result unless some compensat- iiguiclM 

ing device is used; the vapor-pressaret^o (Pig, 3) isnot 3 _ Vapor- 

affected by these variations. The senatdve bulb of a presaure thcrmomc- 
pressure-gage thermometer is comparativdy large in 
size and is subject to radiation effects when used in- 


air or gas; these radiation errors are nunimized through tho uso of stainless 
steel bulbs or sockets, but it is best to locate the bulb where it will not " see " 
Burfaces much hotter or colder than tbe'tsanperaturo being measured. If 
temperatures beyond the range of the instrument are likely to, be encountered, ^ 
some type of overiahge protection should be .built into the instrument. 

Thermocouples are pairs of.wires, of dissimflar metda, connected at both 
ends. When the two junctions are sabjeisted to different temperatures, an 
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MEASUREMENTS OF TIME AND SPEED 

The ordiaary spring-woimd dock or stop iretch is tie most common 
iustrumeat for measuring time, but widi tie accurate fteQuency control 
on electric utility systems, Byncironous-motor timing devices are becoming 
more common. System frequency is usually held so close to 60 cycles per 
sec that synchronous timers are Buffidentiy accurate for all ongineering uses. 

High-speed studies may require more refined methods oi timing than 
the ordinary stop watch or doctn'e dock. By the use of the oscillograph 
and the motion-picture camera, moment-to-moment conditions in a rapidly 
changing system can be studied in detwL For measuring very short time 
intervals or longer intervals very accuratdy, both mechanical and electrical 
devices are available. The most common mechmvieal device is the tuning 
fork, usually arranged to draw a sine curve. By using forks of different 
frequencies, almost any desired subdivision of the second may bo obtained. 
Chronographs may employ electromngncta to ribrate a pen or pencil, or the 
paper may he punctured at regular intervals by a high-tension electric spark 
produced by a mechanical interrupter. In a-c cycle counters, the ultimate 
division is a single a-c eyde. 

Starting and stopping errors are the chief inaccuracies in timing speed 
measurements. The instruments should bo tncchaoically or electrically 
connected so that a single impulse, such as the throwing of a switch or lever, 
will start both the timing and fto displacement or counting instrument. 
Long runs are also desirable. As error of a snglo scale di^'i5lon on a see 
stop watch amounts to 1.33 percent error in a 15 sec run but only 0.11 percent 
error in a 3 min run. 

Rotational speeds are measured by the counter, the tachometer, and the 
'stroboscope. Photoelectric methods are used for certain types of counting. 
Mechanical speed counters may be either of the rotating or of the 
oscillating ratchet type. The rotathig counter with a magnetic clutch con- 
nector and a synchronous eleeteic timer operated by tho same switch is 
probably the most accurate of the common speed-measuring devices and is 
used for calibrating other inslrumenfa. The rotating continuous counter 
may have directercading wheels of the cyclometer type or may operate dials 
or pointers through a gear train. The osdikting or stroke counter is adapted 
for low speeds only; rotary counters may bo obtained for Iiigh-epced work, 
up to 5,000 rpm or more, but the speed limit for which a counter was designed 
should be ascertained before it is used for high speeds. 

Hand counters are widely used in test work. These arc small rotating 
counters arranged to be driven by a friction tip inseited in the shaft center 
or by some form of positive engagement. A hand counter or tachometer 
fitted with a surface wheel for obtmniog linear surface speeds is sometiraos 
called a cutmeter, because such instruments are used for determining cutting 
speeds in machine-tool work. Combined counter and step-watch instru- 
mente are available in which the timing and the counting functions are 
started and stopped simultaneously; they ate capable of giving accurate 
speed measurement with a hand instTunifflit. 

Tachometers give a direct and continuous indication of speed in rpm. 
They may be either permanently mounted or hand type and may be botli 
indicating and recording. Their accuracy ia affected by the mechanical 
condition of the instnimeut; frequent calibrations are required for accurate 
work. The force produced by the rotation is balanced against a calibrated 
spring or against the force of cavity. Electric and fluid-pump tachometers 
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%\ectrical T>otential is set up betwsea them. voltage ia almost Meetly 
proportional to the tempra-ature differaice, and hence a volt^e-measuring 
instrument placed ia the circuit will measure temperature. Table 3 gives 


Table 3. Temperature-mflliTolt Relations !or Thermocouples 


Deg r 
B-tiove 
_ cold- 
junction 

temp 

Millivolts 

DegF 

above 

cold- 

jnnetioa 

temp 

Millivolts 

0“ 

cc 

§0 

ii 

o'S 

_§o,| 

Copper 

1 

1 

eg 

'3- 

I.S 

s s 

'1^1 

^2-8 

A, ^ 


1.11 




709 


7,1 15 

15.86 

3.067 


2.23 


2 70 

0.313 

800 


74 23 


3.597 


3.40 

436 

334 


900 




4.136 


4.&5 

3.li4 

4.50 

0.601 

m 


'i0.4t) 


4.686 

250 

5,93 

/.it, 

5M 


1200 






7.23 

9.87 

8 7/ 


1400 




6,990 


9.60 

10 40 



1600 


5(1 97 


8.204 


9,99 

11.94 

e.99 

t.56S 

tftM 


57.96 


9.457 


11.40 

13 47 

>0 II 


2000 




10.749 

m 

12,97 

IMtt 

H 74 

i.040 

2580 



55.53 

14.060 


16.03 

10.00 

li.33 

2.349 

3800 






the emi geuesated at various toiapcraturos with commonly-uecd thermo- 
couples. The couples are not recommended for use near the masdrsum teai- 
peraturc unless protected by a metal or ceramic tube. In no case should 
they be used above the maximum temperature indicated. Per use at tem- 
peratures below dOO F, copper-conetantan (a copper-niclrol alloy) thermo- 
couples are best because of thoir reeietance to corrosion and consequent long 
life with stable oalibration. Between 600 F and 1200 F iron-constantan 
thormocoupUs are best and can be used in cither an oxidising or reducing 
ntraosphere. The rueting of the iron at low temperatures in the presenoe of 
moisture make iron-constantan less desirable than copper-CDDstantan for 
temperature ranges in which the latter can be used. For high-tempcratura 
work platiniim.platmuirt lO percent rhodium thermocouples should be used. 
In a reducing atmosphere the couples must be thoroughly protected. A 
slightly more sensitive high-temperature thermocouple consists of platinum- 
platinum 13 percent rhodium. Chromel-alumel thermocouplos are more 
stable than iron-constantan but less stable than platinum-platinum rhodium 
theimocouples for bigh-tempeialurc work. 

The materird used fw the construction of protecting tubes is dictated by 
the maainum temperature encountered and tlm corrosive action to which it 
win be subjected. Iron or steel tubes can be used up to about 1300 F. Tho 
use of nickel-chromium «.Uoy protecting ^hes CT-tenda the temperature 
range up to about 2000 F. For hi^er temperaturea varloua refractory 
materials (quartz, alundum, etc.) can be used. Silicon carbide tubes arc 
especially reastant to the action of flame up to about SOOO F. 

Pyrometers of the rfjsaper metob oftim have tho leads of the same metals 
as the couples, so that the cold jnnetioa is at the terminals of the galvanom- 
eter, and the leads are usually long enou^ to permit the iuBtrument being 
placed where the temperature can be mmntained at about normal “room" 
temperat'ries. Variation in the coM-junctioa temperature from the calibra- 
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have the advantage 'of being adapted to distant reading. Hand tachometors 
•with several sets 'of change gears are available, so that a wide range of speeds 
can be accurately measured •with a single insbnment. ; 

The stroboscope utilizes the phenomenon of persistence of vision when 
an object is •vieveddatermitteBtly. By •viewing a cyclic motion at the same 
point in the cycle each time, tie object appears to be motionless. By chang- 
ing the frequency slightly, dow-motirai in either direction can be obtained. 
The older stroboscopes interrupted the -vision either by a tuning-fork arrange- 
ment or by a rotating perforated disk or cylinder. The neon-tube strobo- 
scope is now displacing the other types, because of its convenience and 
because it is sdapted to stroboscopic photography. 

Neon-tube stroboscopes are commercially available for speed measure- 
ment, with indicating dials csJibrated throughout the range from 700 to 
14,000 rpm (the “Strobotac,’* General Radio Co.). These instruments 
are especially valuable where it is inconveniont to make a connection or 
contact mth the rotating shaft or for Ughfc-powered machinery where the 
load to drive a speod-measuring instrument would affect the operation of 
the machine. 

Speed meaaurcmonts by tho stroboscope necessitate its calibration in 
terms of frequency. The frequency of a neon-tube stroboscope is con- 
veniently checked against the frequency of an a-c power 
system. The common neon-glow lamp obtainable at retail 
stores for a few cents may be operated from any ordinary 
utility power source for illuminating a stroboscopic disk. 

This apparatus can then be used for calibrating tachometers 
•at the 60 cycle synchronous speeds, 3, COO, 1,800, 1,200 rpm, 
etc. A satisfactory stioboseoplc disk for such calibrations 
may bo made from a 8 in. bladr disk bearing a single radial 
white line of some width. At 3,600 rpm this disk will sho-w i_ , 

■two lines, at 1,800 rpm it will show 4 lines, at 1,200 rpm it copic 

•will sho'W 6 lines. When the flash interval is neither a ® ‘ 

multiple nor an even fraction of the rpm, the geometnc figure will appear to be 
moving. 

If it is desired to hold a rotating machine very exactly at a constant speed, 
this may be accomplished 1^ constructing a disk with a number n of equally 
spaced black sectors as in Kg. 10. With 60 cycle current, tho disk wiU 
appear to bo stationary for any speed wliich is a multiple K of 120/n. Tho 
actual speed may be determined by the use of an ordinary tachometer. 
The stroboscope would be used to permit close adjustment of the speed to tho 
desired constant value. This arrangement can bo used only for speeds of 
120 A/n where K and n arc any intc^rs. 
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WEIGHING DEVICES 

The following devices are orinarily used in engineering work to deter- 
mine weight: Probable 

Usual capacity. Lb sensitiveness, Ib. 

Platiorm scales 100-2,0(10 

Spring balances S-200 Hs"! 

Torsion balances 10 Hi-ii 

Automatic scales: ' 

1. Pendulum type SO 

2. Spring type 200 Jfe 

Chemical balances 50 (d 1 in 100,000 
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Series for the Trigonometric Functions. In the following formulo, 
all flnffles' mmt be expressed in radians. If i) = the number of degrees' in 
the angle, and i = its radian met^e, then x = 0.017453 D. 

-8 -5-7 

- « <s < + oa; 

- « <X< + CO. 
~jr/2<i< +'ir/2. 

- TT < I < + TtI 
+ 1 . 


, X* , 2x« , I7x> , 62i* , 

*“'=" + r + « +3ir + iii5 + - 

cot a -- -g 45 045 “ 4725 " ’ * ' 

. , , , 3i/* 'By’ ' 

Bm->y=y+- + - + - + . 

t' 

6 " 7 

coa-> y ain-i j/; cot-’ y = J4ir - tan-i y. 

Series for the Hyperbolic Functions (x a pure number). 

gi j6 jp? 

Binb X«2 + — + “4. — + ...! — C8<x<'CD. 

^31 sr 7t ’ 

«■! .rQ 

- » <;5 < B, 

+ . -KK+l. 

tani-'s = s+’^+5^+^’+. . .! -KllOl. 

General Formulse of Maclautin and Taylor. lf/(®) and allita deriva* 
tives are continuous in the neighborhood of the point x =* 0 (or x = a), then, 
for any value of x in this neighborhood, the function /(x) may be expressed 
as a power series ananged according to ascending powers of x (or of x ~ a), 
as follows: 


(!)/(=:) «/C0)+^-^x+®x>+^x> + . . . 

+ 7 — ^^"“^ + (pB)x^ (Maclaurin.) 

(n 7 1)1 

,(2)/W =/(oi+^(i-a)+^^Ci-o)*+^^(i-a)> + . . . 

(o) 

d- ^ (a - c)"~^ -f (Gt.),(g - o)”. (Taylor.) 

Hete(Pn)x",or(Qn)(x - o)?,ia called the remainder term; the values of 
the coefficientaPn and Qn may be expressed as follows: 

P. - /W(.I)1/«I = 1(1 - !).-! /Wftoll/Cn - 1)1 

Qn - {/W|o + s(l - . Id - 0*"'/(")Io + l(i - 0 )l|/(n -1)1 

who'e 8 and t are certain unkuorra’ numban between 0 and 1 ; the s-form ia 
due to Lagrange, the <-form to Cauchy. 

The error, due to neglecting the ’remainder term is less than (Pn)®", or 
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(Qn)(2 -■ «)", where Pn, or Qn. is tiie largest value taken on by ?«, or Qni 
when 8 or t ranges from 0 to 1. If this error, which depends on both n and 
X, approaches 0 as n increases (for any given value of i) , then the general- 
expressioa-with-remainder becomes (for that value of *) a convergent in- 
finite series. 

The sum of the first few terms of Madaorin's series gives a good. approxi- 
mation iof{x) for values of x nears =0; Taylor's series gives a similar ap- 
proximation for values near x - a. 

Eeversing a Series. If y = as + + c®* + ds* + ea;^-|- then 

j=y-6j;S+(2b5-c)y’-(5b»-61)c+<l)y<-)-(14!><-21h»c+6I)d+3c*-e)y5+. • •. 

provided the latter series is converging. 

Fourier's Series. Let f(x) be a function which is finite in the interval 
from a = -cto3: = +c and has only a finite number of discontinuities in 
that interval (see nota bdow), and only a finite number of maxima and 
minima. Then, for any value of * between — c and c, 

. . If® . 2«! , 8 m , 

/(*) oo+ tn cos — + oi cos — -h aj cos f- . . . 

e e e 

, , .irx .2irt . 3 m , 

4- oi sin — + {h ein — + oj sin — + . . . 

c c e 


where the constant coefioienU are determined as follows: 


~c J' ^ “ cj" 


In case the curve y ® /(x) is symmetrical with respect to the origin, the 
a'a are all zero, and the aeries is a sine series. In case the curve is sym- 
metrical with respect to the y-axis, the h’e aro all zero, and a cosine series 
results. (In this case, the series will be valid not only for values of x between 
—c and 0 , but also for * « - c and * = c.) A Fourier’s series can be inte- 
grated term by term; but the result of differentiating term by term will in 
general not bo a convergent series. 


Nets. Vs x« is a poiot of diBoontiouity, /(n) is to be dc&ned as + Afzt)], 

where /ifso) is the limit of As) when s approaches xo from below, and Mxo) is the limit 
of /(i) when s approaohes so from above. 


y. 



-I- 


ZL 

1 1 , 

T 

1 


Tnsr' 
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Fig. 4. 


Fig. 6. 


Examples of Fourier's Series. If y = /(*) fe the curve in Figs. 4, 6, and 6, 


then, in Fig. 4, 

h 

4h / ira • 1 3ira: , 1 Sira , 
-j-lcos— + 7^8 — + ;r.C08 — + 
w* \ c 9 e 25 c 

in Fig. 6 , 

4h 

/ . ire 1 , 3w® 1 . 6 iri 

( sm — + - sin — + -Bin h . 

\ c 3 c 6 c 

in Pig. 6, 

2h 

^=7 

/ . wx 1 . 2 wa , 1 . 3m 

(sm— - -sm— +-Bin . . 

\ c 2 c 3 c 
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PlaWorm scales are beet B«itad for most weigH^ operations. This 
type is quite sensitive viLen new, but its ori&nal seumtivenesa is soon lost 
ti the knite-edges wo allowed to Tkoousb rusty itovn exposure to 'dampncsa 
or become dulled from careless and exce^ve loading. All scales should be 
tested with standard weights and adjusted whenever used in impoitant work. 
Spring and torsion balances are zisu^y not very reliable and are used 
cliicfiy because they are eaaly portable and compact. Zero. reading is not 
dependable. Careful calibrations are essential. Automatic indicatii^ 
scales, particularly of the pendulum (“Toledo") type, aro the best lor 
many purposes such as w&^ng the fud consumption of oil engines. A 
pointer on a dial indicates the wei^t continuously. Automatic scales 
operating with a spring mechanism are subject to, the same faults as the 
usual types of spring balances. Automatic scales for cool bunkers are 
filled under the chute from the bunker till a predctennineil weight has 
accumulated. The supply Is then shut off, and the scoop trips and dis> 
charges. Such dovicea are usually integrating, and automatic bcbIcb for 
weighing fuel being conveyed to power bouses and futnaocs aro recording. 
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Tho areas of irregular figures such as indicator diagrams are ' gonorally 
detsroiined eithfic by measuring the lengths of ordinates drawn on tlm figure 
and inserting their values la certain iorinulas or “rules," or from rea^ngs of 
planimetere. 

In the ordinate method, tho figure (Kg. 11) is divided ^ r 
by parallel lines, into an even number of strips of equkl 
width w and the ordinates yo, yi, yj . . . y« measured, 

Letting n » number of strips ftbc greater the value 61 n, 
the gieatet the accuracy of the method), ibo area A may 
be appioximately dotermined ty using one of the {oUowing fonntilaat 

1. Trapezoid rule j 

A ® viOAvt + id + 1/2 + • ' ' Vn-i + Htfo) 

2. Durand's rule; 


ii] 

Im. u, 


A a w(0AV» + l.lyi + l/j + I»J + • • ^ Vft-? + d- O.dpn) 

3. Simpson's rule (see also p. 106); 

A ~ }iw(yi +4yi 4 2yi -f 4yx + • • • + 2y„^ +4yn-j +l/n)' 

The various lengths reqirired by tho foregoii^ methods can be coaveuientiy 
added by laying them o2 wth dividete ono after the other along a straight 
line and finally measuring the total J«ai^ of the line. • 

Planimeters are instruments for measuring areas. The Amsler polar 
plauimeter (Tig. 12) consists of two arms pivoted at 0. At the end of one . 
arm is a traong point T, and at the end of, tho other a “fixed point" P. 
Attached to the tearing am is a small graduated wheel- T?. , lu using the 
inateument, mark a starting pmnt for -the tearing point T on the contour 
^tha figure to be messured and obsmo -tho reading of tho graduated wheel 
W, If the -figure is traced in a ClookwlaB direction, back to tho starting 
point, tho area measured is found by BUhtraeting the first reading from the 
last; but it tho tracing point is moved around in ,a counterclockwise direction, 
the last reading^ must be suhteactod from the first. The foregoing applies 
to smril areas of only a few KtuKaiofthsa, aoiTr^tator cards, etc. ?Qt 
large .figures, the area' of the sera eijdo of the iaatrument enters into tho 
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any foim c>{ tapei&d oi rounded open-ead tuhfl wU &ve accurate impact 
pressures, but it is always a questionnrbe&er.the static pressure .measured 
is tile true static pressure at the t^ening-.of'the impact- tube. Nevertbe- 
IcBs when the Pitot tube ie accutatoly positioaed parallel to the axis of a 
cotitinuous pipe, using straightening vanes and several diameters (5 to 20) 
ol straight-pipe approach, the accoitu^? the mdvTidual vetotity readings 
is probably wdl witbin il percent. Accutato calibrated manometers must 
be used. For obtaining the avera^ velodty across the pipe, a traverse is 
necessary, and in a round pipe this ia iiBnaily made on each of two diameters, 
with positiona in the center of area of three or more concentric areas (prefer- 
ably five or more, see Table U), depending bn the pipe sbe and the required 
accuracy (see Cole and Cr^e, "Pitot Tubes in Large Pipes,” and Hubbard, 
" Inv^tigation of Errors of Pitot Tubes,” Trens. Aug., 1939). 

For rectangular ducts, the reading- are taken in- the center of equal rec- 
tangular areas, using 16 to 84 areas,- depen^ng on- the duct size. Pitot 
tubes Imve bem designed which deviate greatly {tom the form shown in Fig. 
22, uwng static openings facing downstream (see pi 279) or at an angle with the 
stream. CaUbratbns of such Pitot tubes are jeccssary, ' If a Pitot tuba 



T^e 11 , Layout Measurements for Pitot-tubo Traverses 


Number 
c( equal 
areas 

Total 
numbar of 
' readings 

Distances from center of pipe to point of reading 
in percent oi pipe diameter 

3 

■4 

5 

6 . 

\ ' n \ 

16 1 

Ifl 

y 

! 20.4 
17.T ' 
J5.5 1 
M.5 

3J.3 

».5 

27.2 

25.0 

45.5 

1 39.4 
35.) 
32.3 

1 46.6 

1 .41,7 1 
3«.2 

1 47.4 ! 
43,3 . 

1 

j '47,9 


MEASUREMEHT OP POWER 

DynamometerB, or insttmoente {or.meafflirinc force or ’'nn-nrftr " «,.» •„ 
general of two kinds: (1) those absorbmg the power bv IrictinTi A' 
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calculation of areas. This conoction has to bo added whenever the fixed 
point is inside the area whidi is being measured. Its value can be determined 
by measuring a circle or other figure of known area. The difference between 
the known area and that recorded by tiio instrument is the area of the zero 
circle. The area of the zoo drole is stamped conspicuously on many plaui- 
metera. For measuring figures of indefinite length and 
limited breadth, roller planimetera must bo used. 

They are expensive and are not mudi used in America. 

Special planimeters arc avmlaUe (Coffin “averager") 
for determining directly the mean of an indicator 
card. 

Integrators for Circular Charts. Instruments have 
been developed for measuring the mean ordinate of cir- 
cular charts having a constant radial scale. Such instni- 
ments are made by the Buley Meter Co., BuOd^ Iron 
Foundry, The Foxboro Co., Kcuffd & Esscr Co., and 
others. 

For detailed information on the theory and operation 
radio! planimeters, see A.S.M.E. Power Tost Codes, Instruments and Appara- 
tus, Part 16, " Measurement of Surface Areas,” 

PLTJID METERS 

Rj3jtiheiiceb: Reports of the AS.M.E. Research Committee on Fluid Meters: Part 1, 
“Tbeoiy and Application": Part 2, “Description of Meters"; Part 8, “Selection and 
InsUilataon." A.S.M.E. Power Tost Codes. InEtruments and Apparatus. Fart 5, 
“Measurement of Quantity of Materials.” Stewart and Docdittle, “Fluid Flow Meas- 
urement," Jnsirumentj, July, 1939, pp. 175-108. Report of the A.G.A.-A.S.M.B. 
Oiifice CoeiBcient CommittM (published by the AS.M.E., 1935). 

Selection of a meter for a given application depends on the rate of flow, 
the fluid to be metered, and the accuracy required (see Table 9). Quantity 
meters are usually more accurate than rate meters, especially for tho lower 
rates of flow and for non-steady conditions. For large quantities and when 
the flow is free from sudden variations, the rate meters are accurate and aro 
less expensive. They aro also wdl adapted to combinations for indicating, 
recording, and totalizing the flow rate. Special selections are necessary for 
viscous liquids, for liquids containing sediment, or for gases or vapors with 
entrained particles of solids or liquids. Most commercial meters are designed 
for metering a spedfled fluid. 

Gas aad Air Meters 

Bellows gas meters are generally used in connection with the sale of 
fuel gases, but they are also suited to other measurements of clean gases 
or air in the temperature rai^ from 32 to 110 F. Such meters consist of 
a casing divided into two chambers by a vertical partition. Within each 
chamber is a measuring receiver in the form of a leather-walled diaphragm. 
Slide valves admit gas allemalcly into tho fleiiblo measuring receivers, 
and the redprocating movements of filling and emptying actuate a set of 
counter dials. Connections arc such that the movement of one bellows is 
at mid-position when the other is pasdng tho end or dead point. Bellows 
meters are rated at a pressure drop of 0.6 in. of water and are usually adjusted • 
to within +1 percent error, tbou^'tfae error may increase with use and be 
larger at the greater rates of flow. Theee metora are well suited for inter-' 
mittent duty, and their accuracy is-almost unaffected-fay variations in-the- 



Fia. 12. — ^Plani- 
meter. 


of both polar and 
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measure aad 'wasting only a small part in friction. De'vicea for measuring 
power may be classiEed for coavenience as follows: 



Appros limit 

Usual 

Probable 


of apeed. 

power 

error, 


rpm 

limit, hp 

percent 

Prony brakes: 




Block 

2,000 

10 

1-6 




1 

Wooden cleats on bands 

1,000 

200 


Rope (Jf-iu.) with wooden cleats 

Fluid friction dynamomefera: 

Fronde (ordinary " water" brake) ...... 


50 

1 


25,000 


Westinghouse (turbine) 

4.000 

5,000 

Ho-K 

Alden 


6.000 


Fan brake 

Electric dynamoniEtera: 

2,000 

2D0 

1-6 

Eleetrie eddy-current brake 

6,000 

300 


Electric generator 

Tramrnission dynamometers; 


30,000 

Ho-H 

Toraon 


50,000 

w- 


Eeneraon 1,500 100 2 


The speed limits pven abo've are approximately the highest allowablO' 


Limits of horsepower refer to the largest sizes 
made commercially. Any of these tjT)es (with 
the exception of the Westinghouse turbine) 
are made in sizes to absorb from 1 hp up. 
The probable error stated is very appronmate 
and refers to the apparatus In fair adjustmmit. 

Absorption Dynamometers 



A Prony brake consists of a lever A (Fig. 

23) and blocks B, B' supported on a revolving 
drum or pulley. The blocks are held in place and 
tightened by the thumb nuts N, N, The tendency 
of the arm A to revolve is prevented by the least- 
ance of a platform scales C, as shown, or by weights 
attached. If the pressure on the pedeetal at d due 
to its own weight and that of the lever arm A is Wo 
lb (determined by the weight on the scales whei 
the brake block is supported at B on a three- 
cornered prism or on a small rod of drcularsection), 
the gross weight at the end of tiie brake arm 'with 


Fig. 23. 



Fig. 24. 


load is W lb, the length of the brake arm in 
feet is i, and the number of revolutions per 
minute is n, then brake horsepower = 2ri»(W — 
Wo)/33,0a0. 

The disadvantages of any form of Piony brake 
are that they require conrinued adjustment fop 
constant power and that water cooling is ne<%3- 
sary for moderate and large powers, ■with con- 
sequent untidy conditions. 

According to Bach, suitable dimenmons for a 
brake of this type are given by the formula id * 



Fig. 25. 

Figs. 23-25. — Types of 
Prony Brakes. 


bhp X 12/k, -where d is the diameter of flje brake pulley, in.; b the breadth ol 
the brake blocks, in. (u6ualIyaboutl.5tame8thediamoftheBhaft);andi = H 
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flow rate. Hiey may be obtained with Bhoet-metsI casings for low pressures 
and with cast iron casings for high-preagnre lines. 


Table 9. Classiflcatton of Fluid Meter* 


Common name 

Of type 

Rluids 

jnelered 

ClasB (d 
jnessuremeat 

Maximum 

capacities 

Quantity meters; 

■Weighers and tilting 

traps 

Disk water metaa 

PisWn meters 

Drum coadcttsate 
meters. 

BgUCwb gas metera.. .. 

■Wet gas meters 

Rotary gas metera 

... 

Clean hquids 
Clean liqutda 
Hotwfttcr 

Cases 

Osics 

Gases 

1 1 ill 

UoHraited 

20-1,000 gpm 
1-1,000 gpm 
250-52,000 5b 
per hr 

150-17,000 effi 
100-100,000 cfh 
500-1,000,000 cfii 

Hate meters (lor ateadj’ 
Bow only): 

Orifice pUtc 

now noasle 

Venturi meter 

R«05 tubes 

Any fluid 

Any fluid 

Any fluid 

Any dean fluid 
liquids (ior^eo 
dianneu) 

Clean fluids 

Ait or (rater 

Air and dean 
gases 

Head (constant 
area) 

Head 

Head 

Head 

Head ares 

Area (constant 
head) 

Velocity 

Onlimited 

Vnliaited 

■UnUmited 

sa 

Ares meters (vaiiahio 
o^os). 

Velocity meters........ 

Thetau meters 

Unlimited 

Unlimited 

35.000-2,000,000 

cfh 




Acqu- 

lacy 


i % 


2-4 

0.5-2 

2-3 

i-3 

0.5-2 

0.5-2 


}'3 

1-3 

1-5 

0 , 5.2 


Wet ga* meters are usually of the revolving-drum type, sealed with 
'Water, but they may also bo oil sealed and may employ a nutating bell 
instead of a revolving drum. With carefal adiurimeat of the liquid level, 
the accuracy of labotawry-abe wet motert with large dials may be well 
within +1 percent. These meters should not be subjected to severe pulse- 
tioD8 or rapid fluctuations of the flow rate, and the gtw should be free from 
dust or corrosive constituents. Integrating registers of the raultiple-olocfc- 
dW type are normally nsemnted in the meter case. Rotating-drum metaia 
are suited for low pressures only. 

Eotary dry-gas meters are adapted for very indo ranges of operating 
temperature and pressure and for hi^ rates of flow. They arc unaffected 
V pulsating or intermittent flow, w2D handle foul gases as wel) as cioaa 
gases, and operate on a pressure drop of 0.1 to 2.0 in. of water. These meters 
caa register flow in mther diteetion, but it is better to inatali tbm with tho 
gas entering from the top to eliminate dirt settlemoat in tho moter casing. 
Normal capacities vary from flOO te 1 million cu ft per hr, but larger meters 
can be furnished. These meterB can be adjusted to have an error within 
0.5 per cent, but an exact calibration is difficult. 

Oriflee, nozzle, Venturi, and Pitot metera for gas and air are widely 
used, especially for measuring high rates of flow (see Head Meters pa 1802 
to 1807). 

Thermal meters depend on observationa of the change of temperature 
of gas or air when a known amoiiiit qf luat is added. Electric thermal 
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for cooling air and varies from 2.5 to SforwntercooHng as the speed increases. 
F. A. Halsoy (Act. Machinist, Apr. 4, 1912} states tiiat the brake-drum surface 
' for a water-cooled Prony brake should not he less than 0.09 sq ft per bhp, to 
avoid the danger of the blocks ts^'ng fire. 

In Kg. 24, the lower block in the preceding figure is replaced by two steel 
bands and narrow cleats of maple or oak sttadied by wood screws 
inserted from the outside through the bands; the upper block is lined 
with similar cleats, the screws being cotmtmsunk. At least K in. 
spaces should be allowed between deata for air CTcuIation. In all 
such constructions for dynatnoroeiers, screws and naila should not 
touch the friction surface, as th^ are likely to cause the friction to 
be variable and the sound production is objectionable. Grooves 
may be cut in the inside surface of a few of tho cleats and these 
grooves filled irith grease to provide a litUa lubrioatios. A similar Kg. 2C. 
brake is shown in Kg. 25, where maple cleats are screwed to a leather 
belt. This type is more easily adjustable to different sizes of | 

pulleys than the preceding designs, but it is not so durable. 

Washers should be placed on ibeh<^8 of thescrewsfastening <J ^ 
the cleats to the bdt. If a brake wlieci similar to Fig. 26 is 
used so iliat it can be satisfactorily coolod with water on its 
inside surface, the cleats should provide 5 to 
10 sq in. of friction surface per bbp according 
as the speed ranges from low to high. 

Band and rope brakes are also frequently 
used. The simplest form is shown in Fig. 27. 

If Q is the reading of the spring balance, lb; r i 
the wheel radius, ft;? the applied wwghl, ib 
(both ? and Q must be net); and n the rpm, 
then bhp = 2mi{Q -?]/33,000. Thistype 
of brake is very accurate and seoaltive, but 
it is suitable only for low 
powers. About the same fric- 
tion surface must be allowed 
as'given for wooden blocks by 
Bach’s formula (see Prony 
Brakes, ante). A convenient 
type of rope brake with 
"stay” cleats is shown in Kg. 

28, the rope being passed 
around the circumference of 
the pulley. In this arrange- 
ment, the cord or rope sup- 
porting the spring balance 
must have some point of at- 
tachment overhead. It is • ^ 

advisable to provide an Fia. 29.— Eepe Brake, 

anchoring rope or wire securely attacheirto the weights ?, and its weight 
(or that part of it suspended) must then be added to P. Similarly, the 
wjight of thB_ rope between the spring balance and the point where it 



TT 1, f ^ wioicouiu^o wnacBpiiJig oamnee. 
UBUjmy four to six .cleats aro used on rope brakes. These cleats are often 
attached to the topes by strong copper wire passed through a strand of tho 
rope and over the hacks of tbc cle;^ TTie arrangement is to place tho 
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p. 

'Exifihsrmomeler 


Gahanorheier, 



P 

'Enlrance 

fherrnomskr 


meters are made by Cutler-Hammer lac., Mlwaiikee, and coamst of an elec- 
tric heater, two electric reliance thermometers, and' a current regulator 
(Fig. 13). The current regulator automatically maintains 2 deg F difference 
between entrance and exit of the meter; hence .'wattmeters and ■watt-hour 
meters may be used to read flow directly. Capacities are 25,000 to 2 million 
cu ft per horn-. 

firea meters for gas and air aro of two types, the variable-orifice and tho 
multiple-orifice meters. Figure 14 is a diagram of a typical variable-orifice 
area meter. The IngersoU-Rand and the Rotameter (Fischer and Porter 
Co.) are of the variable-orifice type, operating on a constant differential 
head as determined by the wd^t of tho movable unit. These meters are 
self-adjusting for ■wide ■variations in the flow rate. The Toolometer (New 
Jersey Meter Co.) is a amilar meter using multiple 
orifices instead of a single variaUc opening. Sev- 
erd manufacturers offer gate-type ■variable orifices 
dr multiple-orifice units which arc intended for 
manual adjustment. Since area meters are es- 
sentially orifice meters, they arc subject to the , 
advantages and disadvantages of orifice mcterii^, 
but they have a much wider range of capacities. 

Their accuracy is usually vdthin +2 percent 

Velocity meters of the open type are widely | 
used for measuring air velocities and quantities, 
and these inatTumenta are called a'oemometeTS. 

There are two types of anemometers, the mechani- 
cal 'and the thermal. Supply " Regulakr 

Rotattag-vane anemometers usually have pi i • u. 

four to eight fiat vanes mounted on a wheel, lf-“Electric-ther. 
though a sin^e pcopeUer-shaped Wade is some 
times used for high-speed worL The wheel is connected to a 
counting train, and the dials are calibrated to read directly in 
feet. A lever for setting all dials to zero may be included. 

The total dial reading for a timed run divided by the total 
elapsed time in minutes gives the air velocity in feet per 
minute. This type of instrument is especially suited for 
obtaining the average air velocity over a large area, as for 
instance in the stream from a fan or from an air-conditioning jx , . _ 
grille. The procedure is then to subdivide tiie area into Qjjjjgg 

small areas about the size of the instrument to be used and to _i ' 
hold the instrument sucoBsavdy in each small area for a short ^ 

peroid (10 to 30 sec), stopping it only after all areas have been 
covered. If the volume of air is required, the average velocity is multiplied 
by the area. This result is an approximation unless the anemometer has 
been calibrated for the spedfie conditions of use. A rotating-vane anemome- 
ter should not be held in the hand during operation, but moimtcd at toe end 
of a tHn handle. 

The rotating-cup anemometer is used principdly for meteorological 
observations. The standard 'Weather Bureau anemometer- has three -cups, 
■with the arms set at 120 deg. In addition to the indicating dial on the ins&u- 
ment, reading in miles, the instrument may ho equipped with electrical 
contacts to operate ■ a counter ©very H mile, or the unit may contain an 
electric generator from which hotii mtocatlng and recarding instruments 
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tope on the wheel double. In Rg. 291 'an arrangement is shown in which both 
ends of the rope arc attached to a frame supported on weighing scales. 
The reading of the scales (corrected for the weight of the frame) gives Q - 
P directly. A double rope in; dimn with six cleats eaoh 'of about 12 sq in. 
on the “friction” sido will abaorb-60 bhp. For engines of smaller power, 

in. rope with four cleats is used. • By steeping the rope in a mixture of 
melted tallow and' ^aphite, the properties are improved. Manila 

or cotton ropes aro used. 

The water 'brake is a' fioid- friction dynamometer somewhat similar in 
construction to a centrifugal pump. The dynamoipeter casing is supported 
on antifriction bearings and tends to revolve mth the 
rotor. An attached brake arm, supported on scales, 
measures the turning moment, and the horsepower ab- 
sorbed is calculated in tho same way as fot a Prony brake. 

One or more smooth rotors moy be used in a water brake^ 
or additional friction may be obtained by vanes and ' 
recesses on casing and rotor. Tho horsepower absorbed 
by a water brake varies approximately as ihe cube of the 
rpm and as tbo fifth power of the rotor diameter (see 
Culver, “Investigation of a Simple Form of Hydraulic 
Dynamometer," Mech. Eng., Oct. 1937). Severid com- 
mercial models of water brakes are available (Taylor Mfg. 

Corp., C. H. IVheeler Mfg. Co., Murray Iron "Works, 

Bendiz Products Corp., etc.). A water brake is some- 
times mounted on the same-shaft with an electricriyna- Brake Dynam'om- 
mometer to produce a dynamometer unit of sufficient eter. 
capacity and iiezibility to test largo automo- 
tive and airplane engines. 

For the approximate determination of the 
horsepower of high-speed engines, afan brake 
dynamometer consisting of two fan plates 
(Rg. 30) to be attached to the shaft is very 
convenient but is less reliable than any of the 
other methods described. The power is 
absorbed by the "fan’ 'action of the plates on 
the Bunounding air, which depends on the 
si'zo 01 * the pi'atcs, tfieir distance iirom the 





80.— Fan 



by 


.tnpWiWJw.mw.iwi'.VK'.uK' 

center of rotation, and upon the cube of ^ ^ R-pm. 

the rpm. Figure 31 shows curves for deter- 2’ Fow Absorbed . 

mining the bhp for varying ^eds of a fan ^ Brake Dynamometer, 
with rectangular blades 10 in, wide in a radial direction, 14 in. wide 
axially, and H in. thick. These curves are for atmospheric pressure and 'a 
temperature of 70 F. Errors are introduced by other pressures, tempera- 
tures, and the location of near-by objeetB. Tho numbers on the curves 
indicate inches from the center of one plate to the center of the other. This 
distance is varied by shifting the bolts. Ordinary weather changes may 
affect the power absorbed by a fan dynamometer by as much as 20 percent. 
It is convenient for oomparativo factory tests (see Merriam and Staples, 
“Aerodynamic Dynamometer,” Mech. Eiiff., July, 1938). 

Electric dynamometers include calibrated generators, calibrated motors, 
cradle-mounted generators and motors, and magnetic-drag or eddy-current 
brakes. The calibration of an debtrio genwator Or an electric motor con- 
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I Bridled-vaae anamomaters are direct-reading velocity meters consisting of one or 
more .vanes,, the movement of whict is reasted by a calibrated spring. When the air 
velocity products an impact force tending to move tie vane, this force is resisted by the 
spring, and the equilibrium position of the'vune indicates the air velocity. The range of 
the instrument may be changed by varying tiie size of the air openings and its versa- 
tility increased by using various types trf impact fittings or jets at the end of a rubber 
connecting tube as in the case of ^e Velometer (HI. Testing Laboratories). 

The heated-thermometer anemometer is au ordinary thermometer with an elec- 
tric resistance coil wound on the bulb free “Tho Heated Thermometer ^emometer, 
C. P. Yaglou, JouT. Ini. Ihg. Towi, Oct., 1938, p. 497). By, impressing a constant 
voltage across tho coil and comparing the reading this thermometer in the air stream 
with that of an unheated thermometer in the same stream, a difference is obtained 
which is a function of the air vdocity. The range of tho instrument b changed by 
changing the impressed voltage. After suitable calibration, an extreme range of air 
speeds from the minimum natural convection currenfa in a room to a mile-a-niinute 
stream may be measured with the same instrument. The heated-thermocouple 
anemometer operates in a siEoilar manner and has the additional advantage of being 
distant reading. , 

Calibrations of anemometers are mode either by moving the instru- 
ment in still air or by mounting the instrument in a wind tunnel and compar- 
ing its readings with those of some other air meter. The still-air calibration 
ia usually made with tho instrument mounted at the end of a rotating arm, 
and for accuracy within 3 perceat an arm at least 10 ft long should be used. 
Calibrations can also be made in tho discharge of a large rounded-entrance 
noszle, but they must not bo attempted in the stream from an ordinary duct 
or from an orifice. 

Steam meters are usually some form of head meter, such ss the orifice, 
noszle, or pitot tube (see Head Meters, pp. 1802 to 1807). The St. John steam 
fiow meter (Americaa District Steam Co.) is an area . meter of the orifice- 
and-plug type, eciuipped with a direct pointer indioator and a strip-chart 
recorder (Fig. 14). 


Itiquid Meters 

Eotary-disfc meters are generally used for metering cold water oQ' 
domestic and commercial service lines. They, consist of. a ..circular metering 
chamber, mth a conical roof and floor (Fig., 15) 
divided into two equal compartments by a 
“ nutating" dis):. Tae disk does not rotate about 
its own axis, but tho shaft on which it is mounted 
generates a cone with ap^ downward. Motion of 
the disk is guided by the two half-bolls mounted 
upon it, and with each complete revolution a fixed 
volume of water passes through. The circular 
motion of the upper end of the disk shaft operates 
the counting gears. Disks are usually made of 
hard rubber molded over metal rmnforccment. j 
‘.‘l^oBtiproof” . disk meters have a ’ breakable ' _ 

bottom plate and a separable metering chamber, -n , 

Standard sizes of disk meters are for K to 8 id. ' ■ to V f 
pipeline connections, , with "',normaI"'.oapacit!eB ( ^ 

from about 20 to 1,000 gpm.' ’The error of a disk meter will usually bo 2 or' 
3 percent, and they are intended for xise only for clean water below 125 F, 
though they are also furnished with metal or with carbon disks for hot 
water and other clean liquids.' ' " 

^ Piston meters are made in a variety, of combinations of one, two, or more 
pistons, reciprocating or . oscillating -in fixed chambers. A typical piston 
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gists in detenmning the efBcien^ ol ihe machiM over a range of operating 
conditions. For convenience and. for acciff^ in interpolation, an input- 
output curve should be drawn. With the aid of this curve, the machine 
• may. then be used' as a dynamometer'over that range of operating conditions 
' Wercd by the calibration, -by measuring the dectric power only. ■ 

■ ' The electric-cradle -dynamotneter 32) is an electric ' motor or 
' 'genetatpr with iotor and stator mounted in concentric ball bearings,' so that 

the rtator is free to turn. The torque can then bo measured by suitable 
scales. A separately exited d-c machine is usually used and can^be.used 
oyer a ivide range of operating conditions both ais a motor and as a generator. 

' Magnetic drag ot' eddy- ■ • • 

current brakes are similar to 
cradle-mounted generators, but the- 
'cleatricelmrgyisdiKipatedwitida' 
the machine itself. Load rheostats -', 

■ are therefore Mot necossary, 'and tiie '• 
eatire'installatiou is more compact 
and 1 ms expensive than that of a-' 

' cradJe.-mounfced d*c machine, but of- ’ 
coufge'the motoring feature cannot t 
be obtained in a 'magnetic bralie. { 

.Commercial wateV-oociled magnetic ; ^ rv j 
brakes are available for automotive • r] V 
engine testing '(Mid-West Dyna* ' • v.a. 
raometer and Engineering Co., ■<'* 

Elcct'rio Products Co., otc.). 

A chassis' dynamometer is an 

assembly that mdudes Ireadwtieete Jig. 32.— Eleolric-cfadlo Dynamoiieter. 
and an absorption brake, SO mount- - • • • • 
ed that an' automobile or a m'otort'Tuckmay be tested aa acomplcteunit.' The 
'■ rear -wbcols of the 'automotive vehicle' revolve upon' the trcadwheels of the 
dynamometer.' Chassis dynamometore-are made either with a ramp for floor 
mounting, dr they may he located in a pit 'mlh the treadwheels atfioor bvei 
and the controls at a convenient operaiingheight. Several aieea are available, 
with oapac'itics up to 4Q0'hp and:100.inph (Bcndbt.Producte Corp.}. 

•Airplane en^cs are often tested by being sot up on .a torque stand with 
a cradle attachment. The testing is done with the propeller attached. The 
engine is supported on ball or roller bearings in auch manner that it is free to 
, rotate, about the crankshaft as an arie, through a small an^e. The torque 
required to prevent such rotation is mBaaiirod. ' ■ ' 
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Transmissioa Dynamometers 

: Torsion Dynamometers. When a abaft is aubjeoted to a t'wisting 
■ moment, an angular twist is produced which is proportional to that moment. 
Thus, if the an^e of t-wist is produced by a twisting moment T in in-lb 
and w is the ipm, then bbp = .X 33,000). 

Torsion meters, 'although-applicahle to large as woU as small powers, have 
their most important'applications for'moasaiing shaft horsepo'wer of marine 
turbines and engines. Several totdktions have been made of a torsion 
meter in which the angle of twi^' of tiie pdwerrtranaraittmg shaft is measured 
by the electric-gage principle. This gage'wM reactance coils and a bridge 
circuit (see Hathaway and Lee, "The Ekctdc Gage,” Mick. Eng., Sept., 
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meter for water is tbe Worthington meter (Fig. 16). Water is admitted 
alternately at the two ends by a ^de TalTO moving on seats in a bottom plate 
containing the inlet and discharge ports. Piston meters are capable of a 
high degree of accuracy, but actual errors will depend on the type of serv- 
ice for which they are deagned, cm maiatenancc, and on the accuracy of 
adjustment. 

Revolving drum condensate meters are common for metering pur- 
chased steam, and they usually operate at or near atmospheric pressure, with 
gravity discharge. The prindjde of operation is shown in Fig. 17. Standard 
registration for these meters is integration only but some of the larger sizes 


may be equipped with cmrcular chart re- 
corders. Sizes range from 250 to 12,000 lb 
per hour. An error of 2 or 3 percent may be 
expected. Approximately 18 in. static head 
is required to operate the meter, and the 
meter must be installed so as to be self- 
clearing or accuracy will bo affected. Ordi- 
nary pulsations or intermittent flow will not 
affect the accuracy of the revolving dmm 
meter. 

Rotary-displacement meters of the 
lobed impeller, gear, or screw type are some- 
timea used for water, though they are better 



Fiq. 16.— Worthington Piston. 
Water Meter. 


adapted to oil and other lubricating liquids. 

Velocity meters for water are of two ^cs: the 
current meter for measuring the velocity in open 
channels (see p. 278), and the enclosed propeller or 
turbine type. Enclosed velocity meters are made in 
a variety of designs and in sizes from to 12 in. pipe. 
The smaller meters are used chiefly for hot water or 
for dirty water. The large metcre are suitable for 
high rates of flow only, and if accuracy at all rates is 
necessary, a compound meter consisting of both 
velocity meter and dish meter, with suitable auto- 
matic valves, is often installed. 



Fiq. 17.— Condensate 
Meter. 


Weir Meters. The weir is an open-channel or tank meter in which the 
registering device is operated by a change in height of tho surface of the liquid 
(see pp. 259 to 263). In most mechanical engineering applications, the 
T notch or triangular weir is preferred because of its great capacity range 
(about 20 to 1). The 90 deg V notch is the most common, the GO deg is 
sometimes used, and the “half-notch” (53 deg 8 min) and the “quarter- 
notch” (27 deg) have the advanta^ of even fractional capacities irith the 
same meter register. Accuracy should be within 2 percent, and in some 
cases may be within 0.5 percent. Standard marimum heads for commerdal 
meters are usually 4 to 15 in,, though larger meters can be obtained (up to 4 
million Ib per hr). Secondary devices of most commercial meters are 
actuated by floats; indicators, recorders, and integrators are available. To 
obtain charts and scales with equal divisionB or increments, special shapes of 
floats, cams, or tanks are used. 


Head Meters 

A head meter consists of two units, a primary device that produces a 
differential head” or pressure difference, which varies as the square of the 
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For descriptions of yarioua types of transmission d 3 mamomet 6 ra, see 
Diedericlia and Andrae, “BxperimenM Mechanical Engineering.’’ 

Engine Indicators 

Essentia requirements for a good indicator are ( 1 ) a calibrated spring ^th a 
minimum of inertia and a high natural period of vibration; (2) a lightweight 
well-fitting lubricated piston; and (3) a light sturdy rod and linkage mecha- 
nism between piston and tracing point. For an exhaustive study of the 
development and use of indicators of all types, see De Juhasz, “The Engine 
Indicator,” Imlrumenls, June, 1932, to July, 1933 (14 chapters). Indicators 
are usually made in three rises, ^ving cards approximately 5 X 2}i, 3^ X 2, 
and X 1>1 in., and used, rcspoctivoly, for low-, intermediate-, and high- 
speed work. 

Indicator springs are usually douWe-coU spiral springs, calibrated in 
terms of the pressure required at the piston to produce a movement of 1 in. 
at the marking point. An indicator piston of H sq in. area is the normal or 
standard size. When used with pistons of other areas, the spring scale will 
be inversely as the piston area. Indicator brings should be calibrated in 
place by the dead-weight test method. This aUo furnishes a check on the 
pencil motion or magnifying gear, which should be free from lost motion 
as the pressure is iucrcased and decreased. Outside-spring indicators 
are preferable for greater convenience in handling and because the spring is 
not subjected to considerable temperature changes. The indicator piston 
requires lubrication; for internal-combuslion-engine service, a built-in 
lubricating arrangement, such as a grease feed, is desirable. 

The paper drum is of I^ht construcUon for minimum inertia, with an 
internal helical spring easily adjustable for tension. Indicators are available 
for recording numerous diagrams on a continuous strip of paper fed from a 
spool. In some cases, provisions may be mode for driving the drum at uni- 
form speed, for a pressure-time record. Special non-stretching indicator 
cord should be used. Stretch of the cord should be less than H percent with 
a 10 lb pull; a wire core will reduce Uie stretch by 60 percent. Indicator 
cord should be as short as possible, long connections being made by rigid 
links, wire or steel tape wiUi slack take-up. Integrating indicators are 
available, using cither mechanical or electrical integrators. 

Precautions in the Use of Indicators. Unless an engine indicator is careiully 
handled, the diagrams taften with it may heinerroclroms to 10 percent. The following 
ere the most important considerstions; 

1. Springs must be calibrated frequently. 

2. The tension of the spring in the dram should bo adjusted. 

3. Before an indicator is used, all working parts ahoidd be cleaned and oiled. The 
pbton and ita rod should beexamuied before attaching thespring to determine by lifting 
the pencil lever and letting it fall whether these parts move easily. Attach the spring 
firmly, and observe carefully that there is no lost motion. This precaution ia most 
important in indicators having a bead on the spring for inaking a ball-and-socket joint. 
To put this kind of spring in place properly, the piston rod should be screwed tightly into 
the piston when the lower adjusting nut is loose. Then screw up this nut just tight 
enough to permit a slight movement. If the nut in the piston has been properly 
adjusted, there should be no lost motion between the tod and the piston, and still there 
should be flexibility in this i«Dt pcimitting die piston to adjust itself in the indicator 
cylinder. 

4. Oil the piston with cylinder oil every time it is taken from the cylinder. Many 
careful engineers oil the piston regularly after taking about tea diagrams. A new piston 
usually requires more lubrication than one that ia well wom. 
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rate of flow, and a aecondary device, usually ft mfflometer of some hnd for 
measuring the difleiential head (aoe Piesaore Meaautements, p. 1792) . 1 he 
common head metora are ( 1 ) thin-plate ehajp-edged orifice; ( 2 ) flow-nozz e 
or rounded-entrance nozzle; (3) Veflluri tube; and (4) Pitot tube (or impact) 
tube). Selection of one of these four depends on requirements. Pressure 
loss caused by the Pitot tube is aero; for the Other Uiree devices, a loss of 
iO to 90 percent of the diSerential pressure 
will occur. Accuracy of all four types of 
head meters should be within 2 percent if 
they are properly installed and operated. 

Head meters can be constructed for almost „ 
any desired capacity, and they may be used % 
for any reasonably clean fluid with steady ^ 
non-pulsating flow. Diachuige cooffiiaento j 
are only slightly affected by the fluid used, g 
Variations due to meter size, properties of ^ 
the fluid metered, and rate of flow are all g 
taien into account by stating oiiSoe coefB* g 
cients as a function of the dimou^onlesa 
Reynolds number f?Kp/p (see pp. 250 and i 
288), The Pitot tube is usually used with an | ( 175 I 
indicating manometer only, but the other > 
headmotersareavailabiewithawidevarietyof "5 
integrating and recording as well as indicating S hM 
devices, both for near and distant reading. | 

Meter location is very important in the ^ 0,55 
case of head meters, as upstream disturbances 
affect the flow. Various codes and instruc' 
tlons specify 5 to 40 diam of straight pipe 
upstream, depending on the diameter ratio „ 
and the fittings in the line. It is good geo* S 
eral practice to allow 10 diara upstream and | 

8 diam downstream, if possible, and to use ^ 
straighteners (egg crate or nest of tubes) > 
eeveral diameters upstream from the meter, o 
The flow equation for any head meter « 
measuring a liquid, or measuring a comprese- 3 . 
able fluid with a ^oreatial head lees than 40 ^ ^ 
percent of the upstream absolute pressure, is 
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Fio. 18.— Values of the Ex- 


; r ^ P« Factor P (fl = Ratio 

(multiplyby60forcfm);r » compressibJjty of Orifice or Throat Diameter 
factor or expansion factor (see Fig. 18); to Pipe Diameter). 

M - velocity of approach factor or “meter 

constant,” the same for orifices, noarics, and Venturi motors (seo Tablo 
10) ; C = coefficient of discharge, for values see disouesion of each typo of 

meter; A = measured area of minimumsectioflofthethroat, tube ororifice 

3 = sc feratim of gravity ==32.174; and it « differential head in 
teetoi tbo fluid flowing (conditions as of the upstream tap). 

For lar^ departures from atmo^heric temperature, an additional oorrec- 
tion Jherarf expansion of the opening should he applied (about -1-05 
percent for 400 F; see Flmd Meters. Part 1. Eg. 55). For derivatio^ of 
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5. Adjufit the handle on the pencil motion so that when the penal is sharp it 'will 
draw a very fine line. If the pencif presses heasily on the paper, friction and shifting 
of the paper may distort the diagrams. Prepared nwteilio paper if used with blunt 
braes points increases pencil fricUon con^embly above what it is when sharp lead 
pencOs or ordinary “household” pins are used. 

e. Adjust the length of the indieator oord, and tom over tho engine by hand to make 
sura the cord is of proper length. 

7. Immediately after a diagram hns been tidcen, it should he esamSned and any 
irregularities or faults noted and corrected. 

8. Mark diagrams plainly as regards head and crank ends of double-acting engines, 
the time, scale rf spring, and aaine or initiab of tho person taking them. 

9. Best results ate always oMfuned with ao indicator at each end of tho cylinder of a 
doubie-acting engine. Tests sltow that sharp bends, long pipra, and restrictions of bore 
may cause errors in indicator diagrams as great as 20 percent (W. F. M. Goss, Trans. 
AjS.M.E,, Z89C). This is a parriculatly important conaidcration in air and ammonia 
compressors having very small clearance and in bog-stroke engines where the piping 
for a three-way cock for a single indientor wonld add considerably to the clearance. 

10. Tho incUcatoc cock should bo k^t closed, nnd cord to tho reducing motion 
should he unhooked except when a diagram is being taken. 

High-speed operation introduccfi problems dno to inertia and vibration. 
Mechanical indicators of the bigh-spoed type embody stiff springs, ligbt- 
weigbt parte, largo pistons, and magoificfition of about 8 times bet'ween 
piston and penoil point. One successful model uses a cantilever spring (Fig. 
83) , Very small <^agcams are also draws by high- 
speed iadicfltors (?i X 2 in. or smaller). Stiff 
springs and light moving parts increase the natural 
frequency of vibration of the assembly. TJ»o 
spring mechanism should have anatural frequoncy 
of at least 10 to 12 oscillations per stroke of the 
engine. 

For higb-speed-engino research on internal-com- 
bustion engines, there are several modifications of 
the meobanioal high-speed indicator. Uicio- 
indicators trace very small diagrams which must 
be greatly magnified for analysis. Optical mdi- 
cators obtmn magnification optical systems and 

record photoscaijhuydly. There we lawy weUr leverSpr'mg. 
developed optical indicators of which a number 
such as the Monograph, the Hopldnson, tho Mldgloy, and tho von Gehlcn hnvo 
been produced commercially. Optical indicators have a piston or a diaphragm 
in the pressure chamber, operating agmnst a beam Spring and tranernitting a 
very small motion to a mirror which rcflecte light from a point source. A 
motion is imparted to the mirror in another plane (or to a socond.mirror in 
the system) by some type of connection to the en^e piston or shaft. Tho 
card drawn by tho light beam is magnified by the optical arrangement and 
can be either viewed on a ground ^ass screca or photographed. 

In tho electrical indicator, tiie characteristics of an electric circuit are 
made to change by the changes in pressure in the cylinder. The recording 
element is usually an oscillograph. The ronstaace, capocity, impedance, or 
potential in the electrical drenit may be varied by the pressure element. 
A oarbon-pile rheostat suitable for tho roastanco method was developed at the 
Bureau of Standards {see Tech. Paper 240; also Martin and CariS, Jour. 
S-A.-E., 1928). The olectrical-potential method differs from other 

indicator^ devices in that it utilises a iKcsoelectric crystal instoad of an indi- 
cator spring as a pressure-responsive dement. Wia a vacuum-tube amplifier 



Fia. 

Indicator with Hanti. 
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Table 10. Velocit7 of Approach Factor M 
Fcr orifices, and venturi tubes , 

Diameter ratio Ds/Di.,. 0.20 0.25 0,80 0.35 0.40 0,45 

Approacb iactor M 1.001 1.002 1.004 l.OOS ■ 1.013 1.021 


Diameter ratio ils/fli. 0.50 0.55 0.60 0.65 0.70 0,75 

Approaeli factor 1.033 1,049 1.072 1.103 1.147 1.209 


flow equations and for equations applying to flow through orifices and nozzles 
•with greater pleasure drop, see pp. 2BS to 259, end S5S to S58. 

Thin-plate orifl.c0 meters are the most common head meters because 
they are relatively inexpenmve, easy to conetruct and easy to install, and more 
data are avmlablo on the orifice than on any other metering device. A thin- 
plate concentric orifice is a'flat diaphragm with a circular hole in the center. 
It may be clamped concentrically between the flanges in a pipe line, at the 



Fig. 19. — Flow Coefficients for Thm«plate Orifices with Pressure Taps One 
, Diameter Upstream and One-half Diameter Downstream. 


intake or the discharge end of a pipe or duct, or in the wall of a plenum cham-‘ 
her or a suction box. The hole must have a 90 deg cornet at its upstream 
face, with no burrs or loundiog, and the tgrlindrical edge should not exceed 
5 percent of the orifice ihameter. When thicker plates are used, the down- 
stream comer may be beveled at 45 deg. Plates must be fiat, strong enough 
to resist bulging, and non-corroding. Pressure connections reco^zed 
by the A.S.M.E. Code are as loUowa: (1) flange taps, with the centers of the 
holes 1 in. from the respective faces of the orifice plate; (2) ven^ contracta 
taps with the upstream hole located one pipe diameter from the upstream 
face and the downstream hole at the vena contracta; (3) radius taps with 
the upstream hole located one pipe diameter from the upstream face and the 
downstream hole one-half diameter from the downstream face. Drill .size 
for the pressure hole at the inner surface of the, pipe should not be over 
K in. for 3 in. pipe or smaller, or over H in. in any, case. , The inner surfaoe 
around the pressure hole-should be smoothed with emery cloth.- (-Coefficient 
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and a cathode-ray OBcillograph, synchronised presBure-time curves may be 
obtained (R.C.A. Mig. Co.)* ■ Electric^ indicators have the advantage of 
distant reading. ^ 

In multicycle indicators, the indicator diagram is built up point-by- 
point from a large • number of rai&ne cycles. The Bureau of Standards 
Indicator {iV.B.S. Bepf.lOT) operates on 'the balanced-pressure principle, 
■with the cylinder pressure 'balanced against an external pressure source. 
The English Farnboro indicator, opuating on this principle, has been refined 
and applied to airplane-engine research by the N.A.C.A. (N.A.C.A. Tech. 
Note 348). < A balanced pressure indicator in which the balancing pressure 
ia supplied by the enprie itself and tiie cards are takeu on on ordinary mechani- 
cal indicator has been developed by De Juhasc {Instnimentg, Mar., 1933). 

' Maximum pressure indicators are available for showing the maximum ■ 
pressure in an internal-comhustion en^ne cycle. A simple form uses a 
balancing spring to oppose tho (g'lmdet pressure. A contact and a neon- 
lightflaaherindicatethepointofbalsmce. TheBpringadjustmentiaamicroni- 
eter screw calibrated in pounds per square inch (Bacharoch Industrial 
Instrument Co.)« 

Beducing Motions 

To obtain the conventional indicator diagram, the drum of the indicator 
must be moved so as to give on a smaller scale an exact reproduction of the 
motion of the piston. A device' ac- 
complishing this is colled a perfect 
reducing motion. Many devicesused 
quite generally do not give a perfect 
motion. 

The Pantograph (Fig. 34) is a 
theoretically perfect device and is 
actually accurate so long as there is 
no slackness at tho numerous pinned 
joints. The point of attachment of 
tho indicator cord B must be in the 
straight line joining the fixed pointC 
with tho connection on the cross head 
A. Figure 35 is a simple reduction 
motion that is nearly perfect when 
properly laid out. The pb2>i3 attached to the cross head C, and the IlnkSD 
connects the cross head to the oscillatiog arm AB. To convenient points, as 
1, 2, or 3, the indicator cord is attached. If the arc XF in its extreme positions 
at the ends of tho stroke reaches as much above tho center line of motion of the 
pin D as it does below, the movement of the drum will ho almost an exact 
duplicate of that of the piston. If the indicator motion ia taken from tho 
heavy dotted circular sclent G instead of from a pin, tho motion is more 
accurate. Figure 36 is also a ample device and is fairly accurate if AB is 
made equal to BC. The cord is attached to D. 

Fgure 37 shows an accurate and mmple reducing motion for attachment to 
the end of a crankshaft. The ratio of the lengths of the connecting rod and 
stroke of this device miist be the same^ tiie corresponding ratio ia the engine. 
A similar device' is shown in Kg. 38. 

■Reducing wheels may be attached dther to the drum of the indi- 
cator or to some convenient part of 'the en^ne. Kgure 39 shows a typical 
device. The large -wheel recwves the cord direct from the cross head, 
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o£ dischargs C for a ^ven orifice measm^tait deponde on pipe dze, diameter 
ratio, location of taps, and Seyndlds number. Vdviea ate given in Fig. 19 
for tbe product "MX C" for “radius taps," applying to 2 and 16 in. pipe 
eizee, and iaterpolaUona may bo readily made. (Fluid- Meters, Part 1, gives 
estensive tables of coefficients to four ^daces.) ijiameter ratios greater than 
70 percent (tbroat diatnctec to pipe diamet^) aro not recommeaded by tbo 
A.S.M.E. Code. Pressure loss due to the insertion, of a tbin-plate orifice 
is as foUovre*. ' 

DiiTiieter ratio Djyfli 0-3 b.4 D.S 0.6 0.7 

Pressure loss in percent q£ differential pressure.......!... 56 82 73 62 51 

For metering viacous liquids Qotp IBcynoIds numbers), oriCcs cDcfficicnts 
ebange greatly, and available data are inadcqtioto except for limited condi- 
tions (see Tuve and Sprenlde “Orifice Oisebarge Coefficients for "Visooue 
Liquid?,” /nsfruwcnls, Nov., Aug., Sept., 1935). 

Intake and discharge oriflcaa, located at tbe end of a pipe instead of 
in a ecntinuouB lun, are very convenient, capecially for air measurement. 



Fiq. 20.— Typee of Flow Nozzle. 

A, A.S.M.E. SUodard for dhpiacenent cmcptBsstoa. 

. fi, AS.l.LE.longrtLdhisROuleforlcvdi&tneteci&tios.' , 

C, lutetnatioufti SUnd&rds Anodation (I.S.A.) noztb. 

Tor a TOiisw d osjsiiag 4sis, see Msris, "Sqaere-sdsod Jsioi and Kseiareo 
Orifices for . Measuring Air Volumes in Ibe Testing of Fans and Blowers,” 
Trane. Nov., 1936. In the absence of any generally accepted 

table of coefficients, it may be noted that a vrdue of C *= 0.60 is probably 
cortect witbin 1.5 percent for ather istakb or diBcbargo orifices, for Reynolds 
‘numbers above 100,000 for any ffiameter ratio up to Ds/Di » 75 percent, 
and for corner taps (at tbe orifice face), for flange tops (1 5a. 'distant from face), 
or in tie case of intake orifices for a tap 40 percent of tbe pipe diameter down- 
Etream. This tolerance is substantiated by Poison and Lo-n'tber (Uni®. 
lUinoUtEni;. Espf. Slat, BvU. No. 240) on.orifices dischaiging from a plenum 
box. ' ' ' • 

The flow nozalo* has -the ailvants^ over -fie thin-pkto 'orifice of a more 
nearly constant coefficient of disidim^ especially at high Reynolds numbers. 
But much leas esperinientai'-wMi: has b^.’done on flow nozzles tban on 
orifices, and moreover tbe fonn of tbe nozdo ia not well atandarffized.' Tbree 
proposed standards are shown in Rg. 2 Q, • 

The A,S.M.E. Fluid Meters Report does not give any values of tbe coeES- 
dents for tbe ibort radius 1.8. A. nosde and &vo3 only "tentative" coeffidenta 
for the long-radius nozzle. Foe Reynolds numbera'(abov 0 400,000), a 
constant coefficient oi difichaargu of '0.995 fo given for both types A and B 
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and tliQ cord on fjhe BmaSl ctmnMted'diTeoV to tlio drum ot tlie 

indicator. Ratio of diameters ^Ves tJie reductwii. , Bach reducing wliecl ia 
provided with' a nest of rings to be put on the small wheel to change its 
diameter so that various reductions are possible to suit the stroke of the 
engine. • The indicator drurn'is started and stopped by turning the knurled 
nut at the end oi the shaft. The large 'wheel has a spring at its center te 
bring it hack on the inward stroke, jbi engino testing /or long periods, it is 
desirable to disconnect ths'cord connecting tho Jaigo pulley with the cross 
head during the inteevaJa between taldng diagrams, flooks like those shown 
in Figs. 40 and 41 are very convenient for this puipose, particularly if attach- 
ment of the cords can be made to a pin on the cross head. The Trill hook 



iFio- 38. Rg. 39.— Reducing Fig, 41. 


, "Wheel 

(Fig. 40) is intended to be held between the thumb and finger, about aa loch 
from the end of tho instroke, so that the jan or standard on the cross head 
strikes the straight part of tho book, and immediately the pin or standard will 
be caught. The hook shown in Fig. 41 is used in the same way. The hook is 
of spring brass and is held so that tiie inn or Btandard A on the cross head 
strikes tho carotch when aboutr 1 in." from -the end of its stroke and opens 
the hook and assumes the dotted poatiod when in operation. . In disengage- 
rncht, thehookis slipped o5 the end 'of the inn. Unless Some special form of 
hook is used, aa described, it is ^fficult to connect' the cord when a diagram 
is to be taken,' and the cord is' likely to get tanked in'raoving parts of the 
engine or to be broken'. Such difficulties can' often be avoided, particularly 
in the case of such devices as Kgs. 37 and 38, by continuing the cord from its 
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(Fig. 9 ). At lower values of the Reynolds number, the "tentative" eoeffi- 
cienta of discharge C for type B are as follows; 

Eeynolds number 
(DVp/ri throat «sn- 

di'tions i0,000 20, m 30,000 50,000 75,000 100,000 200,000 300,000 

Nozzle coefficient, G. . . 0.943 0.9S6 0.961 0,968 0.973 0.978 0.986 0.992 
These coefficients are for pressure taps one diameter upstream and in the 
parallel throat portion downstream (not less than H in. from the end). 
For nozzles with free open discharge, the tentative coefficients are about 
0.5 percent lower. Pressure loss due to tiie insertion of a flow nozzle is 
about the same as that lor an oiffice, beeause there is no diverging tube to 
give an orderly transformation from velocity pressure to static pressure. 

Venturi meters are usually made with diameter ratios of 25 to 50 percent, 
with an entrance cone of 21 deg, and a cylindrical throat section provided 
with piezometer openings (see p. 259). The standard Herschel design 
has an exit cone with a total induded angle of 5 to 7 deg giving an over- 
all pressure loss of 10 to 20 percent of the differential pressure. This low 



Reynolds Number 

Fiq, 21.— Discharge Coefficient* for Venturi Tubes (as Manufactured by 
Builders Iron Foundry and Simplex Valve and Meter Co.). 


pressure loss is the main reason for uring a Venturi instead of a flow nozzle. 
Shorter diverging cones may bo obtmncd; a short cone increases the over-all 
pressure loss but it does not affect the discharge coefficient. OoefficientB 
of discharge for Venturi lubes depend on Reynolds number, but also vary 
somewhat with diameter ratios and with pipe sze. With throat diameters 
of 1 in. or more, metering water, the coeffiments are practically constant 
above 10 fps throat vclodty, as follows: 


Size of Venturi, in 2X1 4X2 8X 4 16 X 8 30 X 15 100 X 50 

Discharge coefficient 0.976 0.980 0.983 0,986 0,988 0,990 


Coefficients of discharge for general application in the range of Reynolds 
numbers from 10,000 to one million are gaven in Fig. 21. (For coefficients 
outside of this range see A.S.M.B. Fluid Meters Report, Part l,p. 100.) The 
interior surfaces of Venturi tubes must be very carefully finished and must 
bo kept clear of dirt or sediment. Very large Venturi tubes have been made 
with cones of smooth-surfaced concrete, and units as Itirgo as 42 X 24 it 
are in service. 

Pitot tubes arc more often used for pipe traverses than for fixed-position 
meters (see pages 279 and 280). Many forms of Pitot tubes are used, and 
various standards in air and gaseS are somewhat different from those used in 
water. The standard Rtot tube for fan tests is shown in Fig. 22, Almost 
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point of attachment to the rodut^ motion closely past the indicator drum tc 
a pipe or ample bracket that may serve as a stationary support. Betvreer 
the indicator and thie last support, a spir^ or helical spring of rather ligh1 
wire or a heavy rubber band is attached to the cord and will keep it taut anc 
in motion. If now a ring is attached to the cord close to the indicator anc 
between it and the reducing motion, this ring will be continually in motioc 
but it will not be difficult to hitdi into it the hook on the portion of cord 
connected to the indicator drum. This method is particularly recommended 
in every case where wire is used instead of cord. 

Some indicators are provided with a detent or device for engaging a 
pawl in teeth on the circumference of the drum near the bottom and stopping 
the drum. Obvioudy, the pawl must engage when the cord is pulled out to 
the end of its stroke. On the retum stroke, the cord will flap about and 
possibly catch on something and be broken on the next outward stroke. The 
beat way to prevent this is to keep the string always taut by using a helica) 
spring or rubber band attached to some fixed point, as explained above. 

In aO types of reducing morions except those in which the cord is taken off 
on a tangent to an arc of a circle, the Erection of the cord as it moves back 
and forth at its point of attachment to the reducing motion must be parallel 
to the movement of the engine piston. Reducing morions arc sometimes 
made inaccurate by not locating auxiliiuy pulleys properly to give the cord 
its proper direction. 

DETERMINATION OF THE MOISTURE IN STEAM 

Sampling steam is the most uncertain part of a determination of steam 
quality. The standard sampling nozzle should preferably be made of 

in. pipe and should extend across the steam main, within H in. of the 
opposite wall. The end of the nozzle should be closed, the steam entering 
through a row of in. holes, facing directly against the stream. For main 
steam pipes smaller than 5 in., the inlet holes are to be H in. apart; for larger 
sizes, six holes are to be used. The holes at each end should bo about H in. 
from the pipe wall. 

The most desirable location for a sampling 
nozzle Is in a pipe in which tiie steam flows verri* 
cally downward, far removed from a valve, elbow, 
or other disturbing element. Second choice is in 
a pipe in which steam ascends vertically, far from 
a valve or fitting. A pipe bend or a horizontal 
pipe should be avoided, but if no other location 
is possible the sample should be taken at the 
entrance to a bend or immediately following a 
valve or other mixing device in a horizontal pipe. 

There can bt no assurance that the sample will 
be representative in these latter cases. 42.— Throttling Cal- 

The throttling calorimeter is most com- orimeter. 

monly used for determining the moisture in 

steam. The calorimeter (Fig. 42) conrists of a sampling nozzle A, a 
throttling orifice 0, and a thermometer T located in a well which is entirely 
surrounded by the steam in the expansion diamber C. If the expansion 
chamber is not open to arinosphere, tiie pressure within the chamber is 
obtained from a manometer or gage connected at Vi. Two other essentials 
are the measurement of the pressure (or the temperature) In the saturated 
steam m^ and an ample insulation covering the calorimeter and connections.. 
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Id the Mlowg paragtaplia, f{x), 9(1) denote tunctiona which approach 0} 
F(i),G(z)fuactions which increase indefinitely; and C/{i) a function which ap- 
proaches 1 ; when x approaches a definite quantity The problem in each 
case is to find the limit approached by certain combinations of these functions 
when X approaches a. The symbol = is to bo read " approaches. ” 


Case 1. To find thelimit of /{a:)/{i(j:) when/fx) -4 0 andpCx) -^O, 

use the theorem that lim = where fix) and ;}'{x) are the 

derivatives of/(s) and 9(5). This second limi t maybe easier to find than the 
first. If fix] = 0 and 9'(®) “Pply the same theorem a second time: 

= lim ~ ; and so on. 

e'(a) 

eg Ffx5 

Case 2. If FCx) ® andG(x) then lim;^ =lim;;77T> 

« frti) 0 ix; 

precisely as in Case 1. 

Casb3. "O'w." Tofiadthelimitof/(2)*F(i)wh6D/(x)-»0aDdF(s)--*®, 

T?rit0 lim [/(x)*F(®)] «liin = lim then proceed as Id 

i/F(*) i//(x; 

Case 1 or Case 2. 

Case 4. "0“.’' If/Ci) -»0 and (i(x) ”*0, find lim as foUows: 

let y ss and take the logarithm of both sides thus; 


logey »ff(i)log,/(x); 

next, find lim [gix] log«/(x)|, * m, by Case 3; then lim y » e". 

Cabb 6. “1®.” If C7(x)-»landF(i)~f®,findliia(l/{®)]^^®^a9 follows; 
let y = [f7(x)j and take the logarithm of both sides, as in Case 4. 

Case 6, “ a®." If P(x) — ♦ wand f{x) — »0, find lim [F(x)]^^®^ as follows; 
let y = [F(i)]^^*^, and take the logarithm of both aides, as in Casa 4. 

Case 7. “ ®— o." If F(x) —* ® andG(r) — » ®, write lim [F(x) — G(x)) 

J l_ 

G{x) Fix) , 

j ; then proceed ns in Case 1. Sometimes it is shorter to ex- 


=lim- 


F(x)-G(a) 

pand the functions in aeries. It should bo carefully noticed that expressions 
like 0/0, ®/», etc., do not represent mathematical quantities. 


CDEVATDRB 

The radius of curvature R of a plane curve at any point? (Fig. 7) is the 
distance, measured along the normal, on the concave side of 
the center of curvature, C, this point being 
the limiting position of the point of intersection of the nor- 
mals at P and a neighboring point Q, m Q is made to ap- 
proach P along the curve. If the equation of the curve is 

y =/(*), 

^ [1 + 

du 





Fig. 7. 
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where &s = = the diffemitial of arc, u = tan"^ - the 

angle which the tangent at P makea with the- s-axis, and and 

y" ^ f" (i) are the first and second dwTatives of /(*) at the point P. Note 
that dx B ds cos u and dy = ds ainu. Thecurrature, K, at the point?, is 
if = 1/K = du/da; that ia, the curvature is the rate at which the angle u is 
changing with respect to the length of are s. If the slope of the curve is small, 

K==r'm. 

If the equation of thecuivo in polarco-ordinatos is r = f{0), where r = radius 
vector and S = polar angle, then 

[r* + (rO«lH 
r* - rr" + 2(?)»' 
where r'«=/'(8) andr"«/"{e). 

The evoluta of a curve is the locus of its centers of curvature. If one curve 
is the evoluta of another, the aocond is called the Involute of the first. 

INDEFINITE INTEGRALS 

An integral of /(s)dz is any function whose diHerential is/(z)dz, and is 
denoted by fj{s)dx. Ali the integrals of f{x)dx are included in the ex- 
pression /‘/(x)da+ C, where /f{x)dx is any particular integral, and C is an 
arbitrary constant. The process of finding (when possible) an integral of a 
given function consists in recognizing by inspection a function which, when 
^fierentiated, will produce the given function; or in transforioing the given 
function into a form in which such recognition is easy. The moat oommon 
integrable forme are collected in the following brief table; for a mote extended 
list, see B. 0. Feiroe’e “Table of Intcgrtds” (Ginn & Co.)> 

Gehebai/ Fobuols 

1. J* adu a J'du = au + C 2. J'iu + v)dx « J' vdx + J' vix 

3. J'vdv = ufl -J'vdu 4. f fixidx « f ^?(l/)]F'(v)dy, v «= ?{v) 

y'dvy’/(x,y)da = f dxf Six.y)dy. 


Fumdamental Inteoiuu 
■ -j" G; when n - 1 


6. J'x’'dx = 

7. J'~ = logi X + C = log* » ^ J * = e* + (7 

0. J* sin xdx = - cos x + C 10* y' cos = sin x + C 

11. J' -r~ = -cotx + C 
*' sin’ X 

13. /■ 


dx 


Vl - 

dx 


12. f ■ = tan X + (7 

'' cob’ X 

= sin'^ X + (7 = - coB”^ X + c 


14. S x+C'=-cot^x+e 

Rational 'Fcnctionb 

15. /(g + ta)"d. - +c 
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DETERMIifATION OF fUS MOTSTVRE IN STEAM 

The connection between eampling nozde snd orifice should bo na short as 
possible. 

The steam quality or relative dryness may be obtained from an enthalpy- 
entropy chart (see p. 326). Throttiiug is represented by a vertical line on 
the chart. The quality (or superheat) of the oripnal steam sample is obtained 
by locating on the chart the downstream ^orimeter temperature and 
absolute pressure, then tracing vwtically to tlie line representing the upstream 
pressure. The temperature or mmsture content at the latter intersection 
represents the condition of\ihe original sample. Pbr greater accuracy, 
a larger chart may be used, or the qualify * may be cdculated from the 
equation 

. * = (ft* - hj)/k/g 



where ft* is the enthalpyof superheated steam at calorimeter pressure and 
temperature: A/ the enthalpy of tho liquid of the high-pressure steam entering 
calorimeter;, and h/g the latent beat of vaporization of the high-pressure 
steam. The range of tho throttling calorimeter is limited, but it increases 
with higher pressures.' At 125Jbp®rflq in. abs, the range 
is 0 to 4.0 percent moisture, and at 4001b its range is 0 to 
7.3 percent. The accuracy of the tiurottling calorimeter 
itselfishigh. TheA.S.M.E.Codoptate8thatitsaccttrscy 
can be within 0.2 percent. 

Separating calorimeters may be used for determin- 
ing the quality of steam which contains more moisture 
than can be determined by a tbrotUing colorimeter.' A 
simple .form is shown in Fig. 43. .The moisture is 
removed from the sample of steam by mechanical separa- 
tion just as in tho ordinary steam separator installed in ■ 
the steam mains of a power plant. Steam enters at A, 
passes down through the Tcrticalpipoinlo tho perforated r«, q 
basin B, from which the dry steam escapes through a . 
narrowslotnearthetopintothejackct/.wbilcthcmois- oalonmeter. 
ture is deposited at the bottom of the vessel Y. The volume or weight of tho 
moisture can be detonninod from the height of tho water in the gage glassG. 
Dry'steam from the jacket J is discharged from the orifice 0 and must be con- 
densed and weighed in a vessd containing cold water. Tho percentage of 
moisture is found by dividing tho wdght of water collected in the vessel V by 
the sum of the weight of steam condensed and thejwei^t of water collected in V. 

The separating calorimeto' described above is offeotive in removing 
practically all the moisture in steam when the pressure is not lower than 
25 lb per aq in. gage pressure. For lower piussures, such calorimeters may 
not take out more than 80 percent of the moisture. Consequently, for 
determinations of moisture in low-preesoro steam, a throttling calorimeter 
should be attached to tho discharge of the separaring calorimeter. A throt- 
tling calorimeter discharging into flje atmosphere has very little capacity 
when used with low steam, preasurcs. ^ By maKiig it diacharge into a receiver 
in which ahigh vacuum is maintained, tfie tiiroltling portion of tho calorimeter 
will evaporate, 2, to 3 percent of moisture. A combination separating and 
throttling calorimeter for low-pressure steam is described in Trorw A S MJ! 
1910, p. 76. • ' . ■ ■ 

The A.S.M.E. Power Test Codes,' Instrumenfa-and Apparatus, Part II, 
“ Determination of Quality of Steam,” describes various types of calorimeters 
mcludmg several forms of the throtflii^ and separating types. Combina- 
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from these may, in some cases, .not -be disadvantageous, and' where velocity- 
distance lag alone is present may even be helpful. In open-aiid-ahut of 
proportional-rrith-reset controHera, good resultB con be obtained consistently 
only if the controllers are able to recognize ‘minute changes in' measured 
variable and institute effective corrective., action on ■ . 

them. A correctly, designed and built controller of ' eWgjd ' 
simple construction will successfully handle appiicar 
tiona that require a much more complicated mecha- ' 

nism, if the latter has been dcEdgncd and bmlt ■without 
sufficient 'attention having pmd to keeping the | ' '■contact 

force-friction ratio amply large. , ■ ' ‘ ' 

Moving parts should be light, and mounting 
brackets should bo rigid. Unbtdanced forces, some- 
times unavoidably present, should be prevented from 
shifting in direction. Mechanism should be arranged 
so that it takes up lost motion always in the same 
direction. Power must be provided to overcome fric- 
tion or to reduce it to a negligible minimum. "When 
mechanical force is necessary, relays should be used, 1— Thermostat. 

Force is necessary to produce motion of a final- 
control element or of a relay. The force de- 
veloped by the permissible small amount of 
deviation of the measured variable in the 
ordinary industrial controller is almost negli- 
pble. In some types, such as pyrometer con- 
trollers, this force is actually so small as to, be 
inoapablo of actuatingeven the most sensitive 
relay directly. In such cases, resort must he 
had to detecting the position of a pointer 
intermittently, which complicates the mocha- ' 
nism and may prevent successful results' on • 
processes' that can change rapidly. . 

Where the force developed fay permissible 
small deviations of a controller clement is 
large enough to be used directly, it is 
absolutely necessary that its full amount be 
used to move either the final control element directly, in the case of a self- 
actuated controller, or the first' relay, in servo-actuated types, if the con- 
troller is to fulfill its function to its maximum possible extent. 

Types of control mechanisms are filuslrated la Figs. 1-4, showing different 
modes of control action and types of.sctuatiiig mediums. - , 

The common domestic thermostat shown in Fig. 1 is an example of an " on-and-off " 
coatroller of the ''differential-gap" typel "When temperature decreases, the bimetallic 
strip (red) moves toward the two contacts (blue and white). A relay in a standard 
electrical lookup circuit closes when both contacts are made and opens when both ate 
broken. The led-to-white contact finger is fiedblo and alter closing its contact per- 
mits further travel of the bimetallic strip. unUl-the red-to-blue contact closes,' The 
ffifference in travel is ordinarily equivalent to approximately IH deg F, wiiich ie the 
"differential gap” and represents the temperature change necessary to start and stop 
the burner of the house boating syston.. • ' - , 

The weight-loaded reducing valve in Fig. 2 acts as a proportional regulator, as the 
change in effective area of the diaphragm trough its stroke produces the proportional 
effect. '.By pinching off the vaVre xin the connecting lino between the diaphragm and 
the pressure line, this type is made to act as a variable-rate controUer, as described 
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tions of tho throttling and sep^ting calorimeters are also covered in the 
Code. Specific instructions for Btetun sampling, for calibration of c^orimeters, 
and for calculation of results Me ^ven. 

ANALYSIS OF FLUE GASES AND EXHAUST GASES ‘ 

For the analysis of flue gases in- a power plant by chemical means, ah 
Orsat apparatuses generally lued. It consists of a graduated tube, or 
burette (surrounded by..a water jacket), to.ieceive and measure tho volume of 
the gas. .This burette, is coniiccted.'by a manifold of glass or hard rubber to 
“pipettes” containing the liquids Jor.abwrbing CO 2 , Oj, and CO. Tho 
pipettes are each a little more than half-filled with the absorbing liquid. . 
Water well saturated with COj is ordinarily used for displacement of gases. 
For accurate work, brine or mercury should be used. To absorb COj, the 
gases are firstpassed into a pipettocoatmnlng a solution of one part by weight 
of EOH (caustio potash) in two-parts by .weight of water. Some form of 
surface-contact pipette or bubbling pipette should be used. Free oxygen, is 
Bmiluily absorbed by-s. mixtutc of pyrogallic acid and KOS, prepated by 
pouring 5 g of powdered pyrogailio acid into the pipette and then adding 100 
cc of the KOH solution as prepared for the first pipette. Some engineers 
use solutions containing a nmeb larger proportion of pyrogalUc acid to make 
the absorption more rapid. but.thia is not recommended, as stronger solutions ■ 
are Ekely to evolve CO in the presence of free oxygen. A more rapid oxygen 
reagent, is chromoua chloride. This absorbent may be purchased, all pre- 
pared, under various trade names. 

The solution for absorbing CO is cuprous chloride (CusCh), which should 
bo made in a glass bottle having a well-fitting glass stopper, greased to make 
it airtight. ' It can be made by pouring 25 g of copper oxide into the bottle 
and adding about 500 co of commerdal hydrochloric acid (sp. gr. about l.L 
being obtained by adding to wafer an equal volume of chemionlly pure acid). 
To this solution is added 150 to 200 g of copper wire cut in lengths to extend 
from the bottom to the top of the bottle. The solution is then allowed to 
stand in the bottle till clear, when it is ready for use in gas analysis. By 
filling the bottle from time to time with acid and adding copper wire as 
needed to replace that dissolved, a supply of the solution will always be on 
hand. The KOS solution will absorb ^ times its volume of COt before 
reqmring renewal, the pyrogidlic solution will absorb efficiently only twice 
its volume of oxygen, and cuprous chloride only an equal volume of CO. 
The' solution for absorbing oxygen, therefore, requires very frequent 
renewal. 

The A.S.M.E. Fo-wer Test Codes, Instruments and Apparatus, Part 10, 
“Flue and Exhaust Gas Analyees,” ^ves detailed information both on equip- 
ment and procedure. 

The most common errors in the uee of goe apparatus are due to leakage. The 
apparatus should be car^nlly tested before starting an analyais by filling each pipette 
with the solution up to n mark on ite eapiHary tube, and then, after closing all stoppers 
and pinch cocks, carefully observing the volume of gas at atmospheric pressure on the 
scale of the burette. The water bottle is then placed on top of the cMe so that the gas 
in the burette and in the yoke will be under pressure for about 5 min, after which, 
the volume of gas is again measured. H there is no leakage the volume will remain con- 
stant, If there is leakage a drop, of water should be put at each place where there , 
tciight be leakage. Bubbke of gas will in^cate 'where the apparatus is not air-tight. 
Extreme care should be taken in ajranpng for and in collecting the samples of flue gas • 
for analysis. A continuous sample should be coUecied at a uniform rate during the whole 
period of the test. , Many en^eosuseforacollwitingtubea^^in. pipeopenattheend, ' 
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AVTOUATIC CONTROL 



Tte operation rf Type B(6>— pw^iottiimal control 'wltK wtomitk «set— may be 

erated instrument. T . 

Assume that tbo inalru- 
meat has been in success- ^ 

{ul control and conditions 
are balanced eo that 8 lb 
pressure eiisla in the con- 
trolled -valre diaphragm 
motor line (IS). The 
same pressure ^1 exist in 
bellows (7) and (13), 

If an upset occurs, mak- 
\iogthe element readlower, 
flapper (4) will uncover 
noaale (0), roducing the 
pressure on diaphraem 
(U) , since air can now flow 
out of noitle (6) faster 
than it can flow in through 
restriction (12). This will 
causa bellows (11) to col- 
lapse and admit pressure 
through valve (17), until 
the increased pressure in 
bellows (7) causes it to Pi<J. 3.~ProporlioDaI Control with Automata 
puli the nozzle (6) against Keset- 

the flapper once more. 

Bellows (7) is spring loaded so that the air pres- 
sure change is strictly proportional to the nottle 
deflection, producing a uniform throttling range. 

This increased pressure inunediatcly starts to 
bleed through restriction (14) to bellows (13), 
which is e();ual in area to, and opposes the motion 
of, bellows (7). As the pressoro in bellows (13) 
increases, nozzle (fl) will be forced away from the 
flapper (4), However, when thie happccs, valve 
(17) In control head (9) will be i^ned further, 
raising the pressure in ^Dows (7) as much as ia 
necessary to keep the nozzle just tangent to the 
flapper. This resetting effect will continue until 
the pressure on the diaphragm of the eontroUed 
valve (21) has increased (or decreased) enough to 
produce the new valve opening which will return 
the temperature (pressure, flow, liquid leve^ to 
the set point. When, and only when, tlus occurs. Fig. 
pressures in bellows (7) and (13) become equal, 
and equilibrium is again restorr^. 

A detection-type mechanism is illuatiated in Kg. d- Depressor bar 2 la continually 
being raised by the niotor-drivai cam g and returned by gravity. Temperature is 
measured by the pointer c, of a potentiometer measuring ciremt. When temperature 
rises, the pointer deflects toward “high,” and the detector arm s can complete its full 
downward stroke. This throws the contact brushes (H., C, and L) to tho lower position 
where H and C are closed by the contact disks S (revolving on the same shaft with cam 
j/), thus reducing the heat supply. When (he temperature drops, the pointer deflects 
toward “low,” thereby preventing tho detector aim from completing its full return stroke 
by gravity, holding the contact bnuhes m the upper position where L and C are closed, 
and thus increasing the heat aupp^. This produces off-and-on or two-position control 
action. Similar mechanisms are used to produce practically any of the modes of 
control discussed. 



4.— Detection-type 
MechaniBm. 
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wMoii is oarefuUy located so that the wen end wiD bo in the unobslnicted flow oi the 

^he A.S.M.E.'‘Cpde sta^ that proWng .tiie m passage 'with, n singio tube gives 
questioriablo icsults and that a perforated is worthless. 'The Code recommends , 
taking individual simultaneous samples from different points in the erosa-BectioQal area, 
fisalyzing these separatclyi and' ayor^g the' results. Other approved methods are: 
(1) "composite sampling with cquivalaitflow from each individual-tube; (3) abranebed 
averaging sampler (or a spiiier) bo consteucted that each portion oi the aampie traveis 
through the aanie length of pipe; (3) an open-end portable tube oi in. pipe, which is 
eiowly and steadily moved across tho area durini’ sampling. With stationary sampling 
tubes, not less than tme open-end tube is required for eneb 18 sq ft of gas passage, mth 
boi 1^ Siaa 3 eainpling peiats. In large duels, Hie sampling locations should be st 
least 3 ft from the , walla. 

For sampling from exhaust japes rf internal-com'btmtioa erpnes, o sampling lube of ' 
3i in.' pipe is to be extended to the nuddle of the exhaust pipe, with the end of the tuba 
cut at an angle to its length and the opening turned against the gas flow. A small steam 
or water jet ‘'ejeoter” or|S8p»rator should be used for securing n continuous flow of gas 
into the collecting vessd.' Usually it is most conreolcnt to collect the gas over water, 
which must be saturated rnHi the gns in order to avoid diflerential absorption of the 
constituents of the gas. Fresh samples should be taken directly from the collecting 
vessel into the analyzer if posable, witboul intervening storage time. To make sure 
that all the gas has been absorbed by each rcagail, the process should be repefitcd until 
leadings agree w'lthin Mo pereeot. With fairiy fresh eolutions, 2 to 3 min are required 
to absorb all the COj or CO, although h to 7 min may be required to detcmitie the 
oxygeu. It ia dearable to replace the pyrogaffic solutipn fiequentiy, 

Several samiautoaatic portable atkalyten mo availnble, by wlucb rapid deteratina- 
tloas of COj only may be made. These indicaloie aotuaily measure the vacuum fortned 
In a closed abseiptioa chamber, and tho vacuum gage » calibrated in percentage of OOj. 

One type of automatic app«atw in common .use absorbs COj continuously and 
legjatets the percentage content. In practically idl such apparatus, KOS is the ahaor- 
btot. Another type depends for its action on.Ute dWetente between the specific weight 
of ftlr and of Hue gas, which it apprwimnloly proportional to the percentage by volume 
of GOi fa the gas (“econometer" method). Of the two mclhods, that of absorption is 
the better. One automaUo device depends upon the change of pressure in a etresm of 
flue g&8 Sowing through two apertures, when the COj la absorbed. 

Electric COj Meter. Thermal-cohbuctWlty methoflg have come into 
use for measuring the amount of COj in fiue gaaos and also ior ev-uluatiJig tho 
combustion conditions in inWrniti'odmbustioa engines. 

Tie advantage of the method ifl’that no materials arc used which require 
replacement at frequent intcrvalfl. ' A auitahle apparatus consists, in. esauntial 
parts, of two gas colls marked A and B in Fig. dd, 'each of which contains a 
spiral of platinum wire, with provision for supplying slectTio current to each 
of the platinum spirals ixom a storage battery., The cell A ie filled with air 
and Be^ed lor a oompaiisofl Btsndwd. The other .cell B ie arranged so that 
the sample of fiue gaa to be tested passes through it. The current from tho 
storage battery S is controlled to a constant value by means of the rheostat R 
and the ammeter A. The cinrcnt from the battery S as shown in Fig. 44 
passes through the platiniim ^irala A and i? on one ddu and U\e "ratio 
coils" C and D on the other. If the gases surrounding the wires are alike 
nr thermal conductivity, heat fransnaeion to the metal walla of the two cells 
'Will be equal, and the pAatinum srorals will-be heated. to the same temperature. 

The thermal eonductivity of COj differs from that of air by approximately 
40 percent, and since the other constituents of flue gas, such as carbon 
moEoiide, methane, mtrogeo, and oxygen, have substantially the same con- 
ductmty as air, the difference in temperature under these conditions between 
the platinum spirals A and ^ trill vary with the amount of GOs ia the eamplo 
of flue gas being tested. 
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RETEffiKCEs; "The Welding Haadhoot," Americaa Welding Society. Hale, " Welded 
Steel Construction," Pitman. Fish, “Aro-wdded Frame Steel Strurturw.’ McGraw- 
Hill. "Procedure Handbook of Arc Welding Design and Practice, The Lincoln bleo 
trio Company. “The Welding Encyclopaedia." Welding Engineer Publishing Com- 
pany. Owens, "Fundamentals of Welding,” Penton Publishing Company.^ Miller, 
"Oxy-Acetylene Weldingi" Industrial Press. Wnnsmaker and Pennington, "Electric 
Arc Welding,” Simmons Boardman. 

Welding may be divided into forge welding, arc welding, welding, 
resistance -welding, and thermit welding. 


Arc Welding 

Arc welding may be subdivided into metal-arc welding with bare clcctrodcB 
or -with coated (ahiclded-arc) doctrodcs, or in a reducing gas dame; atomic- 
hydrogen arc welding: carbon-arc welding, ehicldcd or unshielded; and sub- 
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Fig. I.— Forms of Welda and Joints. 


merged arc. Further differentiation is based on whether the current is 
direct or alternating and whether the operation is manual, semiautomatic, 
or automatic. 

In metal-arc welding an arc posses between a wire or rod of suitable 
composition, called the electrode, and the parts to be welded. The parts 
to be joined are made one side of an electric circuit, the other being the 
electrode. The metal is fused at boA ends of the arc and the fused electrode 
deposited in the joint until the latter is properly filled. Various joints are 
illustrated in Fig. 1. Power is usu^y supplied by a transformer or by a 
generator delivering an open-circiiit voltage ranging from 35 to 95 volts. 

The arc should be short in order to avoid oxidation and the iucluaion of 
harmful gases and to secure proper penetration. Some arc- welding generators 
are so designed that the arc will be extinguished after its length exceeds a 
safe limit. The normal sxc voltage is bo low (15 to 20 volts for bare wire 
and 22 to 40 volts for heavily coated wires) as compared with the striking 
or open voltage (35 to 95 volts) -that machines of special design must bo 
employed, k. aVdUful opetatcr can do good ■welding on a constant potential, 
110 to 550 volt circuit, -with a suitable leastance in series, but this process 
1829 
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Tlie arranganient of battery, rheostat, and the four resistances, with the 
addition of the galvanometer G and the resistance F and as shown in 
Fig. 44, make up a circuit that is suitaUe for resistance measurements by 
the Wheatstone-bridge meOiod. ti the operation of this device, if the 
resistances are “balanced” when air is passed througli the platinum spiral B, 
the bridge will be thrown out of balance when fine gas containing any appreci- 
able amount of COj passes through the platinum spiral B, and there results a 
deflection of the galvanometer G nearly proportioual to the amount of COi 
in the sample. 

Heat is conducted away from the platinum spiral in the cell B by the flue 
gas less rapidly than from the filament in the mr cell A. With the same flow 
oi dectric current in the two platinum ^rals, tho spiral exposed to the flue 



Fig. 44.— -Diagram of Wheatstone Bridge Circuit. 

gas wlU be hotter than the one in the air cell. Since the resistance of platinum 
changes with the temperature, the Wheatstone bridge will bo unbalanced as 
soon as any CO: is present in the gas cell B. The scale on the galvanometer 
may be marked so that .the pointer of the galvanometer will indicate on it 
directly the percentage of CO: in the flue gas. This type of apparatus may 
be made either as an indicating or a recording instrument. Conveniont 
portable units of the thermal conductivity type are available, both for 
furnace gases and for en^ne-exhauat gases. The indicator scales on the 
latter may be calibrated in terms of air-fuel ratio instead of CO:. 

An electric CO indicator bas been designed on the same general principles as the 
electric COs meter. The operation of tho CO meter is based on the catalytic action of a 
heated platinutn wire in predating combustion of CO witii oxygen. The essential parts 
of the instrument are two plsiiDum wires which are heated by an electric current. These 
wires pass through the center cf ^liodrieal chambers, each being in a separate metal 
block. One of the wires is the "measuring wire," which fa in the chamber through 
wMch the sample of gas passes, and the other is tiio “comparison wire," which is main- 
tained at a constant temperature by the electric current. A small amount of air is 
admitted to the cylindrical chamber surroanding the “measuring wire” to provide oxy- 
gen for combustion. The catalytic action causes the CO and the hydrogen in the flue 
gas to bum along the surface of the "measuring wire,” thereby raieing its temperature 
above that of tho "comparison wire” and increasii^ the rcsietonoe of the “measuring 
wire” in almost exact proportion to the amount of CO and hydrogen gases in the sample 
of flue gas. The difference in retisbtnce between the “measuring wire” and the "com- 
parison wire” is meaeured by the Wheaietone-bridge metiiod with a suitable galvanom- 
eter. The dial of the galvanometer is calibrated in percentage of CO. 
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is iaefficient, as most of the poww consumed ia lost in the resistance. D-c 
generators may be constant-potentiali constant-energy, or constant-current 
types. 

The Welding Arc, The mc passes through incandescent vapor of the 
material forming the terminals of the arc gap. When direct current is used, 
one terminal (the anode) remains pomtive and the greater portion of the total 
heat is liberated at this terminal. When alternating current ia used, approii- 
mateJy the same amountofheatfs liberated at each terminal. In the welding 
of iron or steel the piece to be lydded is usually made the positive terminal 
of the arc, but if very thin metal is being welded, It is advisable to reverse 
the polarity to prevent the arc burning through the metal. In welding with 
some coated electrodes and in tiie welding of manganese steel and bronze, 
it ia often necessary to reverse the polarity and make the electrode positive. 
Excellent arc welding can be done overhead by a skilled operator. 

The arc voltage determines the length of the arc with a given current. In manual 
welding with bare electrodes up to in. diam, it should seldom exceed 20 volts and 
with heavily coated wires it should not exceed 40 volts. 

Shielded arc welding comprises those processes utilizing the electric 
arc for the fusion or deporitibn of metal iu which the arc and metal arc 
protected from the air. Shielding may be adapted to carbon-arc, metallic- 
arc, or hydrogen-arc processes in either the manual or automatic forms. 
Shiolded-arc electrodes produce weld metal of high quality as a consequence of 
protection of the molten metal from the air. The cfTcct of both oxides and 
nitrides in the weld metal is to cause brittleness or low ductility and, in some 
cases, low strength and poor corrosion rcristance. 

Shielding is acccmpliehed by coubiDalions of (1) the formation of a protruding £ux 
sheath at the eleettode tip ; (2) the produetion of an inert or reducing atmosphere envelop- 
ing the arc and metal and (3) by providing a protective riag covering over the deposited 
weld metal The molten slag in contact with the molten weld metal acts os a scavenger 
in removing oxides and other impuritice from the weld. The fluidity of the metal ia 
increased permitting higher rates of depoeiUon. 

Metallic deoxidizers are usually added to the coating to eliminato small amounts of 
oxygen and introduce into the weld raelal various alloying elements for the production 
of high tensile strength, hardness, corrosion rcristanco, or other physical properties. 
The coatings cause the transfer of metal to take place ae a stream of small globules rather 
than of large globules characteristic of baremetrilio clectrodee. In automatic welding 
it is necessary to eflcct some means of contact to the core metal for the introduction of 
{he welding current, Coating are sometimes slit or piorced during tho welding opera- 
tion to provide for the contact. 

Carbohydrates are extensively used in coatings for steel electrodes for producing the 
gaseous atmosphere. Wood flour, pulp, paper, and cotton are commonly used aad 
produce carbon monoxide and hydrogen in the are. 

Slag-forming materials for sled electrode coating ate mainly metallio oxides. 
Elements commonly employed are oxides or contpounda of titanium, zirconium, silicon, 
magnesium, calcium, aluminum, iron, manganese, aodium, and potassium. I)e0Kidizer3 
in common use are the ferroalloys of msngancee, eilicon, and titanium. These are 
largely oxidized during the wdding process and form the corresponding oxides os con- 
stituents of the sing. 

Stainless steel electrodes often contain small amounts of such materials os fluorides 
to aid in dissolving any chromium oxide which may be formed. Carbonaceous mate- 
rials arc kept at a minimum in these coarings to prevent an increase in the carbon content 
of the weld. Special elements for the Btabilization of the etainless steel are sometimes 
included in the' coating, 

The moat suitable mild steel coro wire for shidded-arc electrodes is from high-grade 
rimmed steel. Specifioationa usually call for G, 0.12 to 0,18 percent; Mu, 0.40 to 0 60; 
Si; 0.06 max;'S, 0.04 mas; P, 0.04 max. 



AUTOMATIC CONTROL 

BT 

J. B. McMAHON 


JteraaJMCBa-. " Reglcr {Qt Dniiiutidlfenie.*' Oldenbourg. Mtercff. "Prin- 

(aplesucderlj^g tha national SoltttionolAtitoinBiipCfflittolProbleJii, TtciWi 

May, 1935. Maaon, "QiisiiitAtalive AnnlyMS <& ftoccas laea" Trans, A.S.iWJ., 
May, J9SS, Mmn. u.i Philbrick, “Automatco Control in tlie Presence of Process 
Lnet/’TTons. A,S.Mi:.,19iO. Greba, Bftoady, and C«mfik, “The Control of Chenncal 
Processes,” Trails. Aw. Jnsl. Chcm. Bno-, Jane. »33. Bristol nnd Peters, ''SoTtie 
Fimdanientat ConsiderntioDs in tie Application of Automntic Control to Continuous 
Piooesaes,” Trons. A.6.3f.2., Nov., J938. Ivanoff, “Thfiotetfcsnl Foundations of the 
Autonintio Regulation d Teraperatare,” Jotir. Inst. Pwi, Feb., 1934. Maxwell, "On 
Governors, " Proc. Roy. Soc. (Londou), Mar. S, 2868. Minorsky, “Directional Staiility 
of Autromatioally-ateered Bodies,” Ponr. Am. Sat, iVoKif May, 1022. Callender, 
Hartree. and Porter, " Time-lnE in a CoaUotled 8y«tea,"PMl. Tronf . Bop. Soc. (London), 
July, 1936. 

Definitions. Tho A.8.M.E. CJomnattee on Industrial lustrumeuta asd 
' Regnlatora ioa tentatively defined an automatic controller (or regulator) 
as “ an apparatus ■which measures tbo value of a quantity ot cotidition ■which is 
Bubject to change with time and operates to maintain witlun limits this 
measuied val'ue.” It consists essentially of two parts; (1) a measuring 
device comprising those elomente which are involved in ascertaining and 
communicating to the controlling device an indication of the magnitude of 
the controlled variable, and (2) a controlling device comprising thoao 
elements -winch produce corrective action based upon indications supplied 
by the measuring means, A varlsblo is a physical quantity subjoefc to 
change with time. 

The set point is that value of the variable which h is desired to maintain. 

A flaad control element ie that portion of the controUing means -which 
directly varies a control agent. A control agent is n medium in the process 
which is varied by the automatic controller and which affects the value of 
the controlled variaUe, The adjusted flow is the quantity rate of fiow of 
the control agent. 

'IbmftusKrnTifay-utisu 

from fmlure to distinguish between automatic opmation and auloraatio 
control, particularly since the same equipment may be used in either aetvicc. 
A controller must (1) measure the variable (not necossarily produemg a 
■visual indication of it) and (2) produce corrective action when the variable 
departfi from desirable limits, to bring it back •witliin the desired limits. 

Bxamples. A “eafaty controller” which ehute aprocoBS down when dcBitablo limits 
ate meaded does not fnlSSI Tet)niiem»t 2. The opinimon safety valve is a true auto* 
toatic controller, as it fulfills iwft requimmente. rijne-cyeJB co?i<roIlcrB 'ivlach merely 
operate valves or other aechanisms in a certuo feed sequence are not true automatic 
controllera, aince they do not meoenre a variaUe. A heUei name would bo limc- 
sc^uenee operaior. The simultaneous operation <d two valvcs—aa on fuel and combus- 
tion air— does not produce autoafttic ratio flow control of two fluids, unless each is 
operated by an independent flow controUw wUrii measures the effect tf, and adjusts, 
Ua own valve independently cl ^ otii?. 

When a process or apparatus is such that constant atto-ntion is required, 
automatic control trill produce resiflts highly superior to hand control! 
Where occasional adjustmeuts according to judgment, based on experience, 
will maintain the process or appHatus wHhin the desired limits, manual 

mi 
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• In arc welding in a reducing flame a oylimJrieal jet of gas suiroundB 
tlve electTodo and burns around the arc. Hydrogen, water gas, alcohol 
YapQT, and a number oC other ^sca luwe been tried with success. The welds 
are, in general, superior to the bate dectrods welds; particularly as regards 
ductility. The operating voltage fe hi^er than for simple raetaUic-aro 
welding so that the ordinary atc-weldiBg generators will not serve. 

'In atomic-liydiogea arc welding a fine jet of hydrogen, is forced through 
an arc formed between two tungsten doctrodcs. The arc breaks up the 
hydrogen molecules into hydrogen attans,' which tecombine into molecules 
after pasang through the arc, pvinE up the heat ahsorhed' during dissoc.ation 
in the arc. The residt is a jet flaaie of hydrogtm burning in a hydrogen 
atmosphere at a temperature higher than- that of any other known 'flame 
but lower than tiiat of the arc itself. The welding wire is ■ fused in this 
flame and deposited in the joint exactly as in the case of gas welding. In 
cases where the plates to he welded are reUtivdy thin, the edges ere loft 
square, butted together over a suitable bnohing, and fused together with the 
hydrogen jet without the use of any welding wire. The intensely reducing 
character of this hydrogen flame results in a nearly perfect weld, which, 
with suitable welding wire, is practically as good as the parent roetal. 

Tho magnitude of the arc current, and hence that of the hydrogen jet, is 
limited, because with heavy currents the tungsten electrodes burn away too 
rapidly. Thus the rate of welding-wire deposition is limited. Alloy steels, 
such as Ligh-ohromiura and high-nickel steels, are readily welded by this 
process. As the beat applied to the joint' is that of tho atomic hydrogen 
jet flame and as this heat is controllable by varying tho distanca, much 
more delicate welding of thin parts can be done by this method than, by 
direct arc welding with its higher temperature. In the latter case it is vary 
difficult to avoid burning holes ihroagb thin stock. 

The atomic-hydrogen arc process may be looked upon os the halfway 
point between arc atid gas welding with some advantages over both, but as 
yet limited as to the rate of metal deposition. The arc voltage, both for 
striking and operating, is considerably higher than for either simple metal 
arc welding or for are welding in a reducing flame, and.aVtsruatlug ourrent 
is U 8 U 2 Jly employed. 

In carbon-arc welding, an art is struck between a carbon (or graphite) 
electrode and the parts to be welded. Tho wdding wire is fed into the arc 
and iused into &e jmnt. Tor, hand operation tiiia requires two hands as in 
the case of gas welding or atomic-hydrogen arc welding. A fairly high rate 
of metal deposition is posable. In some (^s the welding rod is laid in 
the joint groove and the carbon’arc passed slowly along tho joint until tho 
fusion is complete. An automatic 'carbon-arc method, with a magnetically 
controlled arc, known as electronic-tornado welding, gives excellent results 
for thin plates in a flat pcjation. 

Automatic machines are availahle for nearly all the above described 
methods, although it is not easy to apply a welding-wire feeding mechanism to 
Bome of the coated electrodes, owing to Hie difficulty of getting electrical 
contact between the wire and the feeding rolls. Several methods have been 
devised for overcoming this difficulty. Oscillators are also available for vary- 
ing the width of the weld. . • ■ , 

Another method (Unionmelt) of luodudngshielded-arc welds automatically 
consists of. applying powdered flux to the weld; THa process employs 
welding currents of the order of 1,000 to 2,000 amp and makes posable 
the welding of plates IH in. thick and over in a single pass. A bare electrode 
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operation may be entirely adeQuatc.' In the latter case, satisfactory manual 
control of the end result may be secured much more readily by providing 
automatic controllers for all the individud variables affecting the end result, 
without direct application of automatic control to the end result itself. 

The variables to be controlled should be selected ivith regard to (A) 
'susceptibility to measurement; (B) agnificance of measuiement; (C) sus- 
ceptibility to automatic control, from the point of view of (1) economy, (2) 
consistent response to.contrdl actiem, and (3) consistent response to process; 
and (D) magnitude of process lags. 

(A) Susceptibility to Measurement. Factors that can be measured 
in a laboratory may not be susceptible to continuous measurement by an 
industrial instrument; for example, definite chemical analysis may be the 
desired end result of a process, but, industrially, some physical effect of 
chemical variation, such as temperature, pressure, conductivity, or pH, 
may have to be used. 

' (B) Significance of Measurement. The variable, or variables, selected 
must be truly representative of changes in process conditions. Under con- 
stant operating conditions,- Bome variables may become constant which do 
not vary quantitatively with changes in operating conditions. In the 
example under (A), all other variables affecting the end result must be held 
constant, so that the one selected may be truly significant. It might be 
said that the significant variable is the combined result of all the variables. 
As a further example, the temperature of vapors leaving the top, or of liquid 
leaving the bottom, of a fractionating column, which is separating a binary 
mixture into practically pure components, is not a satisfactory criterion for 
automatic adjustment of heat extracted from, or supplied to, the column; 
although it may be a satisfactory criterion of column operation. 

(C) Susceptibility to Automatic Control. (1) Economy. Iri all 
cases, factors A and B must bo satisfied for the successful application- of 
automatic control. In many cases, however, A may bo reaily satisfied, 
but the obvious way of satisfying B may be very uneconomic. For example, 
the oharacteristio curve of a centrifugal pump and the Hnd of head against 
which the pump discharges (whether mostly static or mostly friction head) 
determine whether it is more economic to locate the controlled valve in the 
discharge of, or in a by-pass around, the pump. 

(2) Consistent Eesponse to Control Action. In complicated processes, 
response of adjusted flow rate to the corrective action of the controlling means 
must be reasonably conaistent. For example, flow-line pressure drop and 
outside influences (sutii as the dumping action of steam traps and variations 

"in pump speeds due to variable frictions) must not be excessive in their 
effects. 

(3) Consistent Response of Process. Under some operating conditions, 
the measurement of the controlled vsuiable may be significant but become 
insignificant under very slight changes iu operating conditions. For example, 
both above and below ebullition, temperature is a significant measure of the 
quantity of heat in water or steam, but not at the point of change of state. 
Nor is temperature significant for the heat content of steel at the deoalescence 
point. 

. (D) Process Lags. . All .automatic control is ihiected toward satisfying 
some demand by a corresponding supply. Process lag frequently prevents this 
from being done directly. As an Sample, the true measure of the load 
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is used, and the powdered flux is applied either between dams erected along 
the joint or from a hopper around the arc as the weld progresses. This 
process of welding produces extremdy high welding speeds and welds with 
physical properties compar&Ue to those made with the highest quality 
manual sliiclded-arc electrodes. 

With automatic welding the arc length and other variables are accurately 
controEable, labor is saved, and the speed of welding can be greatly increased. 
It is readily applicable only to fairly simple shapes but has already found a 
large field of usefulness in production work. « 

In semiautomatic arc-welding machines the feed of the electrode 
and the arc length are under automatic control, but the ‘‘travel” or move- 
ment of the arc along the seam is under hand control. This largely eliminates 
the demand for skill on the part of the operator and is applicable to many 
situations where the full automatic machine could not be used. 

Where heavy sections »6 to bo welded, it is desirable to deposit the weld 
metal in a series of layers. When the first layer is deposited, all scale and 
slag should be removed before deporitiog the second layer. Peening of each 
layer with an air tool before deporiting a new one not only removes the sur- 
face scale but stretches the deposited metal, removing any cooling shrinkage. 
Welds deposited in two or more layers are generally better than those 
deposited with a single layer, because the second and subsequent layers 
have a tendency to partly anneal the preceding layers, and a joint of improved 
structure will result 


Welding Technique and Procedures 


A table of the average recommended welding currents for the gas-pro- 
ducing electrode is as follows: 


Electrode diem, in 

, /Flat 

Vertical and overhead. 


Hi H Hi He H He 

60 120 ISO 175 260 326 

CO 110 140 160 


A table of the average recommended welding currents for the flat posi- 
tion, with heavy slag-producing electrodes is aa follows: 

Electrode diam, in H Hi He H He H 

Amperes 130-160 160-180 200-260 SOO-400 400-600 600-900 


Typical automatic welding speeds obtmned on butt- and fillet-welded 
joints with bare, wash-coated or dust-coated types of electrodes are given in 
Table 1. 


Table 1. Automatic Welding Currents and Speeds 


Plate 

thickncea 

Joint design 

Electrode 
diam., in. 

Current, 

amp 

Passes 

Speed, 
in, per min 


Sauarc butt 

H 

110-180 

I 

25-33 


[Square buU 

JHfe 

150-210 

1 

18-26 


Square butt 

95* 

180-290 

1 

12-20 

Me in. 

Square butt 

Me 

225-300 

1 

8-13 

Min. 

60° aincle V 

Me 

225-300 


5-8 

Min. 

W' single V 

He&H 

2#-350 

3 

2-3 

Min. 

Weingle V 

Med;H 

248-350 


1. 5-2,0 

Min. 

Fillet weld 

Me 

208-280 

1 

1H9 

Min. 

Fillet weld 

H 

258-300 

1 

WO 

Min. 

Fillet weld 

H 

250-300 

2 

3. 8-6.5 

M in. 

Fillet weld 

a 

^325 

3 

2.5-3.0 
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(demand) on a turbogenerator. be the displacement of the governor 
measuring element, but'it is usuyiy ‘impractical to attempt to control the 
fuel to the boiler directly fromitiiis effect, because of the intervening energy 

storage capacities and resistances 'to energy flow. . ' • 

Self-regulation 

Self-regulation may be positive, neutral, negative, or critical. ■ 

(a) Positive processes posseSB the property of being inherently self- 
balancing. Examples are (1). the temperature of water leaving a continuous 
hotrwater heater varies with the demand, and (2) in an open tank through 
which water is flowing, every rate of inflow wall produce the water height 
necessary to produce an outflow equal to the inflow. 

(t) Neutra.1 processes do, not, tend to balance themselves or to become 
progressively unbalanced. As an example, if a vessel, such as that in the last 
example, baa superimposed on tho water a high extraneous gas or vapor 
pressure, as in a, high-pressure boiler drum, there will be very little relation 
between water height-and rate of outflow. Any discrepancy between inflow 
and outflow will result in the vessel flooding or going dry. -There will be 
little effective'self-correction. ' , 

(c) In negative processes, any- tendency to become unbalanced is pro- 
gressive. For example, a liquid charged to a chiller by a centrifugal pump 
will tend to become more viscous if the rate of' flow drops for any reason; 
this will tend to slow .down, the rate of flow, chilling it still more, etc. In 
most, cases, this tendency-will be balanced by the limiting ■viscosity change 
or by the increase of pump discharge pressure due to lowered rate of flow. , 

(d) In critical processes, the .unbalancing tendency in (c) may be suifi- 
cient to overcome balancing faclora In the example under (c),. au'oil 
might possess great enough viscosity change with change of temperature 'to 
increase the resistance to flow faster than the balancing factors increase, 
resulting in complete stoppage of flow. Exothermic chemical reactions are fre- 
quently quite violent in their inherent unbalancing tendencies. 

Process Lags 

Process lags may be defined as the “retardation or delay in tho value or 
condition of a process variable, with respect to the immediate condition of 
another variable to wMoh it is cloaely related.” (Mason, "Quantitative 
An^ysia of Process Lags," Trans. A.S.M.E. May, 1938.) These lags result 
from combinations of cner^-storage capacities and energy-flow resistances 
in the process. They are of three forms: Capacity lag results from tho ability 
of a process to store up energy; relatively large amounts in that part of the 
process being controlled are generally helpful to automatic control. Transfer 
lag results from. the resistance offered to the flow of energy between two or 
more capacities; it, is generally mi unfavorable factor and is not dimension- 
ally expressible, since it involves complicated functions of time. Distance- 
velocity lag results, from any physical or mechanical characteristic of the 
process that i.eq'uirea time for the effect of an insta'nta'neoua change in a 
variable -to be carried to that’ part of , the process where it may affect the 
controlled variable; it is also generally an unfavorable factor. 

Under balanced operating conditions, there is no an'alyzable necessity for 
automatic controh It is only under 'changing conditions that it becomes 
necessary. The .function of automatic -control is' to restore balance; but 
the manner in which it successfully accomplishes, this must take' into account 
the reaction of the process to the restorative action. The reaction of tho proc>l 
esB -will depend upori'its lag. characteristics, which'are transient'pheriomena. 
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In a-c automatic welding for hi^-gradc pressure vessels shielded-aro 
electrodes the depositperpassjsaboutjfim. The weld bottom of the groove 
is usually chipped out and rewcldcd from the back. 
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Fig. 2.- 

— Proportions of Metal Arc Weld Grooves, 


The dimensions in 

inches represented by the teitera in 

Fig. 2 ore as follows: 

Groove 

i 1 

1 

2 

3 

1 

i * 

' S 

G 

1 

r . 




1 

1 

1 up 

W 1 

0-Ma 

■ 


Hi, 


1 [^-Mt 

F ' 


Hit 

0-H» 

(t-H. ' 

li i Hs 

1 H± Iti 


Table 2. Welding Spaed. Atomic-hydrogen Hand Welding 




Welding speed, in. per oiiti 


in, ' 

Lap Eind fillet 

Sntt 

Corpor 

Edge 

Hs 


8-9 

!i-i: 

M-13 


9-12 

IM4 

12-13 



8-10 

10-11 

10-12 


7-8 

7-W 

9H-W 

9-10 



W 


71S-9 


1 

m 

H 1 

3M 



214-3 

V3H ' 

4-4Jj 

Mo 

V 

1)4-2H 

2K-5 ; 

W 


m 

1-U4 

2-3 

215-3H 


lM-2 1 

54-1 . 

IH-2 

2-2)4 


With 100 (125) 1150] &mp welding cuirent the nwtal deposited per hour la 0-9 (7-S) 
[8-10] ou in. 

Table 3. Physical Properties of Shielded and TTushielded Weld Metals 




Wold metal 

Physical properties 

Base metal 

Deposited 1 
with & ' 

metallic 
shielded nro 
dcotrodo 

Deposited 
with h 
metallic 
fcnre 
electrode 

Twsile strength, lb per sq in 

Yield point, lb per sn iTi. 

5$,000-7(M)00 

60»ODO-75,DOO 

50,I}0IN0,(KH 

33,00(M5,000 

5-10 

10-20 

8-20 

7.50-7,70 

12,000-18,000 

Kongation. % in 2 in 

Elongation, free bend, % !. !.!!!!!!! 

Eeduetion in area, % 

Density, g per ce !!”!!! 

Endurance limit, lb Dfir so in. .. 

1 30-«) 

1 60^70 

1 7.85 

2(H0 

35-60 
' 35-65 

7.SO-7.85 
26,000-3(1,000 
40-70 


1 3840 


5-15 
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MODES OP OPEEATION 

Automatic control action can be divided into (A) on-and-off (open-and- 
shut) which produces maximum or aero value of the adjusted flow, with no 
intermediate quantities, and (B) throttling which may mean either propor- 
tional control (see definition bdow) or any typo of control action intended 
to produce values of adjusted flow intermediate between zero and maximum. 
In this discussion, it will be used in the latter sense. 

(A) On-and-o2 control produces a distinct and sudden change of adjusted 
flow and for many applicationa has a distinct advantage. The greater and 
more nearly instantaneous the correction following a disturbance, the sooner 
the value of the variable will recross the set {mint. Hence, it is more com- 
petent to deal with widely varying and upsetting conditions than are throte 
tling types. 

A(l) In its simplest form, an on-and-oflf controller moves its final control 
element completely through its stroke upon the minimum possible deviation 
of the controlled variable from the sot point. This is referred to as fast 
open-and-shut action, or zero dead zone. Where process conditions require 
on-and-off action, it is essential that the dead zone be as nearly zero as can 
bo obtained, in order to minimize the magnitude and period of the permanent 
cycle. 

A(2) A variation of A(l) is frequently used to minimize mechanical wear of 
the final control clement or to improve combustion efficiency, as in tho 
case of domestic thermostats. In this case, the final control element is 
operated in one direction at ono value of the controlled variable and is not 
operated in the opposite direction until the correction resulting from its 
action has brought the coalrotled variable back across a dead zone to another 
value. This dead zone or differential gap produces a definite cycle in the 
control, which frequently is larger than the amount of the (Merential, 
especially in the presence of veloci^ distance or transfer lag. Various 
anticipators are used to overcome this overrun, but, in general, they are 
successful only when carefully adjusted for a narrow range of load variation. 
The differential gap type of on-and-off control is one of the most widely used 
automatic controllers and is found in practically all domestic thermostats. 

(B) The essential feature of throttling control is that the flow of the 
control agent is continuous. It simulates hand control and is frequently 
considered to be a superior type. The mechanism is generally mote com- 
plicated and expensive than that of tho on-and-off type. Each type fulfills 
a definite function, and the selection of either should be based on the require- 
ments of the application. 

Types of Throttling Control. B(l) Limited on-and-off (two-position) 
control mechanically is a variation of A(l) and A(2), obtained by limiting 
the stroke of the final control element or by restricting its effect upon the 
adjusted flow by by-pasang part of tho flow of control agent around the 
final control element. It has been most highly developed in electrically 
operated controllers, which are more difficult to make of throttling typo 
than arc those pneumatically operated. Where capacity lag is preponderant, 
and load range is small, it is very, effective. 

B(2) Two-position with rate control is a modification of on-and-off 
control of the differentia gap typo, wherein the action of the final control 
element is slowed down so that it is not able to complete its stroke during 
the over- or under-run period. There is no correspondence between the 
value of the controlled variable and the position of the final control element. 
As loTiQ as the value of the variable is outside the dead zone, the final control 
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Bedgn Strei^liB 

The bridge speciScationa of the A.W.S. (1940) permit design stresses in properly made 
butt joints.' welded from both sides', of 13,500 lb per sq in. when the service stresses vary 
from zero to a masimum. When the service stresses ate completely reversed, only 9,000 
lb per sq in. is allowed. There is a penalty el 15 percent in allowed stress ia case of 
single-V backed-up welds. In butt wdds subjected to a pulsating shear varying from 
zero to a masimum a design value of 91)00 Ib per sq in. is allowed. This is reduced to 
6,000 lb if the shearing stress is eompletoly reversed. The same 15 percent penalty 
applies to wngle-V ,baeked-up welds. 

Fillet welds subjected to tenNon, compresmon, or shear are allowed 7,200 lb per sq in. 
stress when the stress varies from zero to a maximum and 4,800 lb when the stress is 
completely reversed. Only a good grade rf heavily covered electrode ia permitted in 
bridgework. 

The building code of the A.W.S. requires that welded joints shall be proportioned so 
that the stresses caused therein by loads specified in the Building Code shall not e.^ceed 
the following values, expressed in thouaands of pounds per square inch; 


Kind of stress 

For welds made with 
filler metal 

Shielded arc 

Bare or 
lightly coated 


13.6 

15.6 ' 

18.0 

11.3 

1 13.0 < 

18.0 


Com^ressioa (crusbins) on eeclion tbrouih throat of butt 



Fiber stresses due to beading shall not exceed the values prescribed above for teneion 
and compression, respsetivdy. Stress m a fillet weld shall be considered as shear, for 
any direction of the applied stress. In deaicning welded joints, adequate provision shall 
be made for beading stresses due to eccentricity, if any, in the disposition or sections of 
baso-mctal puts. 

O&s Welding 

Gas welding ia fusion welding in which heat ia supplied by burning a 
mixture of oxygen and a suitable combuetible gas. The gases are mixed in a 
blowpipe or torch which ^ves complete control of the welding flame. 

Acetylene is almost universally used as the combustible gas because of 
its high flame temperature. Tto temperature, estimated to be about 
6000 F, is so far above the melting point of all commercial metals that it 
provides a meaus for-the rapid localized melting essential ia welding. The 
osyacotyleno flame is also used in cutting ferrous metals. 

The osyhydrogen flame is used in welding motala that have low melting 
points, such as lead, and in welding thin aluminum sheet. 

It is essential that the weld should penetrate entirely through the metal. 
Beveled edges forming a V should be used where tie thickness of the metal 
is such that it would be difficult to secure this penetration with butted edges. 
To build the weld up to the ori^nal surface, welding rods must be used to 
fill up the V. 

Bronze Welding. (Braze Welding.) It is sometimes possible to produce 
sound strong joints in metals without actually melting the base metal. Thus 
in bronze welding the edges of rfie joint are heated to a dull red heat by oxy- 
acetylene. With the base metal at the proper temperature and with the aid 
of a suitable flux, molten bronze from a bronze welding rod will unite with the 
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elemcEt continues to move. This type of control is used to some extent yhcro 
the procesfl-lag characteristics are iavoraUe but is relatively limited in its 
application, 

B{3) In variable rate of integrating control, the rate mechanism of 
B(2) is supplemented by an effect that increases the speed of action of the 
final control element in proportion to the amount of deviation of the valuo 
of the variable from the set point. Independently, it has very little applica- 
tion, except in some simple pressure-rogulatioa applications, but is combined 
with other types in widely used eonuncrdal controllers. 

B(4) In the dynamic consideration of proportional control, the control- 
ling means is caused to vary in proportion to variations of the measured 
variable, mthin a range Icaown as the proportioning band (also called 
throttling range). Statically, the deviation of tiio controlling means from 
its midvalue is proportional to the delation of the variable from midposition 
of the proportioning band. In all dynanuc behavior, the proportionality ia 
maintained regardless of the behavior of the measured variable, as long as 
it is within the proportioning band. The rate of change of the variable 
produces proportionate rates of change of the controlling means. This pro- 
portionality holds for all derivatives. It is a simulation of the self-regulation 
of the process itself, and where positive self-regulation is already present 
in the process, may be thought of as making it more effective; or where it is 
not proscat, may be thought of as furnishing it. Tills type is widely used; 
the common pressure-regulator or reduong valve falls within this classification. 

B(5) Uultipositlonal Control. Many ingenious mechanisms and elec- 
trical circuits have been developed to approximate proportional control by 
multiple-step action, with various combinations of B(2) and B(3). Where 
such action is useful, equally good or better results may bo secured by tbe 
use of true proportional control. 

B(6) Proportional Control with Automatic Beset. Since propor- 
tion^ control must permit deviations of tbo valuo of the variable in order to 
institute corrective action, combinations of B(2; or B(3) with B(4) arc used 
to secure its desirable throttling action without permanent deviation. 

Control systems may be (1) by means of a group of more or less related 
but unconnected instruments used to control all pertinent variables of n 
process or (2) by the use of several controllers interconnected to produce a 
single end result. This interconnection may be (a) multiple, ia which case 
a mas’cer con'tro'fier varies ■ftie set points ol several 'independent controllera 
simultaaeously according to some preestablisbed relation, as in several 
boiler combustion-control systems; or (b) cascade, in which type several 
controllers vary the set points of succeeding ones, iu order to eliminate the 
effect of outside upsetting conditions and to make the control action of the 
first instrument in the cascade consistent in its effect. An example of this is 
a temperature controller varying tbe set point of a flow controller which 
varies the set point of the governor of a prime mover driving a pump, which is 
pumping the control agent. 

(C) Special Modes of Control. 0(1) Eelatioa Control. It is fre- 
quently desired to keep the value of a vaHalde in some direct relation to the 
value of another variable, although tijere is no reaction upon the second 
from the variation of the first. 

Eismple. Control of relative huuiidity may be secured by awtably varying tbe get 
point of a we^bulb controller according to vaiutions in dry-Lulb temperature. ■ In 

comfort cooling of bialdinga, it is derirable to keep tbe indoor temperature only n 
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baae metd to form a Btrong bond. A broaeo wdd is comparable m Btrengib 
to a tiiBicm ■’feld. ■■'■'•'■ • • ' ■ _ ' 

Witb practically all the cornmoa metftU'' except steel, it'ie necessary to 
use a suitable flux. - The flux unites 'mti the oxides to form an easily fusible 
slag. Special fluxesare neoessaiT for fofllon welding oast iron, for bronzo 
welding, for fuaion'welding’brass'and broi^.-fot welding obibmium'alloys 
such as stainless steel,' and for wel^hne aluminum. . ’ ' 

' With fl one to one' mixture of oxyg® and soetyleno tbo resulting fiamo is 
neutral. The neutroi flame has an Inaide porihm conaatlng of a brilliant 
cone Me to' % in. long,' mirroundcd a'fmntly luminous- envelope flame. 
When acetylene is'ia excess, the flame cousmts of three easily recognizable 
2 ones:'a sharply defined inner' cone,' an intermediate cone of 'whitish color.' 
and the bluish outer' cdvelope,- The length of the intermediate coao is o 
measure of the amount of exceaa acetylene. This flame is redudng, or 
caTburbing. , - ’ 

I When oxygen ia in' excess in the mixture, the flame resembles the neutral 
flame, but the inner cone is Bhorter, i87'n®dted in" on the sides, is not as 
etarply defined, and acquires a purplirfi tinge. A slightly oxidizing flame 
is used in bronse welding and bronze.FUtfamng, and a more atrongly oxidizing 
flame ia used in, fusion welding brass and bronzo, ' 

By usiag a carburizing or excess acetylene flame, advantage can bo tnltcn of the 
(acts fU that hot steel leidily.abwrbs cotbon, (2) that higK*oarbott steel has a much 
lower mdtbg point than low'^arbon aled, (3) that carbon very eCactivciy red'uces iron 
oxide, and (4) that carbon dispersee or migrates through hot steel at o raEiid rate. 
KteoUng the Same backward over tl» teopleted weW but in such t way (hat (he escees , 
acetylene flame tonches the sear! or V is advance of the welding puddle aerves to reduce 
any iron oxide on tbe surface of the metal. Tho reduction of the oxide leaves a very ' 
porous spongy typo of iron which very icadfly abeorbe carbon from the flame, and the 
melting point lalla &s-tlie carbon increases until, with fully carburized iron, it ia ncorV' 
700 F below the melting point of carbon-frce iron. This procedure eiimioates the 
ga8*produeing scale at a point in advaneo of (he irelding operation so that blowbolee 
are prevented and adds carbon to the euriaco of the. base mctsl. The carburized low 
melting-point surface of the scarf is easily, brought to a sircating condition which ia 
perfect lot forming the union between the liqmd metal from (he rod and (he bBse metal. 
There is no needier meHlng into the scarf to ensure .tho presence of clean metal for ibis 
union, and, as a result, the width of tie groove need not be so great aa in earlier methods; 
hence less rod must be melted to Mil, and this, toEothsTwith (he elimination of idcI&ib 
tbe scarf , leads to rapid easy welding at a reduced cost lor welding materials. Tho 
carburized surfsco of tho scarf is rapidly absorbed by the added metal, and the carbon is 
diSuaed umfoimly through the weld 'while bWI at a ingb tempnature, ^ving a uniform 
strong and ductile wsld metal. 

Kacbiae Welding. Oxyacetylene wtldiog by machinea is applied in tbe manu> 
lactute of sted barrels, tubing, inigation pip«, apeciti! forma, nickel and monol tubing. 
Multiple-flame water-cooled maebina tetebes Bake w’^ds at nvtes Bevetal times tbnt 
possible by the most expert band srrfders. , Marfiine welding is done with and without 
welding wire, mostly witlout.'ojj'tubjng and pipe, the welds being compressed in the 
process' to mate a flush or rainfomd' joint. ' 

• Gai CutUng 

Gas cutting is employed fot ■wrought iron, Bteel, and cast iion. The 
tips of tho torch are usually made with a central orifice for the oryacetylena 
string jot,, around which are di^jpaed aeverai emdlcr orifices for the pre- 
hearing flames. The latter ‘are produced by burning mixed ' oxygoiv and 
acetylene, or fuel gaa. Their .funcriwi ia beating .tho iron to tho kindline 
temper.to, 1600 r. The ,o,ym ootfing jni bum tie iron- ia its piti; 
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certain amount below outdoor tempeiature undesirable shock to persona going 

outdoors. In cbcmical proceaaee, it is fteqncnUy desirable to have a pressure or flow 
yary acoordini to the yariation in & temperature:— or vice versa. , • . 

- C(2) Ratio.Plow Control, Thieis a special case of (1),. in. wblcb the set 
point of. a rate-of-flow controller -is vjuied according to,vanationa in.tho 
flow through another line; e.g., v^Tmg.the flow of an absorption oil according 
to the variations in flow of Ihe gas from wluch it is.absorbing a constituent, 
varying the rat* of flow of air to sew^e aerators in accordance with the rate 
of flow of raw sewage.' • , • . , 

' In some cases, the ratio between the two lIows'incasuTed by a ratio-flow controller 
(the "primary 'lor uncontrolled flow mid the “secondary " or controlled flow) is varied by 
another controller; «.i7.,in some steam desuperheater applications, the velocity of steam 
and water is kept in ratio* by a raUo-fiow controller, with a temperature controller 
adjusting, the ratio to secure the final exact temperature desired.' This kind of com- 
bination is frequently desirable where load variations are abrupt and large'and process 
lags are such as to prevent the posability of quick action by the end-result controller. 
In such cases, the swings arc taken cate of approrimately by tbo ratio-flow control- 
ler'and exaet adjustment under balanoed operatii^ conditions by the final controller. 
Where oomplioated' process lags eiiat, even this setup may not produce good final 
results during transient conditions, since it does not tako account of intermediate 
storages' of energy and their tranaient influence, 

C(3) Ayeraglng Control. In many processes, it is desirable to keep 
upsets in ono part from being passed on to another part.. For this purpose, 
surge 'Vessels are installed between tbein. 

It is frequently desirable to ooatrd the storage in these chambers automatically, in 
such a-way that the eSect of a cycling or varying inlet Sow to the vessel wpl be atten- 
uated to the maximum possible exienl, in order that the awagt change in flow rate, will 
be passed along to the suceeeding apparatus. This is a direct costradiotion of the pur^ 
pose of most automatic-control apparatus but is quito successfully bandied by using a 
mechanism of the “proportional with reset” type, in which tbe proportion between 
variation of the value of the variable and corrective action is made relatively high 

(relatively wide throttling range) and the rate of reset is relatively slow. 

The conditions should permit the actual outlet flow to bo definitely and exactly 
responsive to the corrective action of tbe controlling means and not be affected by outi- 
side factors; when this is not possible, a “control system” should be used that will 
nullify outside effects also tending to influence the flow. 

C(4) Time or Program Control. In many procosses, operations require 
the gradual change of value of a variable according to a definite schedule. 
This may be secured by varying the set point of an automatic controller by 
means of a clock or motor-driven cam. In some cases, the cam setting is 
determined by the progress of the condition of the material being processed, 
rather than strictly according to time, in wbidj case it might be said that 
each batch of material determines its own echediUe. 

, Complicated process lags may prevent slriot adheremee to a time schedule, and where 
they exist, better over-sU results may bo secured by the use of time-flow (or other indi- 
vidual variable) controllere, rather than a time-sohedule controller on the end-result 
variable, such as temperatuie. 

C(5) Combustion Control. The requirements of boiler control include 
factors not ordinarily considered in the aTOrage industrial application. A 
discussion of its requirements trill be found on p. 1160. 

AUTOMATIC-CONTROL mechanisms 

Friction, lost motion, and nnb^ance ate the prime causes for trouble, in 
automatic controllers. It is almost impossible to overemphasize this. -In 
proportional controllers wi^out automatic reset, the dead zone resulting 
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aad aa the torch is moved over the surface it makes a clean cut with narrow 
kerf comparable to .that made with a metal saw. 

The maximum thickness of metal that can be cut by high-temperature 
flames depends largely upon the gases -used and the ptessuie oi the oxygen. 
The thicker the material, the hi^er the pressure required. 'When using 
the oxyacetylenc flame, it is possible to produce smooth cuts up to 10 in. or 
more in thickness. The ozyhydrogea fline will cut material up to 24 in. in 
thickness. 

The torch-cutting process ia widely used for fabricating steel plates and 
structural shapes, cutting fidd rivet holes, beveling ior welding, cutting 
pipe to length and angle for welding, clearing away wrecks, scrapping old 
machinery and structureB, cutting rivet heads and stay bolts, and removing 
plates from fireboxes. 

Influence of Alloying Elements on Cutting. Alloying elements have 
two possible effecta, they may increase the resistance of steel to cutting and 
they may give rise to harder cat aurfaces. Where an alloy steel is difficult 
to cut by other means, an improvement b effected by tightly clamping a 
“waster" plate to the upper aurface and cutting through both thicknesses. 
Another method is to weld a heavy bead on the upper surface along tie pro- 
posed line of cut. 

Steels up to D.SD percent carbon can be cut wllboul difficulty. Bigber carbon steels 
should be preheated to about 600 F to prevent bsrdenbg. Graphite and cementito 
(Fe:C) arc detrimental, but cast iroos containing 4 percent carbon may be cut by special 
technique. 

Steak up to 14 peroent manganeae and 1.5 percent carbon arc cut with difficulty and 
for best results should be preheated. 

Silicoa in amounts usually present has no effect. Silicon steel containing considerable 
amounts of carbon and mauganese must bo carefully preheated and postannealod for 
best pbyeioal properties. 

Stwla up to 5 percent chromium are cut without much difficulty when the surfaco is ' 
clean. Higher chromium stccie, such as tbe 10 percent chromium steels, require speoial 
technique, and the cuts are rough. In genera), carburising preheating flames are desir- 
able when cutting this type of steel. • 

ItiekeluptoJOoTSOpKtefiVtiflbetMbonisnottaoWghl mnybecut. Up to about 
7 percent nickel content, cuts are very satisfactory. 1 1 

Aircraft quality chrome-molybdenum steel offers no difficulties. High molybdenum- 
tungsten steels, however, may be cut only by meane asmiaJ technique. 

Tungsten alloys up to 12 or 14 percent may be cut very readily, but with a higher 
percentage of tungsten cutting is difficult. 

'a. widl. 'smuuif&’najj 'mrpivvu •uifWfug. '’Ihiu TiJirui Tonnuuii Tllroynife 
elements have no appreciable influence. 

Oxygen-cutting machines arc capable of making oxygen cute with jigsaw 
flexibility and of such quality and accuracy as to require no further 
finishing. Cutting machines are frequently equipped with more than one 
cutting torch, centrally controlled and guided, and will oxygen cut a number 
of identical shapes simultaneously, thereby effecting marked economlea 
where a high production rate prevails. Other machines will crawl around 
pipes, making one or two square or bevded cute, as desired. 

Oxyace^Iene Cutting 

Thickness, in. ... K H ^ 2 4 6 8 10 

Speed, in.periaiii 18-28 14-24 10-l3 7-14 6-9 5-0 3-5 2.5-4 

Qiygcn cojisump- 

tion, cfh 50-90 90-125^ 125-190 175-260 300-390 390-500 500-640 600-750 

Flame machining consists in removing material by aurface oxidation. 
The operation is analogous to tool machuiing, but the tool in this instance 
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is an oxygon jet. Metals may be removed at a rate of 10 to 15 lb per min- 
The oxygen consumption wiA present practice amounts to approximately 
3 cu ft per lb of steel removed. 

Carbon-arc cutting depends upon melting, except where a combination 
of the carbon arc with oxygen gas is used for certain work. Space must be 
left under the plate for the molten metal and slag to run out of the cut. The 
carbon arc is used for burning holes in metals and for cutting rivets. Current- 
may vary from 450 amp for light work to 1,200 amp for general and heavy 
cutting. The cut made by the carbon arc is not smooth, but for scrap work 
it may sometimes be used economically. 

Cutting metals under water can be accomplished by the electric arc 
or the oxyacetylene flame. The arc method combines the heat of the electric 
arc with the oxidizing flame of a stream of oxygen, 

The torch method consists essentially of an oxyacetylene cutting torch 
surrounded by a protecting bell through which is forced compressed gas. 
Special methods are used to permit the lighting of the torch underwater. 

Resistance Welding 

In resistance welding (Thomson process) the parts to be joined, after 
proper shaping, arc pressed together (Fig. 3_). A large cunent is then passed 
through the joint until it has reached welding temperature. The current is 






SvHIVcUlnj 

Fig. 3.— Diagrams of Circuits of Butt, Spot, and Seam Welding Machines. 


stopped and further pressure, if needed, is applied, upsetting the joint and 
completing the weld. 

As the electrical resistance of the contact surface is much greater than 
that of the solid metal, most of the heat is generated at the joint surface. 
The larger the current, the mere Tepid the heating, the lees the heat extends 
back from the joint into the metal, and the less the upset. 

The voltage required is so low and the current so high that the only con- 
venient source is an arC transformer built into the welder and as close as 
possible to the jaws which hold the parts and transmit the current to thorn. 
To conduct these heavy currents from any considerable distance involves 
cither an excessive amount of copper or an excessive loss of power. Resists 
ance welding is particularly adapt^ to production work, and special-purpose 
welders are used for large production. 

Resistance welding is applied to most non-ferrous as well as to ferrous 
metal parts. For work of any considerable size, those machines are not 
readily portable, i.e., the work must ordinarily bo brought to the machine. 

The type of resistance welding described above is the original form, known 
as butt welding, and has been applied to joint sections up to 36 sq in. in 
section. 

With non-ferrous metals, with some exceptions such as platinum, tho 
period of plasticity is short, and consequently a hand-operated pressure 
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lift t<st&pwa.to<Jol debase MttdiabtensewJding a too low, the bronze does not 
epread tml; ii it is too high, tbftbTOMft.coUecteniUttlsbaJlft’shiftbatft diivea away by 
ttie lorce of the flame. To avoid av^etrtijiEi tib twrfi shewid ho held at a stnallet 
angle to the deposited metal than ia vdding; Bronto welding of large j'omte fthotild be 
done in severaJ layers. The .'removal of graphite from the auriacea to be welded is 
important. Graphite'mfly be removed by scijing the enrface at 1550 F or by usoof ah, 
osidizing flame. A slightly oxidiiing flame ia usually fccommeadcd. 

The flmi should he oxidisiiiig in character in order to remove ^aphite, and it should 
TftTfidv'e osidft films from the base taetel, otbeivriae capUlary' flow of the bronse (tinning) 
will hoi occur -witboul overheating: /hiB mtomary Slier rod for bronze welding is a 
brass containing 60 Cu, 40 Zn. If tlie.sinc content is too low, the hot airetigtb is cor- 
respondingly low; if sins is toohi^, the deputed metal is too hard and brittle, Tin, 
iron, manganese, and ailieon, about 1 percent, are often added to improve the flowing 
characteristics 1 decrease fumes, deoridiae, and incrcoae,tbc Jiardness. The V need bo 
only ivido enough so that tlio torch can he in^ted. Double V joints arc used for thick 
ftfttUons. In pipe welding the ehesir V joint is reemnmaided. 

With non-ferrous clectiodes'havingahiEbmelUnE point, covered electrodes (reversed 
polarity, short arc) are always depomU-d on cold m^b Beads not longer than 2 in. 
are deposited and peaiiad lightly. Alter evei^ second layer the deposit is caulked. 
For gaa welding, bare rods are nsed with preheat and refined powdered borax. Tho 
usual high-melUng-point non-ferrous electrode for cost iron is monel metal coated with 
deoxidizer and flux, Miorographie study reveals no bard aonca in arc welds with monel 
elftctcodes, Good monel welds in eeat icon have a tensilaetreagth of 25,000 lb per sq in. 


Iflalleablo C&st Iton 

Since the physical piopettiee mc dependent on certain beat-ticatmenta which it 
nndRgoes, the heat of fusion welding will penDoncntly change the stmeture and phytu- 
cal properties ualeas the temperature is kept bdow 1400 F. Bronze welding is the 
usual method of repair. The method is the same as for gray cast iron, Tiic edges to 
be welded arc beveled to 90 deg and eleaoed. The scarfa should not be ground; grinding 
btings graphite to the surface and makes tinningdiflicull. The cnelingis then preheated 
to a black heat (locally for small eastio^) and brmuo welded, using a tip one size larger 
than for slmiiar work oa steel .and on oxiditing flame: Flux is used liberally. Tho 
rod may contain 59 Cu, W 2n, or 1 Pe, plus eome Mn; lead ia bad. Other rods anch 
as manganese bronze and Cu-2m-Si bigh-strenetb braes have also been found to be 
successful. 

If the caetinE may be resnoealed, i.e., oallcableued after welding, either arc or gag 
welding may be used Os in cast-iron wddiDg. The toisile strength and elongation of 
good arc, gas, and resistance welds in malleable cast itun wh.vch have been mnlleabkiscd 
ifrwwIdmig'snsMppruxanBtdcy^fepStwai dl t'aosedl'iuft Migmcli malieaciie oast Iron. 


WrooghHioa 

In the oryaoetyleoe welding of wronght Iron a puddio of molten metd is tadataitied 
flt the point of application" of the filler rod. The end of tha rod ia immeceed in tbo 
puddle until sufficient metal has been deponted. Then Uie edges of the molten puddio 
are fused into the sursounding odder jhelaL The weld progresses by repetition of this 
pioceduie. The puddle should be disturbed na little as possible to permit the slag to 
rise from the mdlen metal. The greasy appearance of the edges, that is noticeable in 
welding, corresponds to a temperature of 2100 to 2200 P, tho correct temperature for 
welding being 270D to 27d0 f, s. Bttfe higher than for mild staeL The filter rod can he 
low-carbon steel or a high-test rod. A nenlral flame fe best. 

In metai-aro welding, slightly .slowo' welding .apeeds should be used than for mild 
steel of tim same thioteese, In this way tiic matsl » kept fluid longer, and gases and 
ate eluninatftd. it may be ncc(sgaiy,to ibb a slightly lower current than for the 
MmothickncBsof mild steel, especisBy in ttfloscettona whereburning through isnossible 
iSsottaive penetrataon into the face of tie metal should be avoided. Hich-crade 
Tmauoyea iDw-csrbon electrodes should be need, bare or coated. 

■ C»tkoi-Hc wldiae md iMiataEot mOitt rf mo«ekt iton ire tlio wme m ftoM o! 
jmia.steeJ, •, .. . - 
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butt-welder is not so Batisfactory aa aweldcr having Bpring or .weight pressure, 
the full amount of which ia exerted throughout the entire heating and welding 
operation. As soon aa the abutting ends reach the welding or plastic stage, 
the spring or weight pressure forces them together, completing the weld and 
automatically breaking the primaiy dimrit. This method is rarely used on 
parts having a croBSSCCtion over 0.25 sq in. 

Welding Two Pieces of Iffaterial of Difiercnt Gross Section or of 
Different Analyses. The tendency of a piece having a smaller cross-sec- 
tional area to heat the faster ia offset by varying the projection of parts, i.e., 
by making the projection of the part having the larger sectional area some- 
what longer than that of the smaller. Sometimes this can also bo accom- 
plished by prebeating the larger section by means of a bridge or a piece of 
copper ma^ng contact with the die gripping the smaller part, so that when 
the circuit is closed the current flows and heats the larger part only. 

In the flash, method of butt welding the parts to be welded are clamped 
in the dies of the welding machine, giving equ^ or nearly equal projections 
to both parts, and usually the primary circuit la closed and the ends of the 
parts are brought together slowly. When these ends actually touch each 
other, they will flash, t-e., minute particles of molten metal will fly off; 
thiS' flashing is continued until the entire faces of the abutting ends have 
reached a welding heat when rapid and heavy pressure is applied, forcing 
the ends together and completing the weld, at the same time opening the 
primary circuit. With flash welding the power and time consumption is 
less, and the personal equation ol the operator enters to a less degree than in 
butt welding. Some difficulty is encountered in flashing parts having cross- 
sectional areas over 8 to 10 sq in., whore the ratio of their cross-soctional 
dimensions is over 50: 1, or less than 4: 1, although by preheating the parts 
in the latter case, this difficulty is greatly minimised. Flash welds are 
made both with cold and with preheated parte. 

Cold flash is used for parts of an area well within the limits of the designed 
capacity of the welding machine. Preheated flash ia used in welding parts 
having sections of an area closely approaching the design capacity of the 
welding machine and also where the physical or thermal characteristics of 
the parts are widely divergent. 

In welding non-ferrous metals the cold flash is used entirely. The 
projection of the parts should generally be two or three times as great as in 
the welding of low-carbon steel. Platinum and similar metals are e-vceptioiiB. 

Streaeth of Besistance-welded Parts. In small sheet thickness up to in. 
the strength of the spot weld bapprorimately 90 percent of that of the origmal mateiial. 
In heavier thicknesses, such as H m.> the strength ranges from 60 to 80 percent provided 
that the proper welding conditions are being used. 

' Flash-welded sections of ordbaiy structural steel win show 100 percent of the strength 
of the metal. In flash welding of steel, less current is required than in straight butt 
welding. The voltsco durlastiieflaAingperiod, however, is considerably higher. One 
square inch cross section of iron or steel requires 30 kva for 10 sec. Aa the time required 
ia inversely proportional to the power, if welded in I sec it will require 300 kva. ' 

Great cate must be exercised in butt welding of higher carbon steel. There'ia a 
danger of decarburiiation. Furthermore, heating shodd not be too sudden. Preheat- 
ing to about 700 F outside of the machine ia recommended. The pieces should be 
cooled slowly. Welds ^between low- and lugh-oarbon steel can be readily made and 
possess high strength. In welding of M^^urbon steel, higher pressures are necessary, 
for it does' not flow so easily as Iow.«arbon steel at welding heat. - 

Spot Welfling, Where air-tightnesa ia not requiredj a lap seam may be 
welded in spots by clamping the Beam overlap between two (usually round) 
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Nickel £11078 

Qas Welding. The o:yaec{(yIene flame uaed ehould be Tery slightly reducing 
with only a slight feather no longer than }i in. showing beyond the tip of the luminous 
cone. The end of the welding rod should be kept well within the flame, so as to prevent 
its oxidation. Besides being icdudng, tiie flams should be soft, rather than harsh, 
as is the case when too small s tip is used. 

A flux is always used for monel (except for gas welding monel with the silicon monel 
gae-wclding rod for pickling service), hut none should be used with pure niokel. A 
flux recommended by manufaclurtra should be used. The silicon monel gas-welding 
rod requiring no gas-welding flux was developed particularly for the welding of equip- 
ment exposed to sulphuric acid service and spemfically for monel pickling equipment 
for the pickling of steel. 

After painting the flux on both sides of the jmnt, then adjusting the flame to slightly 
reducing conditions, and after hepnning to weld, mond flows freely. Nickel, which is 
not fluxed, flows a little alug^ahly. The appearance of properly made gas welds is 
quite similar to that d good ateel velds. For the best results on high-nickel materials 
there should ho little puddUne; the m<dten pool should be kept quiet, with the tip of the 
luminous flame just touching ffa surface. 

Welding rods are of the same compotition as the alloy being welded if uniform cor- 
rosion resistance, with lack of galvanic effccia, is desired. Some leeway is possible with 
the deoxidising additions. The manufacturers of mckel furnish proper welding rods 
where these arc specified. Wire should he bright aoncaltd and free from oxide. Only 
wires tested for their weldability should be us^ for motel or nickel welding. 

Electiie Welding. HeavUy exinision-coated rods are used for monel and nickel 
metallic-arc wolding. As the presence of aluminum is desirable in or sear the molten 
pool of monel-weld metal, a email amount of slummum is included in the monel-core 
wire. The uso of a elightly alloyed monel rod rcaulta in developing strengths of 70,000 
to 80,000 lb per sq in. in eingle-besd and multiple-bead butt joints, metallic-arc welded 
in flat, vertical, or overhead positions. This is the range of tensile strengths obtained 
in plato material. It is possible to get still higher values by using a cote wire of type K 
monel. Monel and nickel electrodes carrying relatively thick flux coatings require 
reversed polarity, as do most of the high-strength etcef electrodes. 

In the mctallic-are welding of sheets of light to medium gage between 0.0S7 and 
0.125 in. thick, it is desirable to clamp the sheets to restrain buckling. For lighter 
gages, it has been found that beads made without weaving are entirely satUfaetory. 
Flectrode sizes of ^2 (HlIHcIin. with 50 to 70 (70 to 80) [80 to 140] amp are used for 
12(9) [< 0] gage sheets. 

Carbon-arc welding is frequently applied to monel and nickel ehcet in the inter- 
mediate Tange of gages of 0.037, 0.050, and 0.062 In., and heavier. 

The length of the arc is maintaiued between H« and in., a relatively short arc 
when compared with the long one required for copper carbon-arc welding. 

Aluufnum and Aluminum Alloys 

Gas Welding. The commonly used gas proeesaca for welding aluminum and alumi- 
num alloys are ozyhydrogen and oxyacetylene. Aauitable flux shouldbe used to remove 
the oxide coating that forms on tiie surface of afuminum alloys in the atmosphere. 
The flux is applied either dry or by mcdiig with tap water to the consistency of a thick 
paste. Practically all aluminum welding fluxes contain chlorides, fluorides, and sul- 
phates. Residual deposits on tiie joints alter welding will, in the presence of moisture, 
attack the base metal. Thoioughcleaningisnecessary. Commercially pure aluminum 
and metal of higher purity are generally welded with the same grade of metal as the 
parent material. The same practice is satisfactory for the aluminum-manganese alloy. 
In welding the alumlnum-magnesinffl aUoys or the afuminum-silicon-magnesium alloys, 
a filler rod containing approxbnaldy 95 percent Ai and 5 percent Si is generally used. 
This rod has a substantially lower melting pmnt than pure aluminuin and permits the 
dissipation of some of the stress act up by solidification shrinkage and the thermal 
contraction that occurs in the weld zone as it eo(dB. Cracks in the weld and the transi- 
tion zone, on parts that are welded in jigs to hold proper alignment, can be minimized 
by using this rod. 
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electrodes and passing the ncccssoiy current between themjand through the 
overlapping edges of the plates (Fig. 3). As the electrical resistance of the 
BUiface contact is least in the re^ under pressure, most of the current is 
confined to a spot of about the same area as that of the electrodes, For 
relatively thin metal this method is more laind and economical than other 
methods of making a joint where medianical strength alono is required. 
With a double row of staggered spots the jmnt strength may be made equal 


to that of the sheets themselves. 

In thin metalwork of such shape and siic that it is inconvenient to bring 
the work to a spot welder, the overlap is Imd against a heavy fiat electrode 
and the other electrode at the end of a flexible cable is pressed agsinst the 
joint by hand. For the spot welding of heavy plates {fi in. and over) the 
currents and pressures are very large, and conudeiable heat is developed at 
the surfaces of contact between the electrodes and the plates. The electrodes 
must have high thermal as well as electrical conductivity. The combination 
, of high pressure and temperature at the electrode surfaces makes it necessary 
to reshape them frequently. Three 1 in. platca have been successfully 
spot welded, although the operation cannot as yet be considered a commer- 
cially successful one. 

Tha depth of the throat of a welding machine is determined by the nidth of the plates 
to be welded. With a singlMpot welder, the alternating ourrenl must bo carried 
around the throat, linking tbo long eteci plate, with its 
high magnetic permeability. The resulting high react- 
ance oi this circuit requires a higher voltage than the 
weld itself, makes necessary a transfonnor of largo 
oapaoity, and produces a load of low power (actor. 

This obetaelc can ba largely euimauated by having two 
olestrodcs on each side of the overlap and welding two 
spots at once (Tig. 4). Tbo transformer can be located 
oloso to the electrodes either below or above, or both, 
aad the current passed up through one pair of deelrodee 
and down through the other. The two spots ahouJd not 
be very close together, or too large apart of Ihocurreal 
would be shunted through the plate on die transformer Diagram 

side. Inanycaseaconsidctflbleamoontiseoehuntcd, of Duplex Spot Welder 
resulting in waste of energy and undesirable healing of ‘ ‘ 

the plate. Where a short throat suflioea, the single spot machino is preferable. Anotiier 
method employs two transformers, one below and one nbovc, where two spots ars made 
at once, 



Sbot weiding is a tiade nioao ^plied to v«ry Tapid.catafuUy-contoolied 
spot welding of stainless steel. 

In projection welding, projections are made on one or both of the work 
pieces and a flat die is usedl TTus results ia a smooth surface for the finished 
work. 

Die points should have a diameter approadmately equal to the total 
thickness of the two plates to bo wcldedrfbe mirrent used is about 50,000 
amp per sq in. of dio-point area; the pressure used is about 20,000 lb' per 
sq in, of the die-point area. These figuips will vary according to the stiflhesa 
of the plates, the distance between tiie. welds, and the time required for 
making the wolds. 

In spot welding high-carbon steel it is desirable to employ a lower voltage 
than when welding the same tMcknesa of stock of soft 'steel. The current ia 
kept bn for a longer time, Tbia stock is easier to, weld than heavier stock. 
Where slow welding is not penaisRble, it is desirable 'to heat-treat the 
welds. 
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As the aluminiim alloys have a rdativdy eoefilcient of themal expanfilon com- 
pared with most weldable metals, it is defliraWe to mimmiK* buckling and distortion 
from the welding heat by proper design and prepnwlion (rfjointe- Minimum distortion 
is obtained wUi edge or earner welds aoid in locations where tie wdd bead can be 
located on a cidto oi radius in the part at the weld. The location of welded seams or 
fittings in flat areas sbonld be avtided. 

Metal'ftTC Welding. Alumaum and the afumnium alloys can he /usion welded 
with the raetalllc ate. Because of the difficulty (rf controlling the arc it is not practical 
to buttweld materiallighter than 0.081 in. thick in the shop or fillet weld joints on plate 
lighter than % in. thick, Electrode azcB ora Js tl in. with d5 to 85 (103 to 

125) [175 to 2251 amp and arc used Iw <H {}i to M) [> Jil ’"• _ Succeffiful 

resulte are obtained by using a ooated electrode on which o heavy coating is provided 
that functions both to remove tie surface oride on the mctal and to stabilize the arc. 

As the 95 percent Al, 5 percent Si alloy providcB superior fluidity at the welding tempera- 
lures, this alley is used for the filler roatetial in all (he coranrerciolly available electrodes. 

No preliminary veeing ie reqrnied on. material up to in. thick. Heavier tuateriala 
should be veod to witbin in. of the bottom irf the section. Such preparation can 
semetimea be dispensed with on luaterial K 1® H in, thick if a weld bead can be laid 
down from both sides of the section. Jn welding from one side only, it is desirable to 
confine the penetration bead by placing a mclal backup strip below the joint, This strip 
should be provided \?ith a eylbdrical groove about in. wide by He in. deep directly 
below the weU. 

It is eaaential, if attack or the meUl is to be prevented, to remove the residual welding 
fius on tbo 3 cant after welding. 

SleetrlC-resistance Weldi&g. The comniercisl alurpfnum alloys can be electric 
cesistance welded. A machine should deliver at least 24,000 [35,000) [42,000] Amp. to 
weld Hi (H) [5{si hi, thick material. A tneans of inUeroting the mnKinautti current 
to peiTtiil ^0 welding of inisimcdioU tiuckarasrs is also rcrjuircd, An nutolrnnsfwmer 
that will conlrol the priniary voltage Irom 20 percent full voltage to 100 percent voltago 
in 25 to 90 stepe will provide aderiuate cootnfl of the current, ?or welding gages 
between 0.015 to 0.1S8 in. thick, periods vnrying from 2 to 25 cycles of the standard 
60 cycle current wave are required. Good resulls con also be obtained on many types 
of work with contactor-type timers actuated cither mechanically or by vacuum tubes. 
For scam, welding it a emntisl that full elocttonic equipment be used. The ttstU- 
nique requited involves delivery U the current to the worV nt a duly ty ele ol less thnn 93 
percent. Timing cycles of 1 cycle on tmd 9 oil, IH ®n nnd 4 off, or 2 on and 0 off nro 
typical ol the settings used for scam welding 0.032 to 0.064 in. material. Copper alloys 
with lugh electrical conductivity and mechanical strength have proved most anlisfaotory 
as tip materiflls. Water eoolrag to widia in. of the contact surfaco of the tips is 
necessary to ensure good tip life. It is necessary to dean only the area in corvtact with 
the welding tips, though., in n lew coses, such us purta heat-treated in lutiato, it is 
desirable to clean one ot both of the faying (contact) auriaoe*. It is also possible to clenn 
the Ruriace with an elebing solotion. 

Aluminum alloys have low dcctrioal rcsislance cwnpitred to ferrous alloys; currents 
ranging from 15,000 to 40,000 amp arc necessary to cover the range of alloys and gage* 
usually welded in an wrplane /adiw}'. If these alleys are welded with high curreata la 
short enough time it is possible to fuse the surfaces together without heating the outer 
surface or surrounding areas of the metel to an injurious temperature. Energy storago 
permits the development oi the Beecesary high current without placing large ma.'uinum 
demand on the main lines. One type af eqeiptnent uses d-o power. 

Eesistance Butt Welding. Commermally pure idutainuai, aluminum and 1.25 per- 
cent manganese alloy, and higb-pority oIubiuuirv ore readily elcctrie butt welded slid 
all the wrought oUoya can be wcldod by this method. 

The flash butt-weld process is adapiulde to welding complicated extruded shapes of 
alurmiium ta well as the simpler cyliDdiical and rectangular shapes. Flashing is main- 
tamod for to l}i sec during which time K to 1 in. of aluminum is flashed from the 
parte being welded. The flashing period is termiBsted by the neatly simultaneous 
cutting olT of power and a sudden increase in velocity of the tooving die, Tho ends of 
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Special spot-welding electrodes are now uaed of a nurture of copper and 
special alloys such aa tungsten, beryllium, and cadmium, the copper giving 
conductivity and the alloys rigidity and longer wear. A later practice uses 
chromium-plated copper electrodes. 

In seam welding the overlapping edges of sheet metal arc passed between 
two narrow roller electrodes (Pig. 3), the speed, current, and pressure bemg 
BO adjusted as to produce a continuous seam weld by making a series of over- 
lapping and closely-spaced spots. This method is limited to relatively thin 
sheets and is applicable to either straight or circular seams. It is employed 
in the manufacture of barrels, modtffato-siied transformer tanks, and similar 
containers. 

Tube Welding. Sted tubing may be made by the resistance welding 
of the edges of steel strip rolled up to form a tube. A single machine will 
take the flat strip, shape and weld it at a rate of 60 to 150 fpin. At these 
high speeds the fusion is confined to a thin surface layer, and the flash or 
upset is hardly perceptible. With alternating current of standard frequency 
(60 cycles per sec), high speeds result in an interojitteut weld, for the heat is 
proportional to the square of the current and varies from zero to a maximum 
and back to zero, during each half cycle. This gives the appearance of a 
stitch on the outside of the tube, hence the common name of stitch weld. 
At a speed of 120 fpm (and 60 cycles) the stitches would be ^ in, apart. 
With a somewhat slower speed or higher frequency of cuiTent supply, the 
weld can bo made coutinuous and airtight. No other process of tube manu- 
facture can compete with this on the basis of cost. This process is at present 
confined to relatively thin-waUed tubes. If the wall is thick as compared 
with the diameter, a relatively large amount of the current is shunted around 
the tube wall from the electric rolls on either side of the seam. 

Se&m Weldiog 


Total thickness, h 0.010 0.032 0.059 0.098 0.157 0,197 

Sec per ft of wdd 9 15 22 33 45 55 

Eva needed 0 8 12 16 25 SO 


The current and energy required in making welds can be varied over a 
wide range. In welding I sq in. of steel by the flash method the energy 
requirement may run from 30 to 350 kva, the voltago varying with these 
changes of current values. The average in such work may be 30 to 40 kw 
per 8q in., or a total of 60 kw fed to the primary of the transformer. The 
power factor in such a case would probably not exceed 70 percent. The 
variables are many: the speed of work, the pressure applied, the current, 
the resistance of the piece, the heat conduction, the length of projection from 
the damps, and the material of the damps and their condition. 

The optimum conditions for spot welding mild steel sheets 0.029 to 0.036 
in. thick are a pressure of 15,000 lb per sq in. and exposure for 6 to 12 cycles 
with 12,000 to 13,500 amp for 60-oyde ciurent and with electrodes 14 in. 
diam. For stainless steel sheets 0.028 in. thick, the pressure is 50,000 lb per 
sq in. and the welding time 10 i^des or less with 9,000 amp. 

Pulsation welding is a resistance wdding method in which the welding 
current or heat is applied repeatedly for making a single weld, or simultaneous 
welds, in parts which are clamped between electrodes at rest. This is used 
when a single impulse of the same current is not sufficient to produce the weld. 

The advantages of pulsation spot imd projection welding are increased 
electrode life, the welding of thicker material with given equipment, and the 
production of better welds of improved iqipearance. 
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the parts being welded are forced together and rapid freeiing of the weld takes place 
because of conduction of heat to tiie ^es. 

Characteristics of Welds in.the Alununum Alloys. When commercially pure and 
high-purity alununum or the alloy with percent Mg are fusion welded, the welding 
heat removes the cold work in an area about two to four times the thickness of the sec- 
tion at the weld. Tie teasilegtrengthscrossabutt weldis not greater than the annealed 
strength of the material regardless of Uie temper wrided. Welds in this material are 
characterised by excellent ductility and a resistance to corrosion approriinstely the 
same as that of the parent material. An aluminum-magncsium-silicon-chtomium alloy 
and an aluminum-silicon-magneaum alloy are used extensively in welded construction. 
In this case the welding heat partly obliterates the heaUtreated structure, and the 
strength of the welds U intermediate between the annealed and heat-treated strength 
cf the alloy.' ’ 


Copper Alloys 

For the welding of copper alloys, no general instructions are useful. Manufacturer's 
instructions should be sought or the A.W.3. Handbook consuited. See p. 629 
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Tkeae values wiU approximately hold for work where the greatest dimension of the 
'welded section is not more than 4 in. 


The following tabulation gives some examples of conditions for producing 
pulsation spot welds with 60 *cycle current and clean surfaces. 


Material 

Tip i 

Pres- 

Amp 

Cycles 

No. of 

in. 

lb' 

I On 

Off 

tions 

Sheet steel, H to H in 

5fi 

430 

16,000 : 

4 

? 

8 

Steel barsj ^ X 2 in. 


2.600 

37.0011 

1 5 

5 , 


Steel bars, 1 X 3 in 

11,500 

73,000 

?o 



19 stacked steel eheeta, H in. thick 

M 

3,300 

58,000 

B 

31 


Brass bare, H X 2 in 

iMe 

4,000 

86.000 

■ 22 

50 


Duralumin sheets, H to }i in 


1,200 

35,000 

4 



Duralumin sheets, to in 

ii 

2,200 

1 

56,000 

5 

2 

12 
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Befrigeration MacMoea aaifi Piocasses 
(Fot geaeral theory o£ refrigeratfon, see p. S49) 

' ■Refrigeration may be produced (1) through the absorption of heat by a 
gas that has been cooled by. an expanflion during trhich external work is 
peTfoimcd, aa in the ait refrigerating roacbine; (•J) tbrongb -tTanafcriing beat 
by means 'oi chemical machines or from a wroer body to a'colder one 
refrigeration by cooled brine, water, etc.); (3) by melting or dissolving 
eoiid .bodies, aa in the melting of ice, the aolnticn of sttlts in water and in 
tbeinical mao^nes; (4) by evaporating Uqmda that have a relatively low 
boiling point temperature, as liquid ammomfl and liquid carbon dioxide, 
•The last type U the commercial method at the present time. • 

Air Machines (for theoiy, see p. 349). Air refrieerating machines aro 
practically obsolete, because' of their bulk, inefficiency, and operating difficul- 
ties. The ooeatleiit oi peiiottoaace .(the mtio oi the nBeinl refrigeration 
to the work of compression, see p. 350) of air machines is less than unity as 
compared with 4 or 5 in vapor machines. Table 1 gives teaulta ol tests ol 
several' oi these machines. The espansion of ah oeovfls m an wigine that is 
preferably on the same shaft os the air coraprossor. The presence of water 
vapor in the air causes anow to form on the valves of the expansion cylihdec. 
Table 1. Test Resirita on Cold-air Machmes 
(Liade.'J’rtin*. A.5.W.R., I4,p. 1416) 




Syatem. 


, 

Bell- 

Coleman 

liglitfoot j 

Haalam 

AirpresmieiB receiver, lb per eq in. abs 

TBmperatnie of aii entering Kunpreesion cylindcn, 

61,0 

i 1 

64.0 


tt.5, ' 

1 62.0 

1 

TempeTstuTe of sir after OTpsasira, oeg F 

-52,6 

m.5 

58,5 

-82.0 , 
45.} 1 

I 28.0 : 

1 -85.0 
346.4 ■ 
176,2 

Ibp in espanaioD cylinder ; 

Ihp in steam cylinaeT 

Etu abstracted ptj bow per ibp of Steam eybsdor, 

M.4 

24.6 

332.7 

tX2a? 

Ka.o 

1 '■ 1554,0 

554.0 ■ 


Cbezaical Iflachines. In most of fbesa, the toinporatures of water and 
brine are successively lowered by di^lring awlt (usuttily nitrate of ammonia) 
in. water, the salt being recovered later by oyapornting the water. They 
have no tommereial 'importance. 

Dry ice (solid COi) is useful be's refiigsaUng madinm in special cases where tiie lack 
of drip is an advantaga. The maimideBlKffl to ttefieoeral use of dry ice is it? «»{ bu{ 

isei 
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Aluminothermic (Thermit) Welding 

Thermit is a trade name for a'nusture of finely divided aluminum and 
iron oxide, rrhich, upon reaction, produces one-half its weight of superheated 
molten steel and a molten alumina slag, both at a temperature of almost 
5000 F. To this basic mixture are added oxides of other elements than 
iron, and in this way the analytis of the steel and its physical properties are 
controlled. 

Thermit is an inert mixture until it is heated almost to the temperature 
of molten steel. A local heating initiates the reaction which then propagates 
rapidly through the mass of thermit and makes it possible to produce the 
desired amount of superheated molten steel in less than a minute. 

The reaction is i 

’aFejOi + 8A1 = 4AIiOi + DFe 

There are four varieties of thermit produced for the purpose of welding 
ferrous metals, ttg., pl^ tiieimit, castdron thermit, forging thermit, and 
wabbler thermit. 

Plain thermit is used in making pipe welds where the material is used 
as a heating agent to bring the pipe ends to a welding temperature after 
which they are pressed together te form a pressure weld. Forging thermit 
conisiss additions o/-aidfeJ, ntsiigsRtsse, and saiid st$$] puncb'ings to the 
extent of about 17 percent and is used in the welding of all-steel sectiona. 
Cast-iron thermit has an addition of 3 percent ferrosilicon and 20 percent, 
mild-steel punchings and is used for the welding of cast-iron parts. Wahbler 
thermit ia designed to produce a hard long-wearing, yet machinable, steel 
for building up worn wabbler ends of rolls and pinions. 

In making a thermit weld the parts to be united are lined up and a 
space cut between these parts at the fracture. A wax pattern is then formed 
between and around the ends to be united, the war forming a slight collar. 
The else of the gap and the dimensions of this collar are fixed by expoiienoe. 
The collar is not for the purpose of reinforcement, but rather to provide 
sufficient heat for the thorough fusion of the parts. A sand and clay mold ia 
next rammed around the wax pattern and inside of a sheet-iron mold box, 
provision being made in the mold for heating gates and pouring gates and 
risers, the latter being placed at the blghe&t points of the wax pattern and the 
others entering at the lowrat points. 


Figure 7 shows a lougitudinal ood s cross section of a typical taold. New molding 
njateriol sbouid be used neit to Ibo weld, gstes, and risers, but previously used molding 
material may be used for backing. 



o iuttsnosiic-iinca crucioie 

mounted over the pouring gate and when the preheating has been finiahed the heating gate 
is plugged and the themut charge in the entitle ignited. In about 30 ste the reaction ia 
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the ease in its handling, its low temperaturt.of —110 T at atmospheric pressure, its non- 
coitosWe and non-toxin piopwtiea, its Ugh'latsit heat, and the absence ei Equid drip 
make it desirable. The heat abeorbed pet pound of solid COi during sublimation is 
250.7 (246.3) [233.91 Btu at -140 (-110) (-70] F corresponding to 3.18 (14.7) [74.8] lb 
persqic. sbs. Theepedfie heat (rfthegssat eoostsat pressure is shout 0.2. 

Carbon dioxide ia obtained commercially either by fermentation or by burning. Tho 
gas is compressed, usually in three stages, and cooled to atmospheric temperature, 
thereby forming a liquid at 900 to 1,100 lb per eq iiL aha; the liquid is then throttled to 
about 5.3 atm ptesaute. During thr^ing, part <j( Wie COt solidides and ia ccra- 
preased to form a dense ice. The fraction that returns to the vapor phase ia 
recompressed. 

Water ice and common salt are still used commercially, as in the cooling of 
refrigerator cars and in passenger trains. 

Vaporization Machines. Ammonia, water vapor, sulphurous acid, 
carbonic acid, ethyl chloride, propane, and other fluids arc employed. These 
machines are of three types: vacuum machbes, absorption machines, and 
compression machines. 

In water-vapor refrigerating machines, the compression of the vapor is 
accomplished either fay use of multistage centrifugal compressors or by the 
use of steam-ejector nosties. Such machines are eonfitied to comfort cooling, 
the cooling of drinking water, the cooling of rubber during the rolling process 
of its manufacture, and other applications which demand temperatures in the 
evaporator of 35 to 60 F, corresponding to pressures of the water vapor of 
0.10 to 0.18 lb per aq in. abs; liquefaction is usually at about 100 F (1 lb per 
sq. in. abs), and cooling tower condenser water is frequently used. 

In the water-vapor refrigerating machine, the return water from the sprays, 
or coils, and the make-up water eoter an eroporator thj’ough a throttle 
(expansion) valve and the consequent vaporization of part of the water 
abstracts heat from the unvaporized parti The resulting cold water ia 
pumped to the spray chamber or tho cooling coils. Tho compression of the 
water vapor by multistage centrifugal compressors is similar to that used in 
the compression system. When steam jets arc used, the machine consists 
of steam-ejector nozzles, an enirainment or miring chamber, a booster 
ejector, and the water-cooled surface condeuser. The steam pressure at the 
nozzles is preferably 160 to 100 lb per eq in. abs, in which case the weight of 
steam used is 20 to 36 lb per ton of refrigeration per hour, depending on the 
temperature of the chilled water desired in the evaporator and the steam 
pressure used in the nozzles. Th© amount of wateT supplied to the condenser 
is greater than in other refrigerating designs and is approximately 6 gal per 
ton of refrigeration per min. This typo of refrigerating machine is built in 
sizes from 26 to 100 tons, but machines of 250 tons capacity have been 
installed. 

Vapor machines uaog fluids other than water are of the compression type, 
the absorption type (p. 1866), or the adsorption type (p. .1874). The com- 
pression cycle is discussed on p. 350. 

liquids Used in Vapor Refr^ierating Machines. In recent years, a 
number of refrigerants have been developed some of which are non-tosio 
and non-inflammable. Many of these are known by trade names, of which 
the following are perhaps the most prominent. 

Freon 11 (Cairene 2), CChF, Trichloromonofluoroiaethane 
Freon 12, CC^F:, IHcUorodifluoraoieUiaDe 
Freon 21, CHCliF, IKcUoramonofluaroicetbaDe 
Freon 113, CiClsF>, TriBhlorotriflnoroethane 
Fieon 114, CiCbFi, Dichlarotetrafluaroeihane 
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compIet6, and the contenta of the cracible are converted into a Buperheatcd thermit steel 
at the bottom and alumina slag at the top. The tapping pin at the bottom of the crucible 
is struck a sharp upward blow releasing the ihermitsteel so that it runs from the crucible 
through the pouring gate of the mold and completely surrounds the ends to be welded 
giving up its superheat to melt these parts nndsolidifying with them. The thermit reac- 
tion is started by means of a teaapoonful of ignition powder which can be ignited with a 
match or a hot rod and which in turn 0vcs off sufficient heat to start the reaction. The 
molds are usually constructed so as to provide a basin on top; the molten alumina slag 
overflows into this basin. 

The tensile strength of unworked and non-heat-treatod thermit steel 
is about 70,000 lb per sq in. with an elongation of 20 to 25 percent in 2 in. 
Other thermit steels have tonale strongths of 55,000 lb per sq in. with 40, 
percent elongation, and others over 100,000 Ib per sq in, with practically 
DO elongation. Mixtures can be placed in the crucible which will produce 
alloy steels of any desired compoation. 

The thermit process has been approved by the American Bureau of Ship- 
ping, by Lloyd's Register of Shipping, and by the other rating bureaus for 
use in the repair of stem frames and other important sections of steamers. 

Thermit welding is used principally in the repair of cast-iron or steel sections over 3 in. 
thick; for lighter sections it is more 'eipentive than'oxyacetylene or electric welding.- 
It is also us^ for the building up of worn ports. 

In the steel mill, thermit welding is used in the repair of table rolls, roll mill housings, 
hlooming-ongine parts, crankshafts, connecting rods, charging peels, etc. By the 
use of wabblsr thermit the worn surfaces on the driving ends of rolls, pinions, and other > 
parts can bo built up and the metal so accurately added as to require no machining; such 
a surface is just barely machinable and is very resistant to wear. The welding of heavy 
cast-iron parts introduces no difficulty when the thermit process is used, except that the 
high carbon content of the cast iron produces a high carbon content in the thcmiit steel 
weld, which msy make machining difficult. The weld has’at least os great strength os 
the cast-iron port, 

One of the largest uses for thermit welding is the joining of rail ends in paved streets. 
In the railroad shop, thermit is used for the welding of iooomotivo frames, guide yokes, 
driving wheel centers, and other heavy parts. 

Pacing oc Surfacing by VTelding 

.Facing or surfacing by welding is a process of comparatively recent develop- 
ment which consists of welding onto wearing parts a facing, edge, or point of 
hard metal exceptionally resistant to abrasion or a metal suitable for the 
particular purpose as, for example, bearing or corrosion resistance. By 
this method, metal surfaces which normally wenr away rapidly in service 
are protected by a layer of special ^oy possessing unusual wear resistance. 
The process can be applied with equal advantage to new parts before their 
use or to old worn parts. The most important.economy derived from hard 
facing is due to prolonged life of the parts. Hard-faced parts will outwear 
plain or unfaced ones 2 to 25 times, depending on the type of hard metal 
used and the service to which th^ are subjected. To meet the various 
requirements of hardness, toughness, shock-resistance, and other qualities, vari- 
ous hard-facing alloys of widely different compositions, have been developed. 

Most of the metals in common use except high-speed steels can be hard 
faced. Some metals and alloys require preheating or annealing, but generally 
the same precautions are followed as in the welding of these materials. 


Silver Soldering ’ 

The tem "saver solder” designates a type of hard solder or brazing alloy usually con- 
taining silver, copper, and zinc. OlKer base metals such as cadmium, tin, manganese, 
and nickel are also used. An importaat.charaoteriaUc is the low-melting point which’ 
18 approximately 1160 to 1600 F, depending upon tiie composition. . See p. 649. 
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Dielene, CjHjOj, KcMorcthylene 
Cairene 1. CHsCIj, MeliyJene eUoride 
Arctic, CHaCl, Methyl diloride 

A comparison of ideal perform«ices of some of these refrigerants jislds 
the results shown in Table 2. The results are for the standard temperature 
Table 2. Ideal Performance of Refrigerants for Various Temperature 
Ranges 
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3245 
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^ 0-100 

0.0886 

0.0886 

0-1217 

0.613 

0.946 

0.946 

6.92 

10.68 

7.77 

0.196 

0.199 

0.19824 

646.0 

655.0 
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0.60 

0.78 

0.66 

282,0 
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313,0 
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(CHtChl 

Methylene ohlonde 
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«'10D 

1.28 

t,?2 

3.38 
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13.25 

i3.a 

8.56 

6.90 

3.92 
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1.520 
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74.0 

47.72 

27.76 

t). 96 « 

0.91* 

0.63> 

205,1* 
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!67,7« 

Carreae 2 
Freon 11, F-ll 
(CChF) 

5-« 

2MOO 
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2.95 

4.33 

7.034 

W.3 

23.7 

23.7 

6.20 

5.47 

3.37 

3.058 

3.066 

2.945 

37,0 
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16.08 

0.94 

0.89 

0.63 

/I2,7 
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1M.2 

Ethyl 

Chloride 

546 

20-100 

4(1-I00 

4.65 

6.80 

10.79 

27.10 

34.79 

34.79 

5.83 

5.12 

3.22 

1.405 

1.425 

1.375 

24,0 
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(l.63« 
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Freon 21, F-21 
(CHCIjF) 
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5.45 

7.82 

12.339 
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39.2 

5.60 
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Butane 
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Sulphur 

dioxide 
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n. 8 i 
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tt.f) 
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28.76 

42.61 

95.52 

119.04 
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4.59 

4.14 
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4.67 
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(CChFO 
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40 - W 
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51, 6S 

107.9 
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Ammonia 
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211.9 

4.94 

4.40 
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3,44 

2.49 

1,70 

0.99 

0.94 

0.65 
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176.0 

Propane 

(CiH.) 

5-86 

20-100 

40-100 

42.1 

55.5 

78.0 
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187.0 
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3.69 

3.37 

2.40 

1.653 

1.73 

I.6K 

4.10 

3,29 
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5-86 
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3.(4 

3.528 

0.94 

2.12' 
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• Values may be in error by a small gmunnt 
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Silver solders are free flooring, cotroaonrerfstuit, acd producestroDg Jolat® tliat with- 
stand severe shocks and vibration if used at mdinary temperatures. They can bo used 
for joining practically all ferrooB and non-fernms metals and alloys except those having 
lower melting pointa, such aa aluminum and sine alloys. 

welhikg psocebubes 

steel 

Medium*caibOii Steels. (Carbon from 0.30 to 0.45 by ladle teat.) This class of 
steel may be welded by the eleotric-aic. electric-resistance, gas, and thermit processes, 
Aa the lapad coohng oi.themetolin the welded Mae predweea a harder maitensiUt or 
troostitic structure, it is desirable to hold the carbon ns near 0.30 percent as possible. 
These hard areas are proportionately more brittle and diflieult to machine. The cooling 
rate may be diminished and hardness decreased by preheating the metal to be welded to 
over 800 F, preferably to 500P. The degree of preheating depends somewhat on the 
thioknesa of the section. Eubst-qaeni heating of the welded zone to IICO to 1200 F will 
restore ductility and tehere strain. 

Higb-caibon Steels. (Carbon from 0.15 to 0.80 by ladle test.) These steels are 
rarely welded except in spectal cases nnd in thick sections. The tendency for the metal 
heated above the critical range to becoioe brittle is more pronounced than with lower or 
medium-carbon sted. Thorough preheating of metal in and near the welded zone to at 
least 500 F is essential. Subaequenl annealing at 1350 to 1450 F is also desirable. 

low-alloy Steels. Those steels whidi are foolproof from the welding standpoint 
contain less than 0.15 per cent carbon. Steels containing leas than 0.80 percent carbon 
may requite a etress-reheviag w tempering treatment and when fillet welded will gen- 
erally develop a very narrow eone of reduced ductility. Steels coDtainine 0.30 percent 
carbon or mote require stress relieving, unless very special conditions are involved. Pre- 
heating is generally beneficial. The welding le^nique does not diHer from that used 
in the welding of plain carbon steel. 

Cbrotse-nickel austenitic sleeb are escellcnt material for welding and under satis- 
factory weldingoondifioneproducestrong, tough, and reasonably ductile welds, Alloys 
containing less than 0.07 percent carbon can be safely welded without any subsequent 
heat-treatment. In case of gee welding, it is safer to accelerate the cooling by means of 
an air blast, particularly if heavy sections (){( in. and above) are being welded. Alloys 
containing 0.07 to 0.10 percent carbon can be arc welded provided that the etiucturea 
welded will not he used for service where high corrosion resistance is required. 

No arc or gas welding should be attempted on alloye containing more than 0.10 percent 
carbon unless the complete structure can be subkquently heat-treated and rapidly 
cooled in an. nir blast. 

Addition of titanium, columbium, or some of the other rare metals raises the safe car- 
bon content of chroni<ynickel alloys and permita arc welding of steel containing more 
than O.IO percent carbon. In general, enough titanium or coiumbiumls added to permit 
safe welding with the carbon content present. Such “stabilized” steel is not entirely 
proof from dangerous carbide predpitatioa. 

Tlnstabilked oUova containin^more thaiLdJH 
seam welded without impmring their corrosion-resisting properties, provided thnt the 
welding time is made very short. The maximum safe length of the welding time will 
vary inversely with the carbon content of the alloy nnd somewhat with the welding tech- 
nique used. With ahoys with 0.10 percent carbon no dangerous oarbid precipitation 
will occur if the time of the appUcation of the welding current does not exceed 0,20 sec. 
With alloys having a carbon content of around 0.15 percent this figure should be reduced 
to 0.15-0.10 sec. maximum. All welding will produce some carbide precipitation, and 
the line of demarkation between the alloys that can and cannot bo welded is a com- 
promise between the extent of the carbide precipitation and the severity of the corrosion 
attack to which he welded product will be subiected. Chroma steak must never he 
arc welded with an unshielded arc. Special heavily costed electrodes must be used. 
Atomic-hydrogen arc by virtue of ila protective blanket of hydrogen is satisfactoiy, but 
bare rod or carbon arc must never be used. No welding should be attempted without 
first thoroughly cleaning the surfacestobeweldedorplating over an area extending not 
»€Pfl than-l in, on. every sideoftimwdd. FtoahweLdingiSila general, quite BttiBfacto::y 
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range (S to S6 F) md for other stated ranges also. Piston displacements 
are with no clearance. The theoretic^' ooefflcients of perforioance (see 
p. 360) for the various conditions covered in the table are obtainable by 
dividing 4.72 by the table theoretical hp. Data on some of the refrigerants 
not covered in Table 2' arc pven in'Talde 3. The expansion is' through a 
throttle or expansion valve. The higher the compression ratio, the greater 
will be the superheat and the greater the resulting unproductive work of 
compression. Use of an expantion valve in place of an expansion cylinder 
results in a loss of refriBwating effect as well as in a loss of work which might 
Table 3 
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Table 4. Properties of Propane and Butane 


Propane (CiB») Butane (C<Eis} 

(5eat measurements are irom 0 P) i (ucat aeasuremenU arc from 0 P) 


U. 

& 

1 

".S 

6. ““ 

Ss 

I'sl 

Enthalpy, 
Btu per lb 

Entropy 

ft 

-A 

Si 

Is 

3 u 

X 

Enthalpy, 
Btu per lb 

Entropy 

s 

ft ^ 


e 

3 ^ 
3"' 

s 

ft , 

5'i« 

s 

1=5 

-7(1 

7.37 

12,9 

-37,(1 

157 3 

-0.086 

1)4(10 







-60 

9,72 

9.93 

-3i,i 

153 f 

-8.07' 

0.39; 







-50 

12.6 

7 /4 

-76 5 

1581 

-0.061 

II3K1 







-4U 

16 7 

6 13 

-21.5 

I6(M 

-0.041 

I)3H< 







-30 

20.3 

4 93 

-I6( 

163(1 

-0.036 

11.381 







-20 

25.4 

4,00 

-11. « 

165 0 

-0.02- 








-W 

31.4 

3 26 

-5.5 

1M5T 

-0.01, 

i).32( 







0 

38.2 

7,71 

1 

I7l).5 

O.OQI 

II 371 

73 

11,10 

(1 


nnn 

.371 

•flO 

46.0 



173 5 

0 011 

0.37( 

9.2 

8.95 

5 5 


Oil 

,370 




M,1 

176(1 

0.02< 

0.361 

11.6 

7.23 




.370 



1,60 

i7( 


0 031 

II 3M 

14.4 






4U 

78.0 

1.37 

24.1 

182 0 

0 041 

iroo 

17.7 

4.S8 

21 5 



371 



1 16 

W.l 


(1 051 

0.36! 

21.6 





Vi 



1.01 

35.< 

188 0 

0II7I 

).36( 

26.3 








0.883 

41 .( 

190 5 

O.UK 

136- 

31.6 


38 5 



.375 



0.770 

4/.i 

193,5 

(1 119; 

136' 

37.6 









54 .» 

196 3 

0.105 

11,36' 

44.S 








0,591 

:60.; 

199, ( 

0 III 

1) 36' 

52.2 








(1 V7I 



0 17t 

rw 

60.8 








0,459 

73.; 


0.141 

0.36: 

70.8 

1.38 

70.0 

713 


,382 














HO 







92.6 

1,07 

83.5 

221 ! 

»,IS7 

,386 





STSSli 


1845 


as most oi the fused metal produced hy flie are o! tne flasdi which could he cipected to 
contain chromium osides and nitrates is sQUCCzed out by the upsetting operation and 
the weld obtained is tlicroforo fairly duetfle. Because of the amount of heating involved 
the straight butt-welding process should be avoided. 

Chromium Iron and Steels. Welding of the chromium irons and steels can be 
divided into two classes: [1) welding in which the filler metal deposited has essentially 
the game chemical analysis as the baso mstoiol; (2) welding in which the filler metal 
deposited is dissimilar in analysis and diaoicteiisties to the base metal, the filler roofal 
commonly employed being an nnstenltio tbremiunMiiehe! steel of the IS percent chro- 
mium, 8 percent nickel tj'pe. An austenitic chromium-nickel filler metal is used for all 
welds that cannot bo annealcd.includiny field mid repair welds, and a filler metal of the 
same analysis as the parent metal for welds that can be annealed. For operation at high 
temperatures the atpansion of die material must be considered. In a straight welded 
seam 30 ft long, there will be appro.'amately in. difference in expansion between the 
austenitic filler metal and chromium iron-base metol when heated to 1000 F. Operation 
at high temperature will result in warpage or high stresses and under repeated heating 
and cooling may result in failure through fab'guc. The maximum corrosion-resisting 
properties of the austenitic steds are best reflli«d by a rapid cool from temperatures 
higher than 1800 F, with either the unstnbSized or stabilized steels. Since filler metal 
of the same aaalysifl as the parent metal exhibits equivalent corrosion-resisting proper- 
ties to the base material when properly controlled, it is recommended for all heat-treated 
welds under 18 percent ohromiuto. 

Austenitic blaiiganese Steel. In welding this matexinl, it is important to remember 
that it is intrinsically a high-carbon metal, conlainiDg about the same amount of that 
clement as the tool steel used for lathe took, lo arc welding with iiickcl-manenncso 
steel rod, reversed polarity should bo used, i.c., the rod should be the positive pole. 
A nickel-manganese steel rod with a suitable coating welds sniootlily, the arc sputters 
hardly at all, and it is possible to move the end of the rod steadily along without puddling 
the pool of metal. Some of the coated rods of tliis metal are self-feeding; the aco once 
started, the rod can be laid fiat upon the work and tho arc will travel steadily up the 
rod, like a slow-burning fuse, laying down a sound deposit. The slag coating over tho 
deposited metal should break off readily at a light blow of the hammer. Feenlug can 
be started almost Immediately as each length o( rod is used up, as in the use of tho bars 
rods 

It is beat to lay the beads of each layer at right ao^es to those .of the layer below, 
or at least at as high an angle as is feasible. In lajdng oa metol to rebuild worn surfaces 
this is generally easy to accom^sU. In repairing cracked or broken castings, especially 
heavy once, the hi^ angle may not always be easy to secure. 

Tho current recommended for nickd-roangoneso steel rod is os ioilows; 

Electrode size, in ?{« K 

Amperes 73-100 100-150 150-175 175-225 

Tor gas welding, a fip should be selected large enough to meh down the metal witli a 
soft flame, in order to minimize bubbling of the metal. A neutral Same should bo used. 
A carbonizing flame makes the metal flow more freely but its use should be eroidad. 


Cast Stool 

In good grades of cast steel with a carinm eoutent below 0.25 poreont, welding pro- 
cedures ate approximately the same as for rolled steeL With a carbon content above 
0.25 percent or with special alley compoarioos, precautions aro nooessary and some- 
times special procedures. Segregations (rf phosphorue and sulphur should be removed 
from areas to ba welded. The prriilcm cf overcoming shrinkage in repair of castings 
requites special care. Strains or stress reBevibg, especially repair work, is desirable. 
In higher carbon and alloy steels full annealing may be necessary. 

For arc welding, a high-grade heavy-coated electrode is essential. A tough, general- 
purple electrode (arc) or filler rod (gas) fs used for i^in carbon castings, but filler 
metal of the same composition as Uie esstiog fs used for alloy caat steel. 

Multilayer welding, high currents, and peening tirodd bo employed'for low-carbon 
castings. Low ourrenta and im^ *an»tet dectfodes (and, in some cases, ptehcatine 
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ottiennse be atailable iot .operating, the compressor. 'The magnitudes ot 
these losses vary with the diSerent refrigwants, and they are particularly high 
Tvith a fluid that is compressed near to its critical pressure, as with carbon 
dioxide. ' . , 

For the properties of water vapor see Table 20, p. 32S, Table 21, p. 33S, and 
Table 1, p. 374; for ammonia TaUe 25, p. 338 and Table 26, p. 341; for 

Tables. ^Properties oiTroon 11 andTreon 12 



sulphur dioxide, Table 27, p. 342 and Table -28, p. 343; for carbon dioxide. 
Table 29, p. 344; for ethyl chloride and roothyl chloride, Table 30, p. S44; 
for propane and butane, Table 4; for Freon 11 and JVeon 12, Table 5; for 
dieline and Freon 21, Table 6; for Camne 1, Table 7. 

The Toluine of refrigerant to be bandied is important with reciprocating 
compressors, as it determines &e rise of the compressor; but with centvifugal 
• compression a iargB- volumo is not objectionable 'and may 1^ a positive 
advantage for smah units. .,A fetge 'compression ratio is undesirable In 
reciprocating compressors from, standpoint of clearance losses and may 
make the use of compound compces&tm necessary. 
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WSLDINQ 


and slo^r cooling) are necessary for hi^i-caibot and special alloy ct^ings. Tor gas 
welding, only large scc^ons are pi^eated, locaily or generally, to a bright ted. 

Cast Iron 

Gas Welding. Pr^eating in gas-welding cast iron avoids shriniagc stresses, cracks 
at the junction zone, and hard zone nest to the weld and saves gases. Pr^eating tem- 
perature 1300 F. A neutral flame is generally employed, although a slightly carbu- 
riiing flame is sometimes advantageous, as, for esamplc, when there is a deficiency in 
carbon. 

In making a weld tie crack is cUpped ont to form a 75 to 90 deg V, a Ettle flux is 
spread over tie starting p(wt, and the flame is played on the V until the walls begin to 
melt- The metal of the outer walla of tie V should not mcH ahead of the metal at tie 
root. The rod, dipped in flux, is then bronght to a red heat and rubbed into tic molten 
metal. The tip of theblnc cone of tie flame should be kept to in. away from the 
molten puddle to avoid hard spots and loss of siUcoa and carbon. 

Cast-iron rods are used for gas welding. The A.W.S. recommends C, 3.0 to 3.5; 
a, 3 to 3,5; iln. 0.5 to 0.75; S, 0.1; P. 0.5 to 0.7. 

Metal-arc Welding. Castirem may be welded with ferrous electrodes in two ways: 
(1) hot. with preheating; (2) cold, without preheating. The purpose of preheating is 


Cus^Iron 


C^ptrfrStffJnn-' 


Fig. 8.— Cross Sections of Studded Joints, Showing Use on Thin and Thick 
Materials and the Use of a Copper or Soft Iron Strip at Bottom of Vee. 


the same as in gas welding. The preheating temperature is usually 1000 to 1300 F. 
Cast-iron electrodes are used for hot welding. The composition is praotleally the same 
as for gas w-elding. Currents range from 300 to 1,600 amp, 400 to 600 amp being com- 
mon. The voltage ia 40 to 70. 

The cold welding process is used for welds that need not be maoHned and that are 
not thick. 

Mild ateel-covered electrodes are generally used. The coating of the electrode may 
shield the arc and weld metal, or it may dloy with the steel oore to produce a cast-iron 
deposit. The coatingfor the first purpose is the same as on ordinary mild steel-covered 
electrodes and is designed to avoid nitrides. Carbonaceous coatings are used for the 
second purpose. A coating of 40 to 60 percent graphite, 1 percent barium carbonate, 
and the rest caiboiundoiD, with a paste of water ^ass as a binder, has been found to 
be eScctive. 

The amperage used for covered dcoLrodea in cold welding is kept low in order to 
reduce heat, hardening, and cracking. The use of 80 to 90 amp with a m. electrode 
on in. material is common. 

JIuch of the success of cold wedding depends on proper preparation of the joint. 
Studding is a eommon method (Tig. The size of studs and spacing depends on the 
tMckness of the casting. Copper, lead, or soft-steel inserts are used to ensure machin- 
ability on ono side. 

Carbon-aic Welding. Preheating from 750 to 1300 F is used together with anneal- 
ing or slow cooling. Graphite rods are generally used, and a flux containing equal parts 
sodium carbonate and sodium bicarbonate is useful. Filler rods are generally the same 
as for gas welding. 

Thermit Welding. (Seep. 1842.) 

Bronze Welding. Preheating is usnaly' applied to assure success and may be local 
or general depending on the casting. A black preheat is generally employed, although 
in some cases preheating to 1630 F has been found advantageous. 
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epecifio volumes are convenient, aid it is not miscible to any large extent 
in tlie usual mineral oils. Leaks we ea^y detected by the use of sulpbur 
dioxide vapor. Carbon dioride haa been used as a safety refrigerant 
for a long time; its presence in large volume in a confined space^ is not a 
serious hazard unless the exposure is prolonged. Its condensing pres- 
sure is very high for condeaser water inifi^y st 70 F and higher, Its 
critical temperature is 87.8 F and consequently with cooling water of about 
80 F it will not condense; the power consumption is high {see Table 2). 
Sulpiiur dioxide is used almost eotirsly in fracHanal tonnage msciines in 
which it' lends itself to the air-cooled condenser. It is not inflammable, 
but is an irritant and a toxic gas. It is practically harmless in the small 
household reiiigeratine machine but may be dangerous in multiple systems. 

Table 7. Properties of Carrene 1 
(Heat mcitsurementa are shore 0 F) 


T«mp, 

degF 

1 

1 

P«Miire, ; 

lb per 1 
eq in. ubs i 

SpccIGo 
relume 
o{ rapor, 
cufl 
per lb 

Enthalpy, Btu per lb 

Entropy, Btu per ]b 

laquid 

Vapor 

Liquid 

SJ 

Vopor 
. •» 

-!0 

.69 : 

81.5 ! 

-3.4 

161.6 

-0.0072 

0.3606' 

0 

.98 1 

58.6 

0.0 

163.2 1 

0.0 

0.3546 

10 1 

1.39 j 

42,55 

3.4 

164.4 1 

0.0072 

0.3502 

20 ' 

1,92 , 

31,40 

6.8 

165.6 : 

,0,015r ' 

0,J46t 

2i 

2.24 

2?.0 1 

8.6 

166.4 

0.0(88 

' 0.3444 

30 

! 2.56 

, 23.90 1 

10.2 

166.9 

0.0222 

: 0.3425 

35 

: 2,95 

1 21.10 , 

11.9 

167.5 

1 0,0256 

0,3402 

40 

J.38 

, 13.60 

13.6 

168.0 

! 0.0235 

; 0,3377 ^ 

50 

1 4.36 

1 14.68 : 

17.0 

169.0 

0.0350 

' 0.3335 

60 

5,52 

! 11.68 

20.4 

170.1 

0.0410 

' 0,3292 

70 

7,07 

1 9.38 , 

23.8 

171.0 1 

0.0406 

' 0.3246 

SO 

! S.8I 

! 7,50 ' 

27.2 

172.0 1 

0.0520 

' 0,3202 

90 

10,87 

6.20 ' 

30.6 

172.9 J 

0,0570 

! 0,3160 

100 

1 13,25 

^ 5.M 1 

34.0 

173,7 

0.0620 

' 0.5113 

no 

16.40 

4.31 

37.4 

174.4 

, 0,0652 

0.3058 

120 

: 19,20 

3,65 1 

40.6 

175.0 

1 0,0714 

0.303i 

130 

! 22.69 

3.10 1 

44.2 

175.5 

0.0756 


no 

1 

26.79 

“ i 

47.6 

176.0 

0,0795 

0.2935 


Unless sulphur dioxide is anhydrous, it will corrode the common metals used 
in the construction of pressure vessels. Methyl chloride (CHjCl), an 
anesthetic in amounts of 5 to 10 percent hy volume, may be used in air- 
cooled condensers and is successful in large and flmall-sfzed units. It is 
miscible in mineral oils; water in the system will freeze in the expansion valve. 
Leaks may be detected by the'use of acrolein. Dichlorodifluoromethano 
(F-12) is not toxic, inflammable, or irritant. An air-cooled condenser may 
be used,' and leaks can be defend' wiA s special torch. Ethyl chloride 
(CiHsCl), butane (C4Hjj), and propane (CtHs) have aa yet been used but 
little as refrigerants. The use of dieline (CjHrfJls) and Carrene (CHjCb) 
hM been confined to the centrifugal compreasore. Very low temperature 
refngeratioE may use ethane, ammonia, or Frecui 12. ■ .Other halides such 
F-21 (Cadi), and F-114 (CiClsFi) are rdso available, 
ihe refngerant used for aiismnditfoning and commercial cooling is largely 
F-12 or methyl chloride; the omilMity of idyrrfcid properties permits tte use 




absorption system of SSFRiamATlON 1867 

bya-weaksolutionolammoniaiii-w^. (6) Th(i pump, •whichteturiiB the 
rich liquor from the absorber fo ttie Aerator. The Electrolux-Servel proc- 
ess (p; 1873) .permita the omisaiim of tho'pump oi' other moving part. . • _ / 
Between the generator and absorber, th^ are two channel's of communica- 
tion: one through the conden^r, expansion vtdve, brine coil,' absorber, .'and 
pump, aa noted above; through other, the weak solution in the generator 
paBseB 'dircotlv to the absorber and 'there absorbs the gas coming from the 
brine coil. As in the' oompresaon eyatem, there is a region of high pressure 
including tie generator arid condenacr, and a region of low pressure including 
the hrine'’c6il and absorber. The pump ie •used to forctsdhe strong solution 
from the low pressure of the abwrber against the higher pressure in the 
generator. . ■ _ • _ ' 

For efBcicnt operation of an abaorption-syatem, certain auxiliary organs are 
required. .'The analyzer forms the upper'part of thegenerator and receivoa 
the rich aolution frbin. the pump. The solution descends over a sesries of disks 
or trays until it.meets the boiling- Uquid in the stilL The vapor rising frora 
the still thus comes into intimate .contact with the descending liquid and is 
mriched in mraonia and deprived of water. 

The rectifier is placed between the generator and condenser. It consists 
of a coil surrounded by cooling •water, and its function is to removA water 
vapor from the misture of water and ammonia vapors driven off from the 
generator.' ' '■ / 

The exchanger is placed between the generator and absorber. In it, the 
hoi weak solution passing from the generator to the absorber^ gives up heat 
to the cooler strong fiokUon poaeing from the pump to’ ^e generator. 

Ammosia Solutions. The analyas of an absorption'&yetem requires a 
knowledge of the properties of ammonia eoliitiODs,' Certain of these prop- 
erties have been investigated by Wilson {Vniv, Jiiinow, 'Erig, Bxpl. Stat, 
Bull.UQ). ' ’ ■' 

The concentration of a solution of ammonia in water is deffned as follows. 
Let y denote weight of water, Z the wei^t of ammonia in the solution', then 
theweightcoucentrationisi' « Z/{2‘+ jlandthomolooncontrationis 
a =» (Z/17)/I(p/18) + (Z/17)l = Z(,0.M4p Z), (For definition of the 
"mol” seep, 301.) 

The rdatioiL batwaen. prosBUio., tfungerstiicfl.. and. nud. cftonfin/jitioftn., ha 
determined by 'Wilfloa, is given by the equation 

T/r = l - 1 - 0 . 70350 ( 1 ' 

with ■ - ■ . . ' 

S = '/i ~ f 0.06(m7 - 2,8i + 1.77i>) , 

In this equation, f denotes the temperature of the solution, T' the temperature 
of saturated ammonia coire^ndiig to tho pressure on the solution, and x 
the mol concentration. 

Table 16 gives the pressure on the eolution for various temperatures and 
various values of a;, tho mrd 

The vapor in contact mth tiw tsolution will be a mistui© of water vapor 
and ammonia vapor, each wltii its own partial pteasuTO. Table 17 ^ves the 
partial pressure of the water vapor aa determined by 'Wilson for various tom- 
perateies and mol concentrationa of the liquid phase. The partial pressure 
, of the ammonia vapor is obtwned hj' aabtraction. Thus for t = 120 deg and 
a mol concentration x =» 0.35, Table 16 givM for the total pressure 45.02 lb 
per sq in., and for the pressure of tiio water vapor Table 17 gives 1.06 Ib pet 
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of eitiier refrigerant in tbe aune unit machine. Ammonia is still the favored 
refrigerant in the larger installationB, or. in the central-plant’ type, -with bme , 
systems, and with direct-czpaumon systems, such as ice plants and where the 
ammonia is restricted, to thi op^tang plants. Sulphur dioxide is now used 
but little. , ■ • ’ , 

Basis of Eating of Eefrigerating Machines. The commercial unit of 
capacity of a refrigerating machine is taken as the abstraction of an amount 
of heat equal to the heat of fuQon of 1 ton (2,000 lb) of ice per day (24 hr). 
The determinations of the heat of fusion of ice by tbe Bureau of Standards 
sbowslightdeviationS’betweenplateice.canice, and natural ice. Themean 
of 21 determinations is 79.63 cal per g, or 143.33 Btu per lb avoirdupois. 
This is equivalent to 286,600 Btu per ton, or the taking up of heat in a machine 
of unit capacity at the rate of 199.028 Btu per min. This is so close to the • 
convenient round figures of 200'Biu per min, 12,000 Btu per hr, or 288,000 
Btu per day, that these latter figures have been adopted as the standard 
ton by the A.S.R.E. and the A.S.M.E. - - - • 

The rating of the tonnage of a refrigerating machine taken in connection 
with the plane of temperatures at which heat is te be taken up and that at 
which it is to be discharged (».«., temperature of the refrigerant in the ovapo- 
rafing or refrigerator coils and the highest temperature in tbe condenser) has 
^ not been fully agreed upon internationally. European engineers use -fUF 
at tbe refrigerating ccal and +77 F at the condenser, but in America the 
standard rating is the number of standard tens of refrigeration, under 
pressures which correspond to a saturation temperature of 5F (~15C) 
for the inlet pressure and 86 F (30 C) for the outlet pressure, these pressures 
being measured outside and within 10 ft of tbe refrigerating machine, meas* 
ured, along tbe inlet and outlet pipes, respectively. This is equivalent in 
ammonia machines to 34 lb abs and 169 lb abs, respectively. For tbe 
influence of change in the plane of temperatures on the ideal performanoe of 
refrigerating macliines see Tables 2 and 8. * 

The refrigerating capacity of a machine is difierent from the aotual ice- 
making capacity of a plant; the latter is considerably less, being 50 percent 
and upward of the refrigerating capacity, according to temperature of water, 
etc. 

The Refrigeration Research Cominiltee of the (British) Institution of Mechanlo&l 
Engineera bns adopted (1914) the caloiio per second (■> 342,660 Btu per 24 hr) as 
the unit of refrigeration, a&d has adoptedae "slaadard conditions” a teuperature range 
of tho cooling water from 15 C (59 P) at inlet to 20 C (68 F) at outlet and a tempera- 
ture range of the brine from 0 C (32 F) to — 5 C (23 F). For direct-espansion systems, 
-stindiwh •rapw Tt(i«B««<wn‘iB‘R}'ue‘tiii£ea as -’A'C’ 

The rated capacity of a machine is the number of umta of refrigeration developed under 
the foregoing ataudard conditioDa. 

Compression System 

The influence of the bead (or liquefaction) temperature on the theoretical 
coefficient of perfonnance of a compression machine is as follows for various 
refrigerants with a common suction (or evaporation) temperature of 5F. 

The influence of increased head temperature is seen to be especially great 
for carbon dioxide; a consequence of its proximity to the critical tempera- 
ture. Special procedures such aa two-stage compression are necessary for 
carbon dioxide when cooling-water temperatures are high — as in the tropics. 
For example, with 300 lb suction pioMure (temperature 0 F approx.) and 
with the compressed ‘gases cooled to 95 P, the theoretical coefficients of 
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performance are as follows: discharge preestire 1,200 lb per sq in., 1.70; 
diBcharge, pressure 1,400 lb, 2.095; in two stages. (1) ^ 1,200 lb with cooling 
to95Fand(2)tol,4'001b,2.25. 


Table 8. Influence of Heaxi Temperature on Coefficient of Per- 
formance 

(Suction temperature 5F) 



Ammo* j 

Carbon 

Sulphur 

Freon 12 


' “ 




Coefi. of petfotmanco 1 70F.... 

with head temperature of 1 86 P 

' 6.16 
'4.77 ; 

4.17 

2.U 

6.29 

4,69 

6.!5 

4.71 


Volumetric Efficiency. TIjo volumetric efficiency of a compresaion 
machine is the ratio of the actual wei^t of vapor pumped by the machine 
to the weight calculated from the displacement of tho compressor with gas 
entering saturated at its evaporating pressure. This efficiency, on account of 
heating, of the gas coming' to the cylinder and in the cylinder, of reexpanston 
from 'clearances, and of, slip, varies from '60 to 85 percent. Compression 
machine builders under favorable conditions will paranteo a, volumetric 
effiweney of 80 to 85 percent in machines of 50 tone and over; under good 
average working conditions, with a roasonobleiamount of care to maintain 
tight valves and tight piston ring®, it should run from 75 to 80 percent. 

Theoretical values of compressor displacement for ammonia are given in 

Tables. 

Table 9 . Theoretical Volume of D17 Saturated Ammonia Gas 
(Cu Ft) Pumped per Minute to Produce 1 Ton of Befrlgeration 

(Add 33 percent for probable actual volume) 














Oozideiis«r Piessure and Backpressure. Tbc lower tbe pressure and temperature 
in the condenser coil, and the higher the pressure and temperaturo in the evaporator 
(back preaaure), the more economical will be tbe working of the plant. For thua 
reasons, the cooling water In the condenser should be used as cold and in os largo quan* 
tity as possible, and tbe back pressure should be ae high as possible. In ammonia 
plants in which the temperature is to be kept at about 32 F, by direct expaneion, a 
back pressure of about 33 lb gage (corresponding to about 20 F) is generally main- 
tained. If brine circulation is need, tbe brine enters the room with a temperature of 
about 20 F and returns with a temperature of 24 to 2$F; the back pressure in tbo 
amisonia coils should be 25 to 28 lb gage, corresponding to a temperature of 10 to 15 F. 

During the chilling stage in a packing house, the temperature in tbe room may rise 
in the beginning to 50 F and aWdher back pressure— about 00 lb gage, corresponding to a 
temperaturo of about 40 F in the ammonia coil— is maintained. As the temperature 
falls in the room, the back pressure is decreased to the point corresponding to the 
desired temperature of the room, usually about 30 lb gage. If temperatures of 0 F and 
bdow are required, tbe back preseuro should be 4 lb gage, corresponding to a tem- 
perature of — 20F. For ice making, the backpressure in ammonia c(^ is 20 to 28 lb 
gage, corresponding to a temperature of 6 to ISF. 

Wet Compression va. Dry Compression. The considerable superheat 
of aminonia vapor at the end of compresmon may be reduced or prevented 
by carrying liquid ammonia into the compr^or. If sufficient liquid is 
admitted to keep the vapor always in a saturated condition, the operation is 
known as wet Compressioii. If the ammonia gas is dry or superheated 
when admitted to the compressor and there is no liquid injected during the 
compression stroke, the operation ig known as dry compression. Wet 
compression is now practically obsolete. 

The multiple-effect system may be used in plants where there are both 
high- and low-temperature systems. In thia, the higher-temperature gases 
are admitted to the cylinder at or nesu: tiie end o£ the suction stroke and 
raise the ultimate suction pressure to that of the high-temperature system, 
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developed depends on the mean concentrations = J^(ii + is). According 
to the esperimentB of Hilde MoUior, the heat of solution $, per lb of ammonia 
is given by the equation g, - 345(1. — ») - 400i’. For x = 0.59, g, reduces 
to zero and for all higher values of-a;, the heat of solution is zerOi See 
Table 18. 


Table 18. Heat of Soiatioa of Liquid Ammonia 

(Btu given up per lb of ammonia diagolved) 
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< Average concentration; percent of ammonia by we'i^t. 

The beat that must be taken from the absorber is made up of three 
parts: (1) the heat that must be abstracted from the entering vapor to con- 
vert it into liquid at the temperature of the absorber; (2) the heat of solution 
q,;' (3) the heat that must be absorbed in reducing the temperaturo of the 
weak solution to that of the strong eolution leaving the absorber. The first 
of these is tho difierence of total heat of the ammonia in the initial and final 
states the second is given by the preceding formula; the third is the product of 
the weight of weak solution per pound of ammonia, the specific heat, and the 
temperature diSorence. The specific heat averages about 1.05. The heat of 
absorptioa Q* is the sum of (1) and (2). Values of this quantity are given 
in Table 19. 

For example, let the coBcentrstiofts bo 0.26 and 0.35, whence per pound of ammonia 
circulated, 6A lb of weak aoUition enUta the absorber at, Bay, IQO deg, and 74 lb of 
strong solution leaves the absorber at. say, 80 F. The pressure in the absorber is 
20 lb abs., end ammonia gas eniers at a temperature of 5 deg. Under these conditions 
the three quantities of heat are as foliona: (1) To condense the gae, Ai - ftj » 486,2 
Btu; (2) heat of solution g. = 345(1 - 0.30) - 400 X 0.30* = 205.6 Btu; (3) to reduce 
temperature of 6.6 lb of weak sdution from 100 to 80 deg, taking the specific heat as 
1.05, 6.5 X 1.05 X (100 — 80) » 136.5 Btu. Total heat removed from the absorber 
486.2 + 205.5 + 130.5 “ 828,2 Btu. 

la the generator the processes are the reverse of those in the absorber. 
Heat is supplied from an external eonree and is used for the following pur- 
poses: (1) to separate the liquid umnoiua fiom the solution; (2) to vaporite 
the liquid and superheat the vapor; (3) to raise the temperature of the solu- 
tion. In practice,' addi^onal heat must be supplied to vaporize some of the 
water. Tho calcrdation follows the method indicated for the absorber. 

Heat Balance. For 1 lb of ammonia passing through the expansion 
valve, the following quantities of heat arc absorbed or rejected at various 
points . of the system : 

Qi = heat imparted to the fluid in the generator. 

Qs = heat absorbed 1^ fluid in the brine cooler. 
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thereby iacreaaing the capadty of the macWne to that correspondiug to the 
high temperature gas. This eyatem ia of value only where the condensing: 
T^atsT is of high temperature Cbb^T shout 90 F) and, with ammonia, where there 
are in service refiigeration systemB at two widely different temperature levels 
(say 20 to 30 deg apart), and furtiier where t^e systems are so relatively 
proportioned that they can he handled in one machine. Any increase in load 
at one temperature reduces the capacity of the compressor for the other. 
The existing installations are most used for ice making with high-temperature 
condensing water. Gatbon. dioade machines for use in tropicid couatries- 
have also been built on this principle for the puiposo of improvirvg the capacity 
and efficiency of the machine. Part of the carbon dioxide coming frorri the 
condenser is tlirottled to about 4501b per aq in, and ia used for cooling the rest 
of the carbon dioxide which is then expanded down to some lower pressure, 
Bay 260 lb per aq in. The vapors at both pressures are compressed in a 
multiple-effect compreaaor. Under tropical conditions, an increase of ISO 
percent in lefrigcration with an incrcaac of 54 percent in required hp baa 
been obtained. (Eii^iuemns, Aug. 25, 1918, p. 201). 

With a low-temporature aystem, and also for ice making, the compression 
may be carried out in two stages with intercooling either (1) by compound 
compressioa or (2) by the use of a booster. The compression ratio must 
be at least 6 or 8 to juatify two-stage compression, except where there ate 
two different refrigerating temperatures. In that case, the low-pressure 
cylinder cornpiesses the low-tempemtuie vapor only and the high-pressure 
cylinder admits both tbo high-temperature vapor and tbs discharge from the 
low-pressure cylinder. A compound compresaor bus both eylindcrs on the 
some shaft and operating at the same rpm. A booster is a comparatively 
cheap compressor, usually reciprocating, of relatively high rpm, and com- 
presses the low-pressure vapor through a range of 25 to 50 lb per sq. in. The 
speed may be variable, and eon^quontly the ptcwuie of the booBtei diechnTgo 
can be varied as the load and operaUng condiUons vary. A booster increases, 
the capacity of the Mgh-pressure cylinder in direct ratio to the density of the 
high-pressure suction. A gain up to a maximum of 20 percent in efficiency 
over single-stage machines has been realised. 

Tests fay Homo (,A.S£.E., 1922) on compound compression with a snclico pressure of 
13.8 to lis lb per sq in, abs have ykided the (oUo'Hing results: 

Test Results on Compouad, Compression 
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Intercooiing wag carried onl brtwaea etages and appcosimatdy equai omouale of 
work were done in the two eyliodcra. 


For temperatuiea below — 35F, a split B^tem is Bometimos used in which, 
the condeneeT of a carbon dioxide system is cooled by brine or direct expansion, 
from a standard ammonia system. 

The compression system fa most commonly used in the production of 
refrigeration. Electric current at low rates favors the motor-diiven com- 
pressor so that a major proportion of inetallations are of this type. Biesel- 
dnvan compressors are available and are used in some localities, particularly 



ABSORPTm 8YSTBM OP RBFRIGEJlATm 


1871 


Qj = heat lejected by fluid ia the comfcnfler. 

= heat withdrawn from fluid in absorbet 
Qs - heat equivalent of work of pump 
Os = heat loss by radiation, etc. 

The follcwing equation expresses tiie heabbalaince for the system; 

+ Qi -f Qs = Qa -f Qt + Qb 

The heat Q: absorbed in the brine coils, as in the compression system, is 
Oj = hji - kp, where h,! is the total heat 0 / tho saturated vapor corre- 
Table 19. Ammonia Absorption Machine— Heat Eemoved in 
Absorber 

The tabulated quantities are Btu pw pound of ammonia absorbed, The pressure in 
the absorber ia that corresponding to tie temperature and pressure of the strong solution. 
The ammonia gas ia assumed tobedry and saturated as it enters the absorber. 



If it is aaaumed that the fluid enters the.cQtidenaqr iu tha dry eaturatfid 
state, the heat Qj is simply the latent heat r cortosponding to the tempera- 
ture of the fluid in the condenser. 

The Weight G of strong solution (concentration si) circulated per lb of 
^ ammonia liberated is given by the equation 

where sj is the weak liquor concentration.' • •. 
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in the Southwestern portions of the United States, but are not generally 
considered where central-station current is available at reasonable rates. 
The compression maebino has displaced the absorption machine (escept 
in isolated cases and mote e^eci^y on low-temperature refrigeration) 
in consequence of its higher efficiency and better control of the operating 
cycle. The development of two-stage high-speed intercooled compressors 
has increased the advantage of the compresaion over the absorption machines. 

Unit machines have been standardized and are available in capacities 
from 100 lb to 100 tons. The unit machine includes motor-driven compressor, 
condenser, controls, gages, and valves, arranged in a compact assembly at 
the factory, available from stock, ready for installation by connecting to the 
coils or devices to be cooled. 

Electric Drives. Where direct current is available, capacity and 
temperature control is readily obtained by varying the speed of the motor, 
either manually or automatically, by means of a variable resistance in the 
shunt field. With alternating current, capacity and temperature control 
is obtained (1) b3'iatenaittentoper3tion; (2) by adjustable clearance pockets 
in the compressor cylinder or heads; (3) by the use of an unloading device by 
means of which the compressor valves are held off their seats; and (4) by the 
use of motors wound for two or more speeds. The common practice is to use 
motors of repulsion induction-start type for the small machines, slip ring or 
wound secondary type for intermediate capacities, and self-starting synebro- 
nous motors for intermediate and large capacities. A flywheel type motor 
mounted directly on the compressor frame gives the necessary flywheel 
effect in the rotor. 

Borsepowor of Engine Driving Compressor. The iodicsted horsepower of the 
on^ne available should bo about 20 percent greater than the mdicsted compressor 
horsepower for eompressore up to 20 Ions c-tpacity, 15 percent greater from 20 to 100 
tons, and 10 percent (com 100 loos to 500 tons. For motor-driven ooinpressors, the 
motor should have at least 25 percent greater power than the indicated compressor 
horsepower, and on small tnachinH ot 10 tons and under from 35 to SO percent greater 
to supply sufficient starting torque, eeperially in automatic machines. This allowance 
should be made upon the horsepower of the gas compre^ion based upon the highest 
probable condenser and suction pressure under wluch it may be necessary to operate. 

The enclosed type of compressor, of the siogle-aoting vertical design with 
2, 3, or 4 cylinders, is commonly used, but the V type is also available with 
4, 6, 8, and up to 16 cylinders. Piston diameters range from IH to 12 in. 
The stroke is short, frequently two-thirds tiie piston diameter. Valves 
are usually of the ring-plate t 3 T>e, made of chrome-vanadium steel, hardened 
ani gnftinii 'to a * 1 x 00 Buriace; ftie 'ii^twci^nb spring-Da'iancei cu^monei 
poppet valve is still used. Lubrication is forced, and the oil pump is equipped 
with filters. Methyl chloride and Freon 12 as well as dieline are miscible 
in the usual lubricating oils, necessitating the use of a special oil trap. The 
pistons are supplied with oil rings as well as tho usual compreBsion rings. 

The halide group of refrigraants (especially r-12) as well as methyl 
chloride operate well with air-cooled compressors with fins ou the cylinders 
and permit a lighter ' conslrucfioiu The water jackets on the compressor 
of a dry-compression ammonia machino ohango the compression curves 
only slightly. In single-acting machines, the compresaion line will usually 
fall slightly under the 'adiabatic, making a card' about 4 percent smaller 
■ ,thaii tho adiabatic. ' The control of the superheat is not attempted, the 
jacket water being used m^ly to keep down the temperature of the lubri- 
cating oil and to increase tiie life of the gaskets. Jackets are sometimes 
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The pump forces <? lb of .rich liquor from the pressure pi in the absorber 
to the pressure pi in the genetator. Hence if t is the volume of 1 lb of the 
rich liquor, Qs = Gufpj — j>i)/778. _ 

The heat Qi and the heat Qi may be cdculated approximately by the 
method already indicated. 

Tests by B. H. Jennings {^frig.Eng., Aug., 1935) of an absorption machine 
with 180 lb gage condenser and 25 lb gsige absorber pressures show 35 lb 
of steam at 10 lb gage pressure used per ton of refrigeration per hour. ' The 
water requirements were 9.45 gpm per tea of refrigeration with 10 P rise of 
water temperature and 4.73 gpm with 20P rise of temporature. 

In the intermittent absorption machine, beat is applied to strong 
aqua in the generator and ammonia vapor is driven off and condensed. The 
liquid ammonia is stored in a reeciver or evaporator until an automatio 
valve shuts off the heat. The generator is then cooled by water or air and 
then acts as an absorber for the vapor evaporated in the cooling coils. The 
temperature of evaporation will vary with the pressure existing in the absorber. 
There is no pump for the aqua, and one vessd is alternately absorber and 
generator. 

Recent developments in Europe have produced two-stage abeorption 
machines for very low temperatures with blgb efficiency. Another 
development is the resorption machine for moderate refrigeration with high 
offirienoy. 

In the two-stage system, the low stage absorbs suction gas .from the 
evaporator at a temperature that may be as low as about -95 F (saturation 
pressure 1.52 lb per sq in. abs). The low-sta^ generator liberates the 
ammonia at about atmospheric pressure (— 28F). This vapor is now 
absorbed in the high-stage absorber from which point the procedure is that 
usual in the normal absorption process. 

In the resorption process, the vapor from the generator is reabsorbed 
in weak liquor circulated from the evaporator and meeting this vapor in the 
resorber. From the resorber, the strong liquor goes to the evaporator which, 
as usual, sends its ammonia vapor to the ai^rber and returns its weak liquor 
to the roSorher. This arrangoment is smtablo only for relatively high- 
tempeiature refrigeration but is claimed to be more efficient than toe con- 
ventional system. ' 

For further details and a list of references see A.S.E.E. Refrigerating 
ZhnJtt Soijk, f p. ■i!'. 

There is no positive action of the absorption machine, and' the capacity 
and efficiency depend to a large extent upon the skill and watchfulness of the 
operator. ,An absorption machine, under best conditions of' design and 
operation, using low gas pressure, vrito a temperature in toe aefrigerator of 
not more than OF, and a capacity of 60 to 100 tons, givesrefrigeratiug results 
practically equal to those of a steam-driven oompresaion machine. For 
capacities exceeding'lOO tons the comprearion machine is not only mote 
positive but becomes more efficiont. The alaorption machine gives best 
comparative results 'as toe snotimi pressures are reduced, toe compression 
machine as they are raised. Absorption machines have been- confined to 
comparatively small units (up to about 225 tons), while compression machines 
are now in successful operation with ciq»eitiee as high as 1,000 tons'. 

Electrolux, Semi Absprption Process. (Platen-Munters Patent;) 
The Electrolux Servel procces^Js an ammonia-abtorptioa process wbich 
eliminates the use of pumps or other moving parts. The gas pressure is 
uniform throughout the whole ^^stem and toe difference in vapor pressure of 
ammonia in the condenser and in the evaporator is compensated-, by. the 
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omitted on compound compresaors with infercooling. The heat abstracted by 
the jacket water is seldom more than 2 or. 3 percent of the indicated work. , 

Little attention is paid to keeping cylinder clearance low; it functions as 
a compressed spring and has little effect other than to reduce the pumping 
capadty. 

Valves. - Tho velocity through the soclion valves should not exceed 4,000 fpm 
and through the discharge valves 10,000 fpm. YTiUi pl&to or feather valves, suction- 
valve velocities are kept under 2,500 and discharge valve under 6, OOO.fpm. 

Connections. Suction and diaebarge connections to the cylinder are usually baaed 
on a velocity of not ovor 4,000 fpm, although the discharge pipe line to the condenser 
may he based on a velocity of 8,000'to 10,000 fpm, depending upon the length of line, 
Mings, .etc. 'With receivers located close to tiio oompiessw inlet, the suction pipe 
velocities rnay be increased considerably. . 

Centrifugal Compressors. For refrigerants having liquefaction pres- 
sures of one atmosphere or less, tho centrifugal compressor, with its capacity 
for handling large volumes, is preferable to the reciprocating compressor. 
In multistage compressors, there is also tho advantage of interstage cooling. 
This typo of compressor has been applied to water vapor, Carrene, dieline, 
Freon 12, and;F-ll.' 

Performance of Ammonia Compression. Machines. Table 11 shows the effect 
on capacity and horsepower of varying the condenser and refrigerator temperatures. 

Table 11. Variation in Capacity and Horsepower Required in 
Ammonia Compression Machines with Variation in 
Operating Conditions 

(The values in this table are the ratios of the capatHy and boistpower under the 
stated operating cooditlons as compared with capacity and horsepower when operating 
between 0 and 95,5 F.— York Mfg. Co.) . ' 
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Household refrigerating machines are designed for continuous auto- 
matic operation and for conservation of the charges of refrigerant and oil. 
These units are almost universally motor-driven compressors, the principal 
exception being the Electrolux-Servel absorption unit (ace p. 1873). The 
compressor may be hermetically sealed, with the compressor and motor 
enclosed in the same casing, w may use a djaft seal, embodying some foira of 
sylphon bellows, with an outside coil spring at the place where the crankshaft 
passes out of the casing. The compressor is generally reciprocating, but 
rotary types are being increasingly used either with a floating piston ring 
driven by an eccentric or with sliding blades. Lubrication is by internal 
forced-feed circulation in most cases." .The condenser may be of the radiator, 
coil, or plate type, cooled by natural draft, by a fan on the main.motor, or by 
a separate motor. The refrigerant' is most commonly sulphur dioxide or 
Freon 12. Refrigerant feed control .to the evaporator ihay be (1) float feed 
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ptesence of hydrogen in such ‘quantity ttot the sum of the partid' presswes 
of- the hydrogen and of the ammoma-Yapor in the- eraporator is ^nal to 
tUeammonia pressur'e iri*the c6hdehBerl.' The general -arrangement is shown 

in ‘Fig. S. Strong ammonia- liquor (ammonia disBolved in wator) m the 
lower portion, -ii of the generator, G; is heated by a gas fiamo and the result- 
ing slugs of ammonia' vapor and'amnionia liquor rise in the external tube I 
and' discharge in 'the hpper portion of the ^aerator and arc separated there. 
The ammonia vapor', carrying with it a amall amount of water vapor, passes 
through the 'pipe P.'to the rectifier where much of the water vapor la 
condensed and retiirns thronghP aa'a strong liquor 4o the generator.- The 
ammonia vapor passes to the condenser C and returns as a liquid to the lower 
portion of the rectifier chamber. It then flows through the gas heat-exchanger 
Di where it is cooled, to -the evaporator E. In the evaporator it meets 
Cooffh} , 
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(flooded system), (2) pTessure-actuated diaphragm valve, or (3) by fixed 
orifice. The fixed orifice may be ether a plate orifice or a capillary tube. 
Rotative speeds of the compressor vary from 300 to 600 rpm. The compressor 
is air-cooled except for the henaetically sealed unit {-which is air-cooled 
indirectly) and has fins on the c^inder casing. The evaporator is usually 
made of stainless steel, tin-plated brass, or tin-plated copper. Controls are 
generally pressure-operated thermostatic switches. The power consumption 
of an average box (say 6 cu ft) is about 20 kw-hr per month. The heat gain of 
a refrigerator cabinet of the same size is about 3.3 Btu per hr per deg F. 


Table 12. Test Results on Ammonia Machines at Quincy Market 
Cold Stora.ge and Warehouse Co.'’ 



1 and 2, crojg-compound Corliss en^ee; 3. two-atnge feathtr*valv$ compressor 
driven by uniflon engine; 4, Iwo-aUee electrically driven compressor; 3 and 0. tandem 
eomp^'^d eniines; 7, absorption mactiine. 

e The diachargo pressures in these teats are exceptionally favorable and result in lotr 
power consumptions. 

The absorption machine in the preceding table was more economical than the 400 toa 
compression machine with the low-tctnpcrature suction gas and less eDonomical than the 
same machine with high-temperature suction gas. 

Station operation results show that absorpUon machines require 25 to 35 lb of steam 
per ton of refrigeration with 0 deg brine and 150 lb condenser preasure. Makers 
guAvnutvir Aw Ji/ iAr>fiPilh Ji'Avtriflfestur ina-ituui'jiw kVir la'av. 


Condensers 

(For heat transfer rates, see Ena. Exp. Sla., Unit. /Ilinois, Bull. 171, 186) 

For unit types (F-12 snd methyl eUaride), pipe coU condensers are generally used. 
In central plant instanations, pitfticulaily with ammonia, shell and tube condensers 
arc most common. 

Air-coolcd condensers are common with low-pressure refrigerants, with and -without 
fan circulation, for units up to SO tons. Water-cooled condensers are used on larger 
plants and with ammonia oi csrbim ifioride. 

The atmospheric coBdenaer, in use on some ammonia machines, is usually a 
vertical return-bend cm! of 2 in. pipe, 20 ft long over-all, usually 12 pipes high. "Water 
flows downward ewes the pipes thKmgh. a, ^tcibuting device on Ujp of each cwl; gas 
usually eaters at the bottom, flows upward through two or more lengths to remove 
superheat, then passes to tlio top and flows downward to the remainder of the coils. 
"With 70 F condenser water maintaining 155 to 160 lb condenser pressure, a common 
rating is 1 ton of refrigeration for each 20 ft pipe, including return bend. 
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AdTantases and Bisadvantases of Absorption System.- The absorb 
tion system would be favorably indicated where exhaust steam is availabl 
at about atmospheric pressure. The repair costs may be heavy when ovei 
driven and when using a corrosi-ve -water in the absorber and recMer. Sligl 
quantities of oil have a very had effect Upon ite efEciency. Faulty rectiflea 
Uon, due either to faulty design or operation, is ono of the greatest source 
of loss; this defect may reduce soiously the capacity of the machine. Th 
best sj’stems of rectification consist of an efficient analyzer, a mechanicj,. 
separator, a cooling coil, and preferably a second separator with liqmd drip 
after the cooling coil for -the purpose of testing the results of rectification. , 
At the fuli capadty of the macMne, 1 to 5 percent of the water vapor is 
usually carried through the rectifier to the condenser and cooler. The 
analyzer, first separator, and cooling coils discharge their drips as returns to 
the generator; the drip from the final separator gives an indication of the 
condition of the rectified gas, which should be used as a basis for the regulation 
of the machine. Careful operation Trill make purging of the cooler necessary 
only once in three or four -weeks. 

SurfacBB Required. The surface area of the generator coils varies with 
the steam pressure, approximate values for 60 deg F condensing water 
and 0 deg brine being 14 sq ft per ton for 5 lb (gage) steam pressure, 10 
eq ft for 20 lb, and G sq ft for 50 lb. The rectifier surface varies from 1.5 
to 4 sq ft per ton, the exchanger surface is about 6 sq ft per ton, the brine- 
cooler surface averages about 15 sq ft per ton. 

Troable is frequently found from the formation of perraanent gases; this occur 
when air is present in the system. The addition of 0.2 percent of sodium bichromate, 
based on the total weight of the aqua charge, dinuoates this trouble (McEelvy and 
Isaacs, •four, A.SJi.E., Mat., 1918). 

Adsorption. Certain inert solid materials, such as activated charcoal, 
the chlorides of calcium, barium, and strontium, ferric hydroxide, acti- 
vated alumina, silica gel and other gels, have the ability to condense 
certain vapors by adsorption. An adsorbent for refrigeration purposes 
must be a good conductor of heat and be able to adsorb a largo weight of 
the refrigerant per unit weight of the adsorbent material. Silica gel can be 
used -mtb sulphur dioxide but not -with ammonia; as it is a poor conductor of 
heat, the beds of the gel must not be tluck. During adsorption, the lique- 
faction heat has to be removed; in commeraai -work, this is done by means 
of a -water-cooled pipe surface. 

la an adsorption process, the vapor adsorbed (SOs, H:0, etc.) passes from 
the vapor to the liquid phase directly without going into solution as in tho 
absorption machine. This makes the adsorption machine simpler in design 
and operation. 

Silica-gel Adsorption System of Befrigeration. Silica gel is a hard 
glassy material with the appearance of cleat quartz sand. It is pure silicon 
dioxide and is chemically inert toward practi«dly all substances and partic- 
ularly all refrigerating medinme commonly used, -with the exception of 
ammonia. It is mads by treating sodium silicate with an acid to form a 
colloidal solution which sets as a gelatinous mass, and this, when washed, 
purified, and dried, becomes a alica sponge which is granulated to a size of 
8 to 20 mesh. It has the property of adsorbing large quantities of vapors or 
liquids. While adsorbing, the heat of vaporization is Uberated and must bs 
carried away by mr or other cooling agent if the temperature is to be kept 
down. The adsorbed substance is ^ven up on activating the gel by heat. 
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TVe Mp toaiftoWT U ^ tha §&«« sfta«e.l acatitMctloa os <.lie RtTa<«- 

pieric condeaier, with the Ktccplion liftt tarfi teiuic bend has a tisp drip connection 
through wHcb the condensate is drained from each mpe- CDiMncrcial rattiifB in the 
drip type are usually apprraimatdy double lliak of tic plain attnoapheric type. 

Combined uith a cooling tower or water spisys, the atmospberic condenser bocomes 
an evaporative condenser and is in geueinl use for coic/ort cooling in cities where 
conservation of water supply ie iveeesaaiy. 

Do\ible-pilJ6 condeustts are 'usndly constmeted of IK is* 

2 in. outer pipe, condensing water flowing through the inner pipe. In this 
type, ammonia gaa ontere at the top of the coil, liquid ammonia draining 
at the bottom; water entera at the bottom flowing eountercurrent and out 
at the top, 

Table IS. Heat TranscaiSMon through 2 X 3 In- Double-pipe 
Amiaonia Condensers and Brine Coolers 

Velocity of fluid in pipe, fpm.. lOO 2DD 300 400 500 600 700 

^ , j r u f Condenser.... ISO 235 290 340 

■ BtuperBqhpetdcBFperbTjp^j^^^^j"; gg jgp gpg 


Table 14. ESect of VacTlug the Amount and Velocity of Condensing 
Water in a IK X 2 in. Double-^pipe Ammonia Condenser 


Vc3o«rty of 
cendensibs 
water, 
(pm 

Coaitaut bead prtsjurc 
(165 lb per sq in., eaee) 

Coaatant capacity 

Relative 
capacity, 
tetu per 
24 or 

CoDdenaiog I 

water, 8pm 
per too ol 
telrieorolion ^ 

Bead 

1 preasure, 
Ibpersq 
in., gage 

Hoteepower 
per ten of 

1 refrieeration 

CondenBiDg 
water, gpm 
per ton 

' reftigoratloa 


0.® 1 

I.IW 

225 ' 

2.W ' 

D.7S 


1.00 

1.165 

185 

1.71 

1.17 


1.M 

1.165 

165 

1.54 

1.55 


1.64 

1.1*0 

155 

1,45 

1.94 


1.S3 

1.240 

H3 

1.40 

2,53 

lEJI 

2.40 

1.300 

140 

1,33 

3.11 


Table 13 shows the rate of boat exchange with varying velocities of fluid 
for double-pipe (2 and 3 in.) ammonia condensers and brine coolers. Table 14 
gives resulte of teste on a IK X 2in, double-pipe ammonia condenser, allowing 
the efiects of varying the amount and velocity ol the condensing water at 
70 F; gage suction pressure, 15.66 lb per sq in. 

Shell end colt condeneers have a cylindrical abell, uBually of steel, insido of whieb 
ate placed a avimbei of helical with wtending thiouBh BlnffinE boxes in either 
oi the conaectiLg beadera. Arotoonia gas enters the abell at the top; water enleja at 
the bottom with oountercurrent flow. The cuatomnry allowance is 12 to 16 aq ft of 
coil Burface per ton, subject to the velocity and temperature of the water available. 

Shell and tube condensers have a cylindiical etocl sheU filled with 
straight tubea expanded into tube sheets and are used both vertically and 
horizontBlly; size ol tubes ranges from 1 to 2K in, length of tubes up to 
20 ft. Vertical condensers are generally open with the water flowing into 
an open water box on the top head, down through the tubes, and then through 
^ open bottom head to a tank, or waste yrsy. There is usually a device set 
into the tubes on the top head to disteibute the water in a thin film on the 
surface of the tubes, sonietiraes with distributors to give it a spiral flow. 
Some vertical and all horizontal have ^need heads with water under 
pressure filling the tobea mid with multiplo passes; average velocities used 
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The intflmal volume of the gel is appnndmately 50 perceat of .its toW volume, 
and in refrigerating practice, under normal conditions of operation, it trill . 
adsorb 25 to 35,percant of its own w^ht of SOs. 

Its use in commercial service (up to the present time) has been mainly 
freigbtrcar refrigeration. The refrigerating system as applied to, this service , 
consists of adsorbers, condenser, and evaporator with float valve feed to 
evaporator; the heat for activating the adsorbotfl is obtained from gas burners 
supplied from tanka of propane. • , ,, 

The silica gel is contained in Ji in. steel tubes welded into headers. One 
adsorber carries 1,000 lb of silica gel, giving an ice-melting effect of 1 to IH lb 
per 24 hr per lb of silica gel, depending' upon the evaporator and adsorber 
temperatures, with a possible 4 lb per pound of gel with forced circulation. 
The fuel consuroption is approximately 135 Ib .of propane per ton of 
refrigeration. ' . . . . , • ' 

Tie cycle of operation is as foWows: the liquid refrigerant, coming from the 
condenser passes through an expansion valve, controlled by a float, into the ■ 



Fio. 4.— Silica-gel Refrigeration System, 


evaporator (of the flooded type) and is there vaporized, absorbing heat from 
the chamber to be refrigerated. The vapor is then adsorbed in the pores 
of the rilica gel, When the gei is approximately saturated, beat is applied 
to a battery of tubes carjvinjr.thejrel and .ihejefrjperant.is driven out of the 
gel, as a vapor, to the condenser, where it is liquefied and returned to the 
evaporator. After the refrigerant content of the gel has been reduced to a 
certmn limit, the heat is turned off and the gel ia allowed to cool to a tern* 
perature at which it Trill again readsorb the vaporized refrigerant from the 
evaporator. 

Multiple adsorbers will produce constant refrigeration', one or more acting 
as an 'adsorber while the other, is being reactivated by evaporation to tha 
condenser. The control of the fuel gas buraera may bo based upon a fixed 
timing or (by means of a thermostat)’ upon', tha temperature of the silica gel. 
The medium used ia sulphur dioride, but other fluids are possible. The 
control, as applied to refrigerator cws, is automatic, 6a a time basis, subject 
to the car thermostat, and consists mainly of control of the gas valve to the 
burners, with a thermostatic safety dement. 

The Ice-O'Lator of Prof. F. G, Reyra usee ammonia as tho refrigerating, 
flind and employs, as a solid adsorbenlH a calcium chloride sponge treated 
with other substances to increase its ndrorlung poirer. Automatic control 
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are 8 'to 6 fps. Commercial ratings vary from ,8 to 16 sq ft '.effective surface 
per ton. This type of condenser has largely superseded other types in amino- 
nia installations of sizes from 1 ton up., 

For heat-transfer coefficiento see TaUe 22. . • ■ • > . 


laUtt 15. W St Ifi-ag DoubUrpipe ttnmouis. Gtiu- 

densers, IK 2 in. Pipe 
(Tons refrigeration) 
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Ammonia Piping and Fittings 

Three general typee of SUinge are dov furoUbed by a number of mariuTaciuttra: 

(1) the gland end, in ivbicb the fitting is tapped mth ibe regular pipe thiead, outride 
of which is a recess for a rubber washer, which is pressed into the lecess and agtinet 
the plpo at the joint by a ^and which dips over the pipe (now practically obsolete) ; 

(2) the flanged end, which usually makes a tongue-aad-groove joint witK-its Com- 
panion fiange; (3) the threaded end fitting, which may or may not have a recess 
at the outer end for soldeiing. The dcIccU of tiie soldering method are (a) when 
used on lines larger than 3 in., the vibration, eapanrion, and contraction ultimately 
break the soldered joint, allowing the fitting to leak; (ft) when used on the discharge 
gas line of a compressor operating at a pressure of 175 to 300 lb, the temperature of 
the gas, which often reaches 300 P or more, brings the solder to a plastic state where 
it is of little’ or no value for mtintaining a tight joint. Welding ie coming into estenaive 
use, wherever practicable, for all mpiiig and cfflis, eUminating fittings, reducing costs, 
and maintaining tightness. 

Absorption System of Eefrlgeration 
' The essential organs of a vapor absorption eyatem arc; 

(1) The generator or still, in -which ammonia is driven off from' a solution 
of ammonia in -water by a stemn cofl. The generator takes the place of the 
compressor in the compresaon Byslera. \2) The condenser, in -which the 
ammonia gas is condensed. (3) The expansion valve. (4) The brine coil, 
in which the ammonia, by vaporizing, absorbs heat from the brine. (5) T'he 
absorber, in which the ammonia rctoming from the brine coil is absorbed 
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cuta oS the heating gas sup^ ^ter a' definite amount of ammonia has been 
driven off from-the-adsorbeht and liquefied, ahd turns on'a water valve for' 
coding the generator. PistiUaticai 'takes 45'rnin, adsorption 2 to 6 hr. ■ 
The gener^ method of operation ie rimUar to that of the silica-gel -process 
described above. ' ’ ' , ’ ' ' 

.1 : Methods of Applying Befrigeration 

Refrigeration is carried out dthcr by direct 'expansion or by the- use of- 
brine. The'direct-expanfeon system of cooling is regular practice with Freon, 
methyl chloride, and carbon dioxide installations and with ice-making plants 
using ammonia. With the flash method of direct expansion, the liquid, at 
approximately the’ oondonsor pressure,' is fdd through an expansion valve 
directly into the piping which’ is to be used for cooling. The liquid' spray 
from the expansion valve passes through the coils at high velocity, main- 
taining a wetted ‘innerieurface, and -'is vaporized by the absorption of heat 
thrbugh'the pipbwalla. "With the flooded' method (used especially in'ice 
making), the coils are filled 'with liquid and communicate with a drum 
placed above them in which a conetent liquid level is maintained. The 
vapor formed in the coils goes to the drum. 

In the brine system, the direct-expansion system is used for cooling brine 
and the cooled brine is pumped through pipe lines to the point where the 
cooling is to be done, the beat being absorbed by the brine and the brine 
returned to be again cooled. The brine-cooling veesel is usually either a 
double or triple pipe coil or of the shell-and-tube type. 

Brine Coolers 

There are three types of coolers in general use, the submerged coil, double 
pipe, and shell and tube. 

The submerged coll in a brine tank is used little except in ice manu- 
facture. The double-pipe cooler is usually of 2 in. inner or brine flow pipe 
Table 20. Capacities of Doublerpipe Brine Coolers, 20 Ft Long, 2 
and 2 In. Flpes 
(Tons refrigeration) 
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86. y’coBhasd* <= sinh X +C 87, y'coth xdx = logi Binh x +C 
88. J * scch idx » 2 tan“i (e*) + C 89. J * csch xdi = log* taah (j/2) +C 

90. J* eiiiii.’ sdx = ^ siali x coah.® - + C 

91. y'cosli’xdx = H BinL X coahz + )4r +C 

92. y*8ecy xflx = tanh x 4* C 83. y' csch’ xdx * - coth x + C” 

DEFINITE INTEGEALS 

The definite integral of f{x)it from x *= o to x = b, denoted by J'^ /(x)di, 
is the limit (as n incieaaea indefinitely) of a sum of n tonne: 

rVCxlda! = [/(xi)A® +/(xi)/ix +/(X3 )Ax 4- . • ■ 4-/(zn)Ax], 

*/« n = « 

binit up as follows: Divide tbe interval from a to 6 into n oqual parte, and call 
each part Zix, = (b - a)/n; in each of those intervale take a value of x (say 
xit xj, . . . Xn), find the vMue of tho function /(x) at each of these points, 
and multiply it by Ax, the width of the interval; then take tho limit of tho sum 
of the terms thus Soimed, whoa tho number of terms increases indefinitoly, 
while each individual term approaches zero. 

Geometrically, J'^ /(x)(ix is tho area bounded by tho curve y « /(®) , the 
x-axis, and the ordinates i * a and x «• b (Fig. 8) ; that 
is, briefly, the " area under the curve, from a to b.” Tho 
fundamental theorem for tho eveJuation of a definite 
integral is the following: 

SI Mil = 

that is, the definite integral is equal to tho difference bo' Fig. 8. 
tween two values of any one of tho indefinito integrals 
of the function in question. In othor words, tho limit of a sum can be found 
whenever the function can be integrated. 

Properties of Definite Integrals. 

Tee Mean-value Theorem job InTEoaAifl. 

/Vw/w* -rm/.* /(!)*, 

provided /(x) does not change rign from x =» a to ® = b; here X is sorho (un- 
known) value of X intermediate belwoen o and b. 

Theorem on Ceanqb op Vabiabmi. In evaluating y]|^/(a:)dx, /(x)dx 
may be replaced by its value in terms of a new variable t and dl, and x - a 
and X = b by the corresponding values of t, provided that throughout the 
interval the relation between x and f is a ono-to-one correspondence (that is, 
to each value of x there corresponde one and only one value of t, and to each 
value of t there corresponds one and only one value of i). 

DirrBEEimATioN with Ebspbct tc.^thb TJppBRLiMrr. If b is variable, 
then y* f{x)dx ia a function-of b, whose derivative is 
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DlPFBnENTIATION 'WIIE BbsPECT TO A PaHAMBTEH. 

^ /•» « vj r* j 

Fanoeions Defined by Definite Integrals. The following definite 
integrali have received speeial names, and their ralues have been tabulated; 
Bee, for example, B. 0. Peirce’s “Table of Integrals.” 

/»„ dx 

1. Elliptic integral of the first kind = P(u, k) = / — j) 

' Vl - sin* X 

2. Elliptic integral of the second kind ~ E{v, k) ~ J'J'Vl — k* sin*i dx 

< 1 ) 

3. 4. Complete elliptic integrals of the first and second kinds; put u = ir/2 
in (1) and (2). 


6. The Probability integral •= ^ J'‘t~^^dx 
6. The Gamma function = r(n) » J'^ 


Approximate Methods of lategratlon. Mechanical Quadrature, 


1. Ufie Simpson’s rule. See p. 100, or, for greater accuracy, 'Woddle’s 
Rule (see Scarborough, "Numerical Mathematical Analyses,” p. 120, Johns 
Hopkins Press). 

2. Expand the function in a converging power series, and integrate term 
by term. 

3. Plot the area under the curve y * /(*) from seotosehon squared 
paper, and measure this area roughly by "counting squares," or more accu- 
rately, by the use of a planimeter, or by graphical moans (see Fry, “Differ- 
ential Equations,” p. 69, Van Nostrand). 

(4) Goradi’s Mechanical Intograph ($240) provides a means of drawing 
on paper the curve y = Si{^)dx, when the curve y = f{x) is given, and can 
be used to facilitate the solution of certain differential equations. Full 
instructions for use with each instnunent. 

Double Integrals. The notation l/)dy dx 

means f \ f f(x, v)iy]dx, the limits of integration in the 
inner, or first, integral bang functions of x (or constants) . 

Eeauple. To find the wei^t of a |dano area whose 
density, m, is variable, say w = /(*, y). The weight of a 
typical element, dx dy, is f{x, p)da: dy. Keeping x and 
dx constant, and summing these dements from, say, y= q, 

Fi{x) to y = Fi{x), as determined by tho shape of the 

boundary, the waght of a ty^oal strip perpendicular to the z-axis is 



I f[x,y)dy. Finally, summingthese strips from, say, z = a to z = 6, the 
y®»Fi(s) 

rx^b 

weight of the whole area is I (dx I /(x,y)dy), or, briefly, y)dydz. 


is Hdz p(z, 
Jz^a Jv‘^F) 



BRINS COOLERS, ‘ 
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. T«M8 21. OapMity oi MuttipaBS.;pell-ana-tllbB:Brlli8 CoBlers, 

, ; , . , Flooded ■ , , 

I ■ (Tons r^igeration) , 


,g I I Vdoaty of brine through cooler, fpm 


••1’ 
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Table 22. OTer-all Coeffiaents of Heat Transfer 

(Blu per eq ft pet hr per dcR 7) 


'&aQ]ce*making piping; 

01d*styU feed, non-flooded . . . 12-15 ' 

Flooded 20-30 

Ammonia oondensera: ' 

Submerged (obsolete except for 

‘ "COi) ,30-40 

Atmospheric, gas entering at' 

, top 60-65 

: Atmospheric, diip or bleeder.. 125-200 

Flooded 125-150 

Shell and tube....: 160-300 

Double pipe. ,, ...-.V. 160-250 

Baudnlot coolers, , counterSow, ; 

atmosphcrio type: 

Milli coolers , ^ . 

Cream coders 60 ” 

Oilcoolers lO - 

' Water ( for’diieot expansion 60 • 
coolerstfor flooded. . 80'. 


Brine coolers; 

'ShdUndtube 00^100 

' Double pipe' ISIMOO 

Cooling coils: 

Boiling refrigerant to nir in unit 

coolers.. 4 t8 

, •' 'Water-to air in unit coolers. . . '6^9 

Brine to unagitated all 2-2}i 

Direct expansion 

\Water cooler, shell and coil. . . . 15^25 
liquid ammonia cooler, ebcU and 

■;,coUaccumulator 45 

Air dehydrator; , 

Shell and'coil (brine/let ooil. 5,0 
, in cdl) \2dooil, 3.0 

DouWe'tnpi.c.'v.'."J..<.V:..i;^ .'6-7 
Superheat • remover, • shells and . , 


. Forced circulation of the air 'increases the coefficient to IK to 2K times tho values for 
''stiOair. One inch of frost decreases the value-25 percent. • . - ,• 


and 3 in. outer pipe. The conun^cial raU^ ia l5'to 20 ft length' of coil per 
. ton of lefrigeration.' /■ ■li 

■^'he shell-and-tube cooler M.UBed 'vrith'closed heads and is erected both 
. vertically and horizontally; bme flowa through' the ' tubes and aihmonia 
is in the shell. It is made in sizes from 1 to 350 tons -with ratings of 8'to 15 
; sq it. .effective, surface per ton, -rarying with the temperature arid' briho 
velocities; tubes l.to' 2K in.'arranged multiples'.' This .'typo 'of cooler has 
■ largely, displaced all , other types iii recent' mutilations. "• 

Piping of Hooms, ,-The BiM.dfj.plp«.T^aUy employed for piping rooms 
varies from 1 to 2 in,,: -- .■ 
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For ships’ provision looms aiuJ veaaek h&mng only small cargo compart- 
mentfl, the direct-expansion systoiQ is ■osually adopted, as the mains are 
generally short and fairly readily accosablo; also the financial liability to the 
vessel lor cargo damage is ranch less thflnfor alatgc cargo vessel because of the 
lesser value oi the cargo carried. 

On the contrary, the total tonnage of large cargo vessels employing the 
brine-distribution system is many tnnes greater than that ol the vessels 
employing the direct-expanaon Bj'Btem of istribution, despite the fact that 
the earliest of snch v^ls wse oqvupped \rith. direct-expansion cooling. 
The requirements of operating rcliaislity are met much more nearly rvith this 
ayatem. It can be used for varying compiurtmeat temperatures quite readily 
and is more flexible in operation and reqmres less skilled supervision, It is a 
heoesaity in. ease of the centrifneal sj'stem of refrigeration where the refriger- 
ant cannot be cwculated to the various cooling units throughout tlie vessel. 
Competent authorities diura that it is the only sj^tem ever to be used for 
large refrigerated-cargo vessels, this being based on extensive 'experience with 
each, where cargoes are carried below Ireering temperatures. 

The air-cooling coil surface will accumulate ice which must be regularly 
removed to maintain efficient cooUng. This can be readily accomplished 
on the brine system by circulating warm brine in a simple reliable manner 
through the cooling coils. It can bo accomplished with the direcfc-expanaion 
system of distribution by citculatiog hot gas through the cooling coils, but 
on a large cargo vessel this is not ample to operate. It requires much 
additional pipe and many connoctiona, all of wldch are additional rofrigoraafc- 
leakage hazards. 

Further, when in use, unless the operator ia quite skilled, it can completely 
upset the operational effitioncy of the plant and timreby be a hazard agaitist 
the safe carrying of the cargo. When the roacblnery used is of the recipro- 
cating type and the eelected refrigerant is fYeon, it is imperative that the 
lubricating oil for any one compressor bo returned to tliat compressor at 
approjdmately the same rate as it leaves with the discharge gas'. Freon, and 
oil are miscablo; therefore, oil carried over from the co)npie8tor vrith the 
discharge gas trill pass from the condenser in solution with the liquid Freon. 
It will not bo concentrated until this Uqmd U boiled off in the evaporntor 
coils, but it can letum with the suction gas to the compressor as a foam, 

, It is not derirable to have liquid slop over from the evaporator shell in 
order to facilitate the’ return of tWs tal automatically with the suction gas, 
and it is ^fficulb to gel it back otherwise, unless means, external to tlie 
evaporator, for supeclwatii^ ^ used, eepetialiy when the evaporator ia 
operating under a reduced rate of loading. Further, the long run of suction 
piping and the position of the compr'essora in relation to the evaporator omla 
tend to prevent the ready return of thia oil, and operational unreliability 
may result. This can be overcome by eldlled operators if they are available. 

, If the percentage of oil in solu^n is flowed to nooumulate in the evaporator 
shell, ita preaenc'o there will the evaporator temperature for any given 
Action pressure and so reduce i'fe efficient, in addition to malsttg it necessary 
to add mote hew oil to 'thc compressw manaally. Tliis oii-ietum'charaofer- 
istic rrmkesit essential to. operate only one compressor oh aiiy evaporator unit 
or group of -evaporator units; U., no two compressors can operate' satis- 
faetonly in parallel bn' any evaporator unit ot.group of evaporator units. 

When direct-expansion colls to transfer heat directly to the air 

stream, to the leWgeiat^ Bpac^ oi to brine, the refrigerant is fed into the 
coil usually in a direction ’counter to the dixeetion of air or brine flow and 
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The average heat transmisaon in col<^storage rooms •mthout forced circu- 
lation of the air is about 2 Btu per aq ft of outside metal surface per hr per 
deg r temperature diBerence 'with horieontal piping and 2.5 Btu '^nth vertical 
piping. When forced air 'carculalaon is used, the transmission rate will 
increase to 20 Btu or more. In brine circulation, the brine, with the same 
back pressure, has a higher ■temperature than the ammonia, and conseq.uentIy 
liolii times as much pipe is used in brine circulation as in direct expansion 
for a given back pressure. 

The eitra cost of liberal japinc allowance will often be offset by the consequent 
improvement in the efficiency of operatioo of the compresaor. An expansion valve 
should be provided for every 400 ft lenelh of 1 in. pipe, every 600 ft of in. pipe, and 
every 1,000 ft of 2 in. pipe. 

Values of over-all coefficients of heat transfer in Btu per hour per 
square foot per degree Fahrenheit for refrigerating practice are given in 
Table 22. 



Brine circulation is generally preferred to direct expansion, in conse- 
quence of the fear of danger from escaping ammonia or other refrigerant in 
case the pipes should leak. An advantage of the brine system is that there 
is always a considerable mass of refrigerated brine which can be drawn 
on in case the machinery should have to be stopped for any reason. In 
small plants, the general machinery be stopped at night and only, the 
brine pump be kept going to distribute tbe surplus refrigeration which has 
been accumulated in the brine during the day. Brine piping must consist of 
two lines, a flow and return, usually of the same rise. Brine storage is seldom 
used because of its bulk, its first cost, and the practical inability to store much 
refrigeration. The modem automatic plmit can handle the night load with- 
out difficulty. 

■ The coolffig coils in. each refrigerator are in multiple 'with the supply and 
return pipes. It has been common piaatioe to allow 120 to 150 running feet of 
l}i in. pipe per ton of refrigeratit^ capacity in a brine tank for general 
refrigeratibu. The tons refrigeration produced by brine at various tem- 
perature diOerences and rates of pumpiug are given in Fig. 5. 
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distributed to tbo various coils by means of a, distributor. As tho liquid 
progresses through the .coils, any oil aocompatij'i^g the refrigerant is pro- 
gressively ■ concentrated as the refrigerant is evaporated. The final oil- 
refrigerant mixture leaving the cral has an amoii^t of refrigerant absorbed 
in it which varies with tlie temperature-pressure condition, Tins mixture 
is quite homogenous in the form of foam. By prsparly dimpsionihg suction 
lines, this leam can be cimied baefc to the compressor. This type of feeding 
is necessary in this type of application. This would not be .strictly, dry 
evaporation, and tho heat-transfer coefficient on the refrigerant side is 
substantially, tho same as in the case of a flooded application, except that, as 
the refrigerant progresses through the coil, a con^idpr^^ble amount b^'surface 
ia required for superheating tho refrigerant. On tins portion of tho doil, the 
heat-transfer rate is quite low; therefore, extertisl means of superheating 
Me.usM.es.d^.tL'db.edMfivr. Tliss.TOeti!fldis.8dy^ntagpouB in that no oiLii 
trapped anywhere beyond tho condenser and the velocity of returning gaseous 
refrigerant sweeps tlie oil along with it and back to the compressor crankcase. 
However, when the loads are reduced, the distributor no longer functions so as 
to produce uniform feeding in all circuits nor dow the necessary velocity e'ris^ 
to sweep the oil-Treon mixture, in the form of fosm, back to the compressor. 

Evaporators have been built having the refrigerant through the .tubes arid 
the brine through the shell. They work substantially as described above, but 
the indefinite distribution of refrigerant through respective feeds causes poor 
perforraaoce particularly at reduced capacity and, of course, poor per- 
formance means increased weiglil and space requirements. There’is another 
point more definitely against this apparatus from a heat-transfer standpoint; 
namely, the change in evaporator temperature due to the pressure drop 
through individual feeds plus the liquid head penalty, This arrangeraent 
has never been satisfactory. Adequate brine velocity over tubes in the shell 
is more, difficult of attmnment than when the brine is led throu^ tubes; . 

Aside from the flooded brine cooler, where the refrigerant is in the shell and 
the brine is fed through the tubes, a type of evaporator often called flash 
or spray involves passing tho brine through the tubes, and spraying 'the 
refrigerant over the tubes, V means of a refrigeraitt recirculating piinip wMch 
takes its suction from the bottom of the brine-cooler shell and'feeds it over 
the tubes through a distributing pipe. Oil return on this type of apparatus 
is accomplished, by means of a still heated by d^charge gas from the com- 
pressor, by electricity, or by other means. The'h<iuid to be'distilled is bled 
from the reoirculating-pump discharge to tho still and the' resulting' oil 
conoentrato is returned to the compressor, tho gas being returned to the 
Ruction line. This means of romoving oil olrriously entails a loss in refriger- 
ating, capacity, but the loss is so small that it can be neglected, being approxi-i 
matdy 1 to 2 percent at most. , ' 

',;When flooded evaporators are used, it is necessary,’ ns iudioated above, ’’td 
use means of superheating the refrigerant externally to the evaporator. 
The returning of oil from, such an evaporator reqvufes that a slight slop-over 
from the evaporator be mmntaincd at all tiroes, this liqxud slop-over ‘then 
being dried.by superheating on the way to the cpiupressor. Heat exchange 
between the, high-pressure liquid Hne andthe'suction line is the usual .method. 

. .Float controls are. not generally looked upon '?rith favor when appfied to 
marine brine coolers because of the pitch or roll of the ship. Howeyer, the 
sameiresult.may be. accomplished by jfloting the control valve with thermal 
expansion yalves. ..Thwefore, a ^lect-expmimpii evaporator does hot'neces- 
sarily always operate under, conefitions usim^ termed as dry eva^pration'. 
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Brine. Three kinds of brine have common use in refrigerating syetems, 
Bodinm chloride (common ealil, mapmaum chloride, and calcium cMoride. 
Calcium chloride is used most oxtcnrively because it is less corrosive and has a 
lower froesing point. It is supplied in 600 Ib drums, either aolid or granu- 
lated, and in tank cars containing 6,000, 8,000, or 10,000 gal of liquid at 1.350 
6p gr. The properties of sodium <*loride solutions ate given in Table 23, 
of calcium chloride in Table 24, and of magnesium chloride in Table 25. 
rreezing points vary with the puri^ of the commercial salt and with con- 
tamination while in use. The Solw Co. calcium chloride crystals are of 
approximately the foUorring percentage composition calcium chloride, 
73.6; sodium chloride, 1-45; water, 24.9; constituents insoluble in water, 
1.07. Table 26 gives the variation of specific gravity of brines with tempera- 

Tablc 23. Propertiea of Sodium Chloride Solutions 

For variatioti ap gr vritii tempemture see Table 26 
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In short, flooded evap'drationis i^eraUe on account of the equal diviaon 
oi Ipad at rednced'capadty and on account of the more offecth'6 uso’of heat- 
transfer surface, ^ , , ' . 

" Notg. This' oil dUcuaaion'rafoTs'to'Pteoa or otter hydrocarbon refrigorants that are 
ncBoiblo frith oh anh not to'flHiwCOs. 

To summarize, .the inoat,reSiable operational results wuld be obtmned by 
using the britie-distribution eystem. _ 

■ Types of Cargo. The cargo to he carried under refrigeration comes under 
two major types whieh diSet essentially in thcii treatment’. 

' L Frozen cargo, such aa meat in hulk (sides or quarters) or in indiyidual 
frozen cuts paebdin cartons or othw contmners, os they are received from 
the packine bouse. Butter,' fiah, and many other food products. 

■ These are'usually. carried at 15.F or lower and will pack 'well in bulk in 
deep holds' or 'tween deehe, depen^ng on the typo of container used, except 
bulk meat which will always cany well packed in bulk if properly battened 
for air circulation through-the cargo and to prevent the cargo from resting 
directly upon tbe surface of the insulation. 

This kind of oargO '.will carry well with refrigeration applied by means of 
fenced air ciiculatiou, bceaueoithe forced air movement over and through 
tito cargo, together rrith the lerapcraturariac in the circulated air, will have 
little or no drying effect on tbe cargo, and nrither shrinkage by drjing nor 
mold eroivth from raoistute ■will damage the cargo in transit, if it has been 
loaded thoroughly frozen and surface dry. , ■ ' ... 

2. Chilli cargo, eucb^aa-chiUed meat, 'eggs, cheese, fruit, vegetables, or 
other edible products (not frozen), d^vered to the vessel in a.preoooled 
condition (not at field temperature), is usually 'carried somewhat abovothe 
congefding point, appremmatriy 40 F.- • 

This kind of cargo (except chilled -beef) will , cany well ■with forced air 
circulation, but care must be nsed to have aft air inlet temperature to tbe 
cargo high enough to avoid treeang tliO’Cargo 'with''ffbich it comes in contact. 
Thc'amount'of air dreutated to taka up insulation-leakage and'any heat 
generated "within the cargo, togethw frith fan beat, must be sufficient' to 
maintain a’small differential between air temperature delivered to the cargo 
and that retuimng from the cargo. . , 

' In general, these chilled cargoes are .not suitable for stowage in deep holds 
as 'the weight of auch-etowage ia'too heavy for the lower tiers of goods to 
■withstand, It is 'essentia ihnt- adequate, 'air passages be provided for the 
circulated air through tho oargo'ond between the, face of the inaulation'and 
the body of the eatgo.-' ‘Tins ia accomplished- by, the use of portable gratings 
on the deck surface, permanent battens on the insulation surface, and the use 

■ of portable 'separatit^'battens between the.layers of-eargo stowage, if the 
cargo package is of b n'at'ure .winch ■mil, in itsdf, not, provide for adequate air 
passages between and iSro'und the packages.' ' 

: This battened stowage is'of portioulai irapoitaucB in tho case of some of 
those products, because they' themselves give off heatiduring carriage when, 
tho rip'ening process must be allowed to continue slowly. ; 

In b\dk meaytbe most dearable edible beef is carried chilled- 7 -n.ot,fro 2 ea — 
and a'very closa’temperatwerangoor.variation through the cargo has hoen 
foundmecessaiy . espedally a timrefrigwated voyage is over 10 days’ duration. 
In past ei^rience; tbc-teB!p 0 rature''variation permitted has been between 
29H to -SOH Fi. or a range throughout the entire cargo of only 1 F, Further, 
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ture. Table 27 gives tbe ,wdgtt of commercial calcium chloride required to 
make brme of a stated speciBc grawly. 

The density of brine is measured by a salinometer (or salonietei) which 
is a simple hydrometer the indications on' which arc 4 times greater than on 
the corresponding Baume scale (see p. 86). 

Table 25. Properties of Magnesium Chloride Solutions 
For variation ^ or with tc'mperftture seo Table 26 


0.912 1 0,9M 10.917 1 0,919 
0.6S2 D.8S5 0.889 0.892 
0.854 0.858 0.862 0.866 


. S o a ' 8 § 

•Q 


I 7.06 8.776 65.61 25.0 

9,37 B.926 66.74 21.8 

11.55 9.1168 67.80 17.9 

13.75 9.227 68.99 13.1 

15.88 9.377 70.11 7.3 

17,99 9.536 71.30 0.4 

I 20.03 9.694 72.48 - 7.7 

) 22.15 9.853 75.67 -17.3 

) 24.17 10.02 74.92 -27.0 

1 26,16 10.19 76.16 -14.0 

28,14 10.36 77.48 - 6.0 

30,09 10.54 78.79 - 1.0 


It is undesirable to use a strength of solution of salt greater than ie 
necessitated by its freezing temperature, as the specific heat (Tables 23, 24, 
and 25). decreases as the concentration of the brine increases, and con- 
sequently the stronger the brine, the less heat a gven amount of it is 
able to convey between certain dednito temperatures and the more power 
Table 26. Specific Gravities of Brines 

(To change to lb per cu ft multiply by 02.43; to change to lb per gal multiply by 8.S5} 




fsirequiredjto pump the brine. Moreover, brine which'.ia too .strong may 
cause^clogging of pipes, etcT; by depositing salt. On the other Band, if ^the 
solution is too weak it may not be able to withstand the temperature easting 
in the eipanaon.coil, so that -a layer of tlda ice will' form around' the' latter 
end interfere 'with the' abrorptibh of''heat from the brine.- The surface' of 
the-expansion -coils in -the brine-tank-ahould be-inspeeted from time-to-time 
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it has been found necessary to have the least possible drying effect from the 
air; hence, no appreciable sir velodty over the cargo can be used. 

These factors indicate that, os long as these requireraente for the carriage 
of this cargo are imposed upoi* ^be vessel by the shipper, it will not be possible 
to use forced air circulation f()r the cooling medium : and the cooling medium 
will have to remain convectio*^ currents as in the past. 

Bulk meat was a most iinportant cargo in prewar years between the 
United States and European ports and between South. American and European 
ports. 

ments because of the length the voyage (18 to 2l_days) under refrigeration. 
If the frdght rates are equitable, the trade should still continue to be desirable. 
The cargo is carried suspended from meat rails running fore and aft and 
fastened to the overhead deeb spaced at 12dn. centers between the overhead 
pipes of the brine-cooling system. This piping b spaced on alternate 8- and 
4-in. centers, with the meatr»ll between the 8-in. center brine-pipe runs. The 
sides and bulkheads are pip^ all over at about 6-in. centers. The beef is 
in quarters and is musHn-co'’^'‘«d with hind quarters suspended from the 
shank, and the fore quarters from the flank, by galvanized meat hooks and 
chains with hooks to slip over lb® meat rails. The meat is tightly packed to 
resist motion from the vess^’s movement in a seaway. Brine at about 
25 r is circulated through th® PlP® system to cool the space, and the cargo 
comes aboard quite chilled. The heiglrt from the deck to the underside of 
the pipe rail is from 6 It * in. to 7 ft 0 in., and no greater height is of 
any use. Therefore, tlie mol*!®*! height for such cargo can be about 8 ft 
0 in., depending upon the depth the deck beams and the resulting depth of 
tho insulation below the over*'®®'! deck. Thb is also a suitable deck beiglit 
for refrigerated cargo in genet®!* ^ 

The deck from which thi? chilled cargo b suspended may also have a 
bulk or package cargo supported on its upper surface at the same time. The 
deck, therefore, requires spec'®! strenglli treatment. 

The construction of an etfci®nt refrigerated-cargo vessel requires special 
design treatment to handle ini*®d refrigerated cargoes economically. Such 
a vessel couid have a deep hold and two deep ’tween decks and be insulated 
only by an external envelope (®8 bthe case of the ships refrigerated by turbo- 
compression units mentioned above), which is enUroly adequate for tho type 
of cargo it is designed to carry* _ 

A preferable design for a refrigerated-cargo vessel would be made around 
t’Ue genera'l conffi'rion langu ftwesiitfoTcnh'risdfi to beep Stowage anh 

has to be generally stowed by hand and carefully handled. The hatchways 
need not be large for refrigera^ cargo, though at least one hatchway may be 
long for loading general cargn ® nonreftigerated voyage. 

A nonrefrigerated vessel of 'I® ^1* Alu. molded depth at the side may have a 
hold 19 ft G in. deep at the o®“tflr and two ’tween decks of 9 ft 0 in. height, 
these dimensions depending camber and eheai-. If this same hull is to be 
arranged for refrigerated carK® throu^out, it could have a hold 13 ft 6 in. 
deep and three ’tween deck? of 8 ft 0 in. height, depending, as before, on 
camber and sliear. The refrigerated hull should be equipped with compara- 
tively small hatchways and b®VB cargo-loading ports in the upper deck space 
on each side. Then if two of the hatchway's were trunked through the three 
upper ’tween decks to the eeilmg, faoihties would exist ior loading and 
discharging refrigerated csrg® ®t interme(UatQ ports and, by the subdivision 
of insulated spaces resulting Irani siicb ® design, 'varying temperatures in 
these cargo compartments aJ*^ hatchway spaces could be maintained. All 



BBINS COOLERS 


1881 


to see if any ice has formed oa them. In larger plants, it is customarj' to 
use a solution a freezing pmnt not less than 10 deg helow the lowest 
temperature which -mU be obtmned in the operation of the plant. In smaller 
isolated plants and wKcfo'cairf\il’Wper«aon.‘is not ensured, it is customary 
to make the solution as strong as posable without being unstable, usually 
1.240 to 1.250 sp gr. Magneaum chidiide is unstable at high concentrations 
and low temperatures. Its .decompoation may result in corrosion. Fora 
^ven temperature, the concentration is le^ than for tlio other brines. It 
is not used in large syatenis. 

, . Tabls 27. , Weight of Commerciai'Calclum Chloride in Brine^ 

Speegrav.', i.lo”U2M4" 1J6 U8- 1^0 1.22" b24 ' 1.2G 1.28 1.30 "l;32 

"Weight pw ' ’ , ■ i ,y 

gal. lb... 1.41 ',1.70 2.00 2.30 2.59 •: 2.90 3.20 3.50 3,83 4.13 4.46 . 4.78 
Wt per cu - 

_ft, lb., , , 10.55 12,72 14.96' 17.20 19.37 21.69 ^.94 26.18 28.C2 30.89 33.313 35,75 
Specific gravity is at 60 F for both brine and water. The weights are of 73 to 75 
percent solid calcium chloride per ga) of .brine .at 60 P. For flake 77 to 60 percent 
calouun chloride multiply tha wdzhta gi’fea by 0.94. 
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insulated spaces requii'e adequate ratproofing the degree depending upon the 
type of insulation. All hatch coamings require heavy galvanized sheetr 
metal lining to protect them agmnst cargo damage, particularly when loading 
a nomefrigerated general cargo. All hatch plugs require similar metal 
treatment and should be constructed to be quite airtight and have overcovers 
to assist in this. They should also be protected at each deck level by the 
usual wooden hatch covers which would support the gratings for the cargo 
in the hatch wells. Where hatchways are trunked, the insulated^ doors to 
the compartments they serve should be well fitted with adjustable hinges and 
very substantial supports and fastenings. If double doors are used, they 


Length 450-0'' 
Beam 40-6“ 
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are more likely to remain tight if built Avith a portable center mullion, so 
that each door fits completely to its own aperture. All doors should open 
into the hatchway. All deck gratings should bo in sections for easy removal 
for cleaning and should be constructed of finished lumber, sheUac-coated, so 
that the space can be kept .clean before loading. The bearers should bo 
parallel to the direction of the deigned ^ flow; they are usually athwartship 
with the slats fore and aft. Galvanized nails are used. 

The fixed cargo battens on tho face of the insulated surface should be 
arranged vertically and their comers mitered to guard against cargo damage. 
They keep the cargo from bearing on the insulation. 

It is a' designer's choice whether the designed air flow is from overhead 
down through the cargo, or from below tho gratings upward through the 
cargo. Both systems .have been used with success. A combination of 
these systems has also been used with succe^. . , , 
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General. In general, refrigerated seagoing ships of the merchant marine 
are required to load and carry nonrefrigerated general cargo for a portion of 
their voyage from home port and on thdr return to home port, and a refriger- 
ated cargo for some other part of this voyage. The vessel's cargo compart- 
ments and hatchways have, therefore, to be designed for the rapid and 
economical loading and disdtarging of these types of cargo. The whole 
vessel may be insulated and refrigerated tliroughout all its cargo spaces, or it 
may be subdivided so as to have some spaces available for general cargo only 
and the remainder equipped for refrigerated cargo. In either case it is 
economically desirable that the necessary deduction from the “bale" space 
available within the hull, for tie insulation and refrigerating equipment and 
access thereto, be reduced to the minimum, rfnee this deducted space shuts 
out both general and refrigerated cargo and thereby reduces the pay load that 
the vessel can handle. 

Obviously, the weight of the refrigerating equipment and insulation should 
bo kept as low as possible conristent with operational reliability, because this 
weight also reduces the pay load that the vessel can handle, particularly 
for that portion of the voyage when it is loaded with general cargo with a 
high weight per cubic measurement, such as steel vails. 

As the United States is pretty raucli self-supporting for its food products, it 
is likely that our refrigerated vessels will be required to operate in a three-way 
manner', xa ., they will load with American munufactured articles at their 
home port for the first leg of their foreign voyage; then, having discharged this 
cargo in foreign ports, they will load a refrigerated cargo for sonic densely 
populated country such as Europe or Asia; having discharged this cargo, they 
wiU load whatever cargo is available for import to the United States (generally 
much less than the vessel’s carrying capacity) and vrill return homo at leaf>t 
partly in baUast. Therefore, the greater the design stability of the vessel os 
a light ship, the less the bidlast that will be required. 

This reqvurcs that the jcfrigcrating ma<ddncry be placed as far below the 
center of buoyancy as possible; and, to save loss of space and to simplify 
operational supervision, it is very desirable to have the refrigerating macliines 
located within the main engine room and on the lower platform. This 
qualifies the necessity for a safe refrigerant applied to small space, lightweight 
refrigeration machines operating at high rotating speeds, and the use of a 
mininium number of such machine units consistent with reliable oper.ation. 

In the case of vessels using brine dreuiarion as the means of distributing 
cold to the various cargo spaces, itrrill be dcarablc to locate the brine coolers 
(evaporators) and their pumps within an insulated space immediately 
adjacent to or as a part of the shaft tunud abaft the engine room. The 
pump motors can be arranged in the main engine room with shafts extended 
through bulkhead stuffing boxes to the pumps located in the insulated brine- 
cooler space. The refrigerant condensers and their sea-water circulating 
pumps should be arranged within the main engine room. Thus the entire 
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The heat floir through the insulation is from the hot side to the cold side; 
therefore, heat entering the compartment first contacts the boundary air on 
the inner surface of the insuiation and, if it is not immediately taken up by 
the stream of circulated air, -wfll heat up the immediately adjacent cargo and 
perhaps damage it. Thertriore, the air drculation should be directed to the 
remo\’aI of this beat. 

Air-cooling Units. The air-cooling units, K'hether designed for brine- 
distrihution or for directrespansion distribution, can be completely factorj'- 
assembled units, each, u-hen vertical, consisting of a galvanized metal lover 
coil section containing the cooling cmls, and an upper fan section containing 
the fans, bearings, and an externally fitted motor for driving the fans. The 
fan drive can be either direct-connected or through V-belts with smtable 
arrangements for belt adjustment. This is the preferred system. The fans 
should, in general, be adequate lor an air flow of one ehange per minute of 
total cargo-capacity air and have variable fan speeds or dampers, which will 
permit the air flow to bo reduced to half the above. In some cases of chilled 
cargo, the maximum air Bow above may need to be increased to conform to 
the permissible temperature rise in the air when balanced against the heat 
load. In handling frozen cargoes, a change of air every two minutes will be 
ample, and the heat imparled to the air by the fan will be reduced. In 
carrying chilled fruit, ample air is necessary for thorough ventilation of the 
cargo. 

Some outside fresh air is desirable in handling fruit cargoes, but this mr 
should be introduced over the colls, so that its surplus moisture wiU be 
deposited upon the cold surface of the coO and not upon the cold surface of 
the cargo. It is preferable to accomplish this by exbausting'air from the end 
of the cargo space remote from the cooling unit and through separate venti- 
lation openings. These openings should be fitted with insulated plugs so 
that they can be completely shut off when not in use. Some chilled cargoes, 
particularly apples, require a close regulation of this ventilating air lor the 
whole voyage. The fruit gives off COi gas very rapidly when being cooled 
down and the concentration should not be permitted to exceed 12 percent. 
The gas comes o5 at a greatly reduced rate after the fruit is cooled down, and 
it has been found desirable to have a permanent concentration of some 10 
percent COj gas to cut down fruit scald in transit. 

In general, a provision of 5 percent of the total circulated air as fresh air 
for ventilating purposes will be ample; and the less that can be found practical 
for satisfactory use the better. Before loading & refrigerated cargo, all 
spaces should he Ihorou^ty cleaned and the space cooled down to approa- 
mately the carrying temperature before loading. During loading, it is 
desirable to operate the fans continuously, but at their lowest air flow. 
When any compartment has been loaded, the air flow should be increased to 
conform to the temperatures required. The whole fan unit, including the 
coils, casing, and wheels, should bo galvanized or tinned to guard against 
corrosion. AH bearings should have suitable covered access openings. A 
suitable trapped scupper shonld be fitted to the drain pan and arranged ior 
easy cleaning. 

All refrigeranb-flow-coutrol domces and air-flow-control devices should be 
arranged outside the lur stream. Hie coolii^ unit, as a whole, should always 
he outside the cargo space vrith smtable guarded air openings ior the ^ 
flow from the cargo space to the unit and from the unit to the air-distributing 
duct system of the compartment. Large compartments should be protected 
by duplicate cooling units dividu^ the cooling load. 
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cold-producing portion of the refrigcratine madunery planfc_ will be immedi- 
ately accessible to the main engincropetafing staff, and their 'wdght wi)} be 
as far as possible below the center of buoyancy and wUl, in. addition, cut out 
the least possible pay load. 

In the choice of arefrigeiantitiantccssaTy or desirable to use one that can. 
be readily obtained in any importimt ioragn port as the -value of refrigerated 
cargo (insured) is too high to rely for its safe carriage on having a “spare 
charge" aboard. This spare charge is a valuable asset but ig not a guarantee 
that the cargo cannot be lost because the use of some special relrigerart, not 
in general use commerciallj’, has been adopted for the plant. Further, in the 
interest of safe cargo carriage, it is dearabte, on refrigeratcd-cargo ships, 
that the compression plant be subdmdcd into at least two parts (one spai'e), 
that these two plants be completely discomiacted from each other in normal 
operation, and that only breakdown means for cross-connecting them be 
furnished with, the vessel's spares. 

By far the greater portion ol icfrigetaled tonnage now in service uses 
CO 2 (carbonic anhydride) as its refrigerant, chiefly because it is generally 
recognized ng safe and is universally procnrflble, ance it is used for many 
commercial purposes other than refrigeration, besides being one of the oldest 
refrigerants in general use. Its eWef disadvantages are its higli operating 
pressures, high power requirements, and the large space and wciglit require- 
ments of its condensers and evaporators. 

The Freon refrigerants are comparatively new and, although they tire 
universally used on U.S. refrigerated vessels, they are almost entirely “war- 
built” and form a relatively small percentage of the refrigerated-cargo space 
in use. These Freon refrigerants are eoaly the most desirable if they oon bo 
readily obtained in foreign ports. 

Freon 12 is in general use in the United States for reciprocating-type 
machines, with the new Freon 22 threatening to displace its older brother, 
especially where low temperatures arc desired. Freon U is the refrigerant 
generally adopted in U,8. refrigerated ships using the centrifugal type of 
refrigerating machine, and there are some large refrigerated-cargo U.S. ships 
which have been in satisfactory service through tlie tropics. More similar 
vessels are being built, each of which bns approximately 350,000 cuft insulated 
space available for refrigerated cargo offroaen meat carried at 15 F. Leakage 
0 ! all tUe Fueons is iudI easily detected. 

When the refrigevated-cargo vessel has no piasei^er space and the tefriger- 
ation machinery can be located in a deckhouse, apart from the main onpne 
room and navigation quarters, »nd can be adequately ventilated safely, 
anhydrous ammonia is a very dearaWe refrigerant. It is not a sale refriger- 
ant, being higUy noxious and, under cortain coadihons, both flammable and 
explosive. However, leaks in the system can be very easily located, and 
its operating pressures are reasonable, its power requirements low, its machin- 
ery 'weight also reasonable, but its weight would, of ventilation necessity, be 
located much above the vessel’s center of buoyancy. It is universally 
readily procurable. New vessels being refrigerated la Great Britain ave, 
■using it as the refrigerant, 

As the choice of a refrigerant is so important for a cargo vossel, it might 
be desirable to summarise os follows; 

First choke: For rceiprocating-type moclunes, Freon, 12 or Freon 22 wliich.. 
ever is the more readily procurable. 

Second choice: For rceiprocating-type machines, GO? (carbonic anhydride). 
I liwd choice; For reciproeaUng-type nia?kin®8, NEj (ammonia) . 
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The cooling unit referred to Is onedn which the air is drawn over the cooling 
coils by tho fans and discharged directly to the cargo space through the 
distributing duct system. In thia case, the beat added by the fan losses 
raises the .temperature of the air, reduces its relative humidity and, therefore, 
promotes the.diying of the cargo by the circulated air. This is not of-impor- 
tante in the case of frozen cargo or completely enclosed package goods, but 
it is a detriment in the case of diilled4nut cargoes, especially those earned 
in hulk or not paper-wrapped and in open slotted hoses. For such cargoes, 
it is my desirable to have tho wr drawn from the cargo space and then blorm 
over the coils to the duct system so that the fan heat is taken up immediately 
by the cooling coil, and the drjing effect on the cargo can be greatly reduced. 
This can caaly be obtained if the unit is so constructed at the factory. Where 
the units required are too largo for factory assembly, they may be fabricated 
in the ship from factory-assembled parts. ThU can also be done with smaller 
units if factory-assembled units are not avaHattc. 

Wlmre a vessel is trading through cold waters or discharging in cold 
climates, it may be quite desirable to fit a means of heating tlie' air to each 
unit. This is also very useful in warming up and drying out the refrigerated 
compartments before general cargo is loaded and alter the refrigerated cargo 
has been discharged. This can be done quite easily when a briue-distrlbuUorv 
system has been adopAed, and the brine heater normally install^ for coil 
defrosidng has been made large enou^ to furnish the heating requirements of 
the cargo spaces. 

If the direct-espansion system of distribution is adopted, it will bo rrcoos- 
ssry to fit each air-cooling unit with a healer. If electrical power is available, 
it would be the preferable method because it would then not he necessary to 
guard against freezing of the heating fluid when the heater was not in use, as 
would be the case with any other convemenl methods. 

Extceitie care should be used to protect all electrical devices used against 
the action of sea air and tho sweating' that results in Tofrigorated compart- 
ments due to changes in temperature when a' refrigerated cargo is being 
discharged or when a general cargo is being handled after the refrigerated 
cargo has been discharged. A detirable sTrangement would be to center all 
electrical controls in the machinery space or in substations completely 
separated from the refrigerated esargo apaons and. open to or ventilated from 
the outside ait. Where large cooling units are fitted, this can be done readily 
by having the fan motors and thdr belt drive' arranged in an access space 
insulated from the cargo space, and by locating ali the controls in this space 
which would be ventilated from outside to remove 'the heat of the motor 
windings. Many vessels engaged in tire fruit trade have used this method for 
years with complete satisfaction. Consideritig that the satsifactory ciitriago 
of ft large amount of lugb-value’ cargo may depend upon the continuous 
operation of a 5-hp motor, it is obwous that the said motor should be installed 
so that it can be readily replaced at sea and'ia a poaitibu and manner which 
would Bubfed it to the least risk ttgmst unsatisfactory operation. ’ 
Completely reliable temperaturetindicating devices should be furnished 
and located where they aro always readUy acoosable to the chief engineer 
and his staff. These should be at least 'one such conneetioh for each'conipart- 
ment and, when air drculationisused, the temperature-sensitive member can. 
be located in the return air stream; prrfecab^ ia the fan. chamber where it is 
eaaly accestible. ‘ ' ,>,• .• , 

, However, rugged and tested cased thermometers should always be provided, 
permanently mounted in the fan 'chambOT and guarded against potentiai 
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■ The choice, between centrifugal- and redpnxating-type macHnes is not 
simple as there are many- conflicting characteristics of each to be considered. 
If the tonnage of each of the two machine umts_ necessary as a minirQUin is hot 
less than 120 at full power — which would bo suitable for a vessel of from 
250,000 to 300,000,,cu ft of insulated space available for cargo — then, the 
centrifugal equipment would be prefcrableif it is desirable to operate it by, a 
direct-connected steam turbine without a speed-increasing gear box. When 
consider^ with its necessary steam condenser, vacuum-producing jet 
apparatus, and condensate pumps and because of the fact that it must bo 
arranged in close-coupled form with its evaporator, refrigerant condenser, and 
steam condenser, both its weight and space requirements would probably bo 
greater than for the reciprocating type and might well prevent its location 
within the main engine-room space and bdow the center of buoyancy of the 
hull. It cannot, at present, be economically produced for tonnages less than 
120 full load in tropical waters. Such a compression unit in a refrigerated- 
cargo ship would be required to unload down to 25 percent capacity for 
continuous operation (say 30 tons output), after the cargo was at the desired 
temperature and the vessel still in tropical waters. 

The centrifugal type is not poative in action, tU., it can operate and do no 
useful work, but it is easily and rdiably operatablo under extreme conditions 
by skilled, experienced personnel. However, It cannot be readily repaired ba 
the voyage as the assembly work has to bo very accurately executed. Vessels 
so equipped have given no serious trouble, but they must have experienced 
operators. 

The reciprocating type of machine is positive in action, can be driven by 
a steam turbine through the medium of a speed-reducing gear box, can be 
produced in small or large size, can be readily unloaded, can be readily 
repaired during the voyage with spare parts, and is easy tq operate efficiently 
by unskilled help. It requires slightly more power than the centrifugal and, 
of course, has many more parts subject to wear and breakage than the 
centrifugal, but it is more readily overhauled and repiured on the voyage or in 
foreign ports. 

Both typos caa be operated by electric motor. The centrifugal type 
requires a speed-increasing gear box, and the reciprocating type can be 
direct-connected to its motor or driven through V-belts. If electrically 
driven, eacli type should have variable-speed characteristics built into the 
electric motor, which on shipboard is almost entirely d-c, 230-volt. 

Distribution of Cooling Medium. The refrigerating plant produces 
liquid refrigerant or cold Iwine for distribution to the cargo-cooling meoha- 
niams, whidi of necessity are arranged within the cargo spaces to be cooled. 
This distribution system is a very essential psjt of the over-all cooling system 
and should be designed in its amplest possible form to avoid troublesome 
operation and lasses due to posrible p^ failures. 

The cooling units located within the cold spaces must have control devices 
readily accessible at all times. 

The refrigerant itself can be distributed thror^hout the vessel from the 
central machine system to the cooling umts and is then termed a direct- 
expansion system of coolii^. The liquid refrigerant from the macluno 
condenser system is piped tliroughout the vessel to each and every air- 
cooling unit in the cargo spaces. There it is expanded through suitable 
flow-regulating and protective devices to the air-cooling coils within each 
unit, where it is evaporated by extracting heat from the surrounding air 
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damage. There should be one for the return ur and one for the delivery air, 
both readily accessible. 

In cases where the shipper compek the vessel to bold very close temperature 
regulation as a part of the loading contract, it would be desirable that a 
temporaturc-rccording device be also avMlable for the observation of the 
chief engineer. This is esped^y true when a shipper places his own locked 
and sealed temperature recorder in the cargo space among the cargo, to be 
opened and examined when the cargo is bdi^ discharged. This has fre- 
quently been done with some cargoes, particularly with chilled beef. 

If the heat removal method adopted is by direct expansion, the cooling 
coil should be entirely of nonferrous material and should be hot-tinned after 
coil assembly at the factory. This ia to guard against internal corrosion of 
the coil and its controi devices owii^ to water inadvertently getting into 
the refrigerant in the case of Freon. 

Temperatures Eequired. Froxen cargoes are usually carried at 15 F 
or lower, when in bulk. In the future there will be large cargo offerings of 
quick-frozen cuts, i.e., meat quick-trosea in the packing bouses in cuts of 
varying weights for distribution to the consumer in the same condition as 
when sliipped. These will be wrapped and packed in cartons. Similar packs 
of fish, fruit, and vegetable products will be shipped. The temperature 
required by the shipper will be low— probably around 0 F or even lower if 
such temperatures can be provided by the ship. Air circulation will bo 
satisfactory for this type of cargo. 

Chilled cargoes will require temperatures varying between 33 end 4SF, 
bU requiring the control of relative humidities of the return air: therefore, the 
average rriative hurvudvty of the cargo apace will be not less than 86 percent 
vrith 90 percent preferred. Lower relative humidities produce greater 
cargo-weight shrinkage and lose of product quality, whereas higher relative 
humidities can result in mold growth on part* of ti\c cargo. The greatest 
hazard against the ship in the salisfactory carries of such cargo is its being 
damp on the surface when bring loaded. The veasel’s personnel should make 
close inspection when such cargoes are being loaded, and they should also see 
to it that the cargo is properly packed and adequately dunnaged for air 
circulation. Insurance daims against the cargo by the shipper will result 
unless extreme care is exerrised in loading. This is especirily important 
because many honest stevedores are quite inexperienced in handling refriger- 
ated cargo. 

Refrigerating Tonnage. It is essential that the vessel be fitted with 
ample total refrigerating power, inclnding spate power, for carrying cargoes 
through tropical climates and for loading cargoes in tropical ports, such as 
India, East Africa, North Australun the East and West Indies. 

It is simple to calculate the heat-leakage load by the usual heat-flow 
formula, using published values for the insulation materials to be used. 
However, when this has been done, the actual heat leakage will he found to 
be about twice as much as the calculation indicates, because the steel shell 
construction of the vessel is such that convontional calculation does not 
make due allowance for the varying heat-fiow conditions as they actually 
exist. 

Empirical heat-transfer rates as listed below can be used for any type 
of conventional insulation, such as is described below, used to enclose the 
, space for refrigerated cargo. These rates cover the total heat leakage, and 
the summation will then approximate the actual heat leakage that will result 
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stream and then, returned to the compressipn machines m suction gas for 
compression and liquefaction in the condenser system for recirculation through 
the closed system. i • i. i. u 

On a large cargo vessel this rcquirea 8 complicated pipe system rt-hich should 
be accessible to the operating engineers for maintenance and repair. The 
pipe joints in such a system on shipboard are more vulnerable to leakage of 
refrigerant than on a corresponding land installation of similar size, because 
of the hull vibration, over-present when operating at sea, and the necessity 
for tightrstowed cargo which renders acccsability extremely difficult where 
the pipes have to pass through 'cargo spaces and intervening watertight bulk- 
heads. The refrigerant flow dmnees' require numerous flanged joints which 
are always potential refrigerant leakers. 

The directrespansion system of distribution, however, is most attractive 
from a consideration of total weight and over-all operating power as no 
pumps areTequired to circulate the refrigerant. It is also very convenient 




ELWOFAlRUNITSAUDDUaSINCARMSPACES PLANOFTYPOUEFRIGERATEOCOMPARMWT 
3 ? i 6 . 1 .— -Typical refrigerated compartment showing air unit and duct 
arran^raeut. ' 

for carrying widely varying temperatures in the several cargo compartments, 
as may be necessary with mixed cargoes. However, it does require more 
skilled operation to keep it in adjustment than the .cold brine-distribution 
system. 

The other method of cold distribution is tho brine-distribution system, 
in which the refrigerating plant in addition to the machines, condensers, and 
liquid-storage receivers (common to each By8tem)'ha3 brine coolers, in which, 
the evaporating liquid cools a calcinm chloride brino.'to the desired tempera- 
ture, which isicirculated by pumps and a pipe .system to! the various cooling 
units in the holds.' Therefore,, the brine, coolers '(there should be two for 
safety, one for stand-by, in case’ of trouble), the brine' pumps,, 'and their 
motors add weight, and require space in a’vessd in, excess of that, required by 
the direct-expansion system. : , , ' . 

The control at the air-cooling units is 'very simple and reliable, being 
merely flow-control valves which can be operated manually or automatically. 
The pipe lines ean'bo fuliy welded and are not liable to leakage to the same 
extent as the lines carrying the refrigerant. In the case of a local fire there is 
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in practice. The heat flow per square foot of external surface per day per 
degree Fahrenheit difference in Umperature is taken as 


Btu/(Day) 
(Deg F) 

Area o( eppei deck auilace expeaed to b\bv (l«S8 h^clws) ^ 

Area of hatches exposed to Ban tmpmtare. ® 

Area of ship's aides, tank tops, and huikbeads* 3 

Area of all intermediate dedc hatches ^ 

‘ If the ship is only partly insnlated, this area should include intermediate decks 
adjaccat to noweftigetated somtmrtmenta. 

The extenial temperatures are assumed to be 

DegF 


Top deck and hatches exposed to sun 120 

Shell abewe water hat. ttiO 

Shell below waterline f*0 

Engine-room and boiler-room bulkheads 12D 


All deck and bulkhead ribbands aro to be taken as additional hull areas. 

Load calculations of the refrigerating rc<iuiromcute can vary quite widely, 
and the usual means of estimating heat loads os applied to land practice are 
insufficient for shipwork for several reasons: 

1. Tilers are extreme cLmatic changes and most frequently ships pass . 
through the tropicB— a fact that would require a design compatible with 
tropical conditions. 

2. The insulation used in a steel ship bull is difficult to apply on account of 
structural conditions vrithin the ship. For example, where the deck ot 
bulkhead joins the ship's ades there is a licat path created which will 
increase heat losses. This is combated by the use of insulation, known as 
ribb&uda, extending inboard from the hull along the bulkhead or deck. 
Also, the hull insulation extends only a few inches inside the hull ohannels or 
frames (ribs). 

3. Changing temperature causes the insulation to breathe, and it can very 
easily become saturated with moisture. Betorioration of insulation results. 

4. The normal heat-transfer values for insulation do not generally apply 
because a certain portion of the ship is below water and subject to the heat- 
transfer coefficient of steel to water ratbor than steel to air as in the case of 
land practice. 

5. The area of a ship’s sides and top exposed to too sun is large in proportion 
to the volume contained and can ea^y become substantial. The upper deck 
exposed to sun and wind is frequentiy covered with a canopy when paasitig 
through the tropics to reduce heat leakage. 

6. Many parts of refrigerated holds are subjoot to engine-room beat 'wluoh 
at times may become qmte high. 

Heat-tronsfec factors for estunataag the leakage load based upon actual 
practice have been even above, Ifc is posable to arrive at a fairly accurate 
rule of thumb by dividing the atowage volume of a vessel by the tons of 
refrigeration installed so os to determine toe'eubic feet of stowage available 
per ton; This provides a rou^ check on'hffflt'leakage and at the same time 
pr^ents a key to good commcrdal practice or a check, on individual calcu- 
lations. The factors aro listed bekwii^ Isave been confiriaed. 
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added liazard due to tlie brine; however, there can be a very serious added 
zard if the pipe lines carry the refrigerant. The brinc_ flaw can be com- 
itely controlled from the central operatiag syste/n and is usuallj^ so fitted 



Fig. 2 . — Schematic arrangement ol warm brine piping. 1, Hot-brine 
pump; 2, check valve; 3, brine mixiag tank; 4, hot brine return tank; 5, hot 
brine return valve; 6, cold brine return valve; 7, thirty-two hot or cold brine 
return lines from air-cooling cmls; 8, brino heater; 9, steam inlet to heater;- 
10, relief valve; 11, condensate outlet; 12, brino storage tank; 13, brine cooler 
brine box; 14, brine main— from cold brine pump to cooler; 15, brine header — 
cold brine to coils; 16, hot brine headesr; 17, brine supply control valves; 
20, hot or cold brine supply lines to air unit coils. 

on either an open or a dosed brine, system. With this type of distribution 
system it is easier to prevent refrigerant leakage as all the refrigerant-carrying 
piping'is within the operating space.'gnd is readily accessible at’dl primes. - 
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Insulation. Another reason why heat-transfer factors through insu- 
lation may vary widely is because Uie actu^ heat flow into the ship is a 
function of how the insulation is finally applied and what it is actually like 
having been in service. In view of this the American Bureau of Shipping 
makes an inspection of the insulation and machinery installation. The ship 
is cooled empty to a speofied temperature and the temperature rise after 
sis hours with machinery shut off is noted. The insulation value is then 
relative. Insulation is conadered satisfactory if the temperature rise 
averages not more than % deg per hr; however, more than this is allowed 
when the ship is classified. A typical method of insulation consists of four 
layers of rook-wool battens (Ei^le Picher or Johns-Manville) between the 
sldp’s “ribs" with two layers of tongue-and-grooved boarding and paper, the 
latter covered with waterproofed plywood. The specification for such insu- 
lation reads in detail as follows. This is accepted as good practice. 

All steel work behind insolation in refriecrated cargo sp.ices shall be thoroughly 
cleaned and given two coats of bituniinoDS solution snd one coat of enamel, applied 
hot, to a minimum thickness of He inch on vertical surfaces, and H inch on horizontal 
surfaces. 

Insulation of the tank top shall eontist of a 12 in. thickness of wooden grounds, laid 
in ''grill” iorroation, spaced 18in. centers, with all spaces completely filled with ''insula- 
tion material.'' The bottom grounds shall be bolted to H in. fiat bars welded to the 
deck. Ends shall be adequately connected to each other. In addition, there shall be 
an adequate connection ^ grounds at crostings at sufficiently frequent intervals to 
prevent "tripping” and tortinfoKe each '‘layer" against lateral movement. 

Insulation of boundary bulkheads and shell shall consist of "insulating material," 
applied to a minimum thickness of 12 in.; but completely filling thcspaco between wood 
furring and steel plating. Adequate support shall be provided to prevent settling of 
insulation. The wood furring shall be of suitable thickness, bolted to H in. fiat bar 
ollpe welded to steel structure where bulkheads are flush or to the webs of frames and 
stiffeners and extending at least 2 in. inboard of inner edge of same. The lower ends 
shall be bolted to the grounds for the tank top or ribbands and the upper ends to the 
furring on the deckhead or the deck structure. 

Insulation of deckhead under shelter deck shall consist of wood furring, fastened to 
tho web of deck beams by screws or bolts, with spaces between completely iillod with 
"insulating material," to the required thickness. 

No insulation will be required on the undertide or topside of ’tween decks, excepting 
for a three-foot ribband at shell and bulkheads, nor will insulation be required on ^ter* 
mediate bulkheads excepting for ribbands. Johns-Manville BX-18, or equal, shall be 
used for topside deck ribbands. 

Adjacent decks for extent cd 3 ft outside refrigerated spaces shall be fitted with 2 in. 
of Johns-Manville BX-18, or equal. Bulkheads and decks adjacent to machinery 
spaces shall be insulated on the machinery space ride with at least 3 in. of approved 
insulation, and it shall extend for at least 3 ft beyond the refrigerated spaces. Ducts 
exterior to refrigerated cargo spaces and serving same shall be covered with insulation, 
2 to 4 in. thick. 

The tank top insulation sbaB be covered with IH in. of concrete, reinforced with 
18-gage expanded metal. Over this shall be Irid 1 in. of mastio composition coved up 
all around. It shall be compounded especially for use in refrigerated spaces for a range 
of 10 to 100 F. Gratings of wood, total height of 3H >n., ehall be fitted on the decks of 
all compartments and arranged in panels for easy removal. They shall’be of spruce, 
with sleepers Ih by 3H in., top in. tiiick by 4H in. wide, and have in. between 

boards. .Top of grating boards shall be chamfoied on each edge about H in. 

Sides and deckhead insulation shall be sheathed with two layers H in. T & G spruce, 
nailod.to furring. There shall be two layera of 15-lb asphaltrsaturated felt paper, one 
separating the two layers of T & G sheathing, one separating the T & G sheathing from 
the insulating material. Wood battens, 2 in., spaced 15 in. on centers, shall be nailed 
to the sheathing except in way of the crils. 
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differential equations 

An ordinary diflorential equation is one TPliich contains ft single inde- 
pendent variable, or argument, and a rin^e dependent variable, or function, 
Tfitb its derivatives of various orders. A partial differential equation is 
one ■which contains a function of severol independent variables, and its partial 
derivatives of various orders. The order of a differential equation is the order 
of the highest derivative which occurs in it. A solution of a differential 
equation is any rdation between the variables, which, when substituted in 
the given equation, rrill satisfy it. Tlie eenornl solution of an ordinary 
differential equation of the order will contain n arbitrary constants. 
A differential equation is usually said to he eolvod when tho problem is 
reduced to a simple quadrature, that is, an integration of the form 
II = 


Methods of Solving Ordinary Differential Equations 
Dipferentul Equations of the Fntsi Ohdeii 


(1) If possible, aeparate the votiabks; that is, collect all the I’ft and dx on 
one side, and all the v's and dy on the otlier side; then integrate both sides, 
and add the constant of integration. 

(2) If the equation is homogeneous in x and y, tho value of dyjix in terns 


of X and v will bo of the form 




Substituting y » xf will enable 
dl 


the vaiiabloa to be separated. Solution: log» x ~ J ' ^ + 0. 

(3) The expression /(x,v)<fx + P(^,y)dy is an exact diSertniiol if 
= P, eay). In this case the solution of /(x,y)tix + 

= Oifl 

ffix,y)dt + /{F{x,y) - J'Pdx]dy « C 
or fF{x,v)dy + f\/{x,y) - fpdy]dx « C 


(4) Linear differential equation of the first order: — -f f('^)'V " FC®)« 

ox 

Solution: y=e~Fi^J' e^F(x)(ix+ cj, where P = fj{x)dzi 

(5) Bernoulli’s equation; — +/(x)ll Substituting y'*" » o 

. dv ■ 

Bives + (1 “ «)/(*) -r = (1 - n)P(x), which is linear in v and x. 

(6) Clairaut’s equation: y -xp +/(p), where p = dy/dx. The solution 
consists of the family of lines &ven by y = Ca +/(C), where C is any 
constant, together with the curve obtained by eliminating p between the 
equations y = xp + /(p) and x + f'(p) = 0, where /'(p) is the derivative of 
/(P). 


Diiteeential Equawonb of the Second Okdbb 


' dx> ' 


Solution; y = Ci sin (n® + Cs) 

or y = 0} sin nx + C* cos tix 



172 


DIFFERENTIAL AifD INTEGRAL CALCULUS 


(9) ^ = f(y). Solution: x = f , +0':, where? = //{y) dy, 

os» " VCi+,2P 

(10) ^ = /(*). Solution: y = y?di + Cix + Ci, where ? = y’/(x)crx] 

or y = *P — J'xj{x)dx + Cis + Cj 
dy d^ dz 


or y = (7*e** + 

dy 


■n oy “1/ “2 . /» dz 

PultmE - - = y -- + 0, and V . 


/* — 4- Cj; then eliminate z from these two equations. 

*' /(a) 

(12) The equation for damped Tibralion: — + 26^ + = 0. 

Case L If o’ “ h’ > 0, let m = \/o* *" !>*• Solution! 

' y = Ci sin (m* + Cj) or y = e'^lCj eiu (mx) + C4 cos (mx)] ' 
Case’ n. If 0* - b* » 0, solution is y = -j- Cjx]. 

Case III. If a’ - i» < 0, let n * Vh'* - a*. Solution; 
y « Cifl-** sinh (nx + C») or y « C,c”^^+'*>® + 

(13) ^ + 26^ + o*y “ c. Solution: y = 4 + yi> where yi ■ the aolu« 

di‘ ax O’ 

tiou of the eoiresponding equation with second member zero [see (12) above]. 

- (I^) ^ + 21'^ + oV = c sinffcc). Solution: 
az’ aX 

y - S ain(ia - S) + yi, iriere.R » c/ V(o’ - A’)’ + 

2bfc 

tan 5 » r, and yi ** the solution of the corresponding equation with 

0* — 

second member zero [see (12) above]. 

(15) ^ + 2b^ + o’y = /(x). Solution: y = yo + yi, where yo = any 
ox-* ox 

particular solution of the given equation, and yi == the general eolution of the 
corresponding equation with second member zero [boq (12) above]. 


/(x)di ^ 


It S’ > o’, ».= J-^===| wye - e’".'y 

where mi = - b + Vb* — a* and mj = — 5 - “y/b* - 0 *. 

, Ifb*<fl^letm=Vo" -b*}tiienyi = 

ie'*’/ Bin(ntt)y^ e^*C 08 (mx)'/(x)dx— co 8 (n»:)y’e^sin(mx)-/(x)dx| ■ 
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At least two "breather" plugs shall be fitted in eflch wall of each compartment as 
directed, consisting essentially of a K-in. shoulder hushing with a lOO-mesh screen 
soldered in and arranged to screw into a threaded fitting in the shcating and readily 
replaceable with a plug. . ... 

In order to obtain the total heat load for the machinery, add to these 
calculated heat-leakage loads, the heat represented by the horsepower of all 
the fans, and the horsepower of the brine-circulating pumps (if brine dis- 
tribution is used) together with an allowance for cooling down the cargo 
when received preeooled but not received at the holding temperature. An 
allowance of 10 deg cooling in 48 hr for the whole cargo will be safe. 

The summation of these items would nepresent the total refrigerated load 
and, if no complete spare unit is provided, the load which is estimated as a 
24-hr load should have machinerj' available to absorb it in 18 hr of operation 
when sailing in tropical waters. Thus, if tho summation amounted to 180 
tons, then 180 X = 240 tons refrigeration capacity would be provided 
by two 120-ton, three 80-ton, or four 60-ton machines. However, it would be 
necessary to have all tho parts of these machines interchangeable and, in 
addition, carry a large complement of spare parts, to provide means of 
maintaining the operational efficiency of the equipment during the period 
of estimated shutdown. If two 240-ton machines were installed, either of 
which could absorb the heat load in 18 hr continuous operation, it is not 
necessary to carrj’ extensive spares, but all parts of the machines should bo 
interchangeable; and a fairly generous lot of spares should be carried. 

In the event of the machinery bring selected on the basis of 18-hr operation, 
the condensers, coolers, pipes, pumps, and all should be supplied to the full 
power of the machines, i.c., 240 tons. 

As the cargoes carried are very valuable and are always insured, tho under- 
writers and classification societies mil undoubtedly require the duplicate 
plant equipment, arranged as two completely separate units completely 
disconnected on the refrigerant side but common on the brine side. 

As clearly stated, the above tonnages are not adequate for the carriage 
of cargoes not precooled, s.ucb as fruits loaded at field temperatures — bananas, 
for instance. These reqmre quite sperial consideration, not only ns to 
providing adequate machine capacity but also as to the stowage of the fruit, 
method of air circulation, etc. 

The toRsage requireiDeRts ssindicaied Irom the cahiilatioDS shove referred 
to can be checked for any vessel by an examination of the ratio of insulated 
cubic capacity to refrigerating machinery tonnage as fitted to refrigerated- 
cargo vessels in the past. These figures can be obtained from Lloyd's 
register records of refrigerated ships. These records distinguish between 
vessels only partly refrigerated and having Ics than 80,000 cu ft insulated 
space and vessels wholly refrigerated or having insulated capacities of over 
80,000 cu ft. From these records the following figures are found: 

Twelve U.S. sliips built 1918—1919, Uoyd’s records 1924-1925, aggregate cubic capac- 
ity 3,420,000 ft, average per ebip 285,000 cu ft. Total refrigerating-machine capacity 
1,224 U.S. tons and average machine loading 2,790 cu ft per ton machine capacity. 
Thwe machines all used COj as the refrigerant and brine as the cold distribution medium^ 
with all compartments fitted with brine pijnng distributed overhead and on all sides and 
bulkheads, and in hatchways. There was no forced air circulation used. 

In the following list of ships from Lloyd’s records, all machine tonnages have 
been reduced to U.S. tons, one ton being 12,000 Btu per hr between 0 F 
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Sales of Fractional Interests in Fatents, Undivided fractioaa or 
territorial divisions of patent rights are advisable only in special cases, 
because TOth the best intentions the interests of joint or territorial owners are 
Ikble to interfere. 

Licenses are permissions by the patentee to make, use, or sell the thing 
patented, and, broadly speaking, a license may carry any imaginable provi- 
sions the parties agree on, subject to certmii restrictions upon agreomonte 
in restraint of trade, upon fixing resale prices, upon limiting the use of pat- 
ented articles after their sale, and other restrictions of like character, as to 
which a lawyer should be consulted, license contracts should be reduced 
to writing. License by oral arrangement, or by implication from circum- 
Btancea, is as binding on the parties as if reduced to writing, the difference 
lying in difficulty of proof. 

Relations of employer and employee, when the latter makes an inven- 
tion. Unless by express contract, or by impUcation from circumstances, 
the employee agrees that his patentable inventions should be the property of 
the employer, the employer has do title or claim to the invention or to the 
patent for it. Even if the employee has developed his invention in the time 
and with materials belonpng to the employer, the claim of the employer is 
only for the value of time and materials and does not extend to the invention. 
Sliould the employer, mth tho employee's consent, express or implied, put 
the invention into use, license under the patent to continue uso to the extent 
initiated is implied, but no such implication extends to any enlargement 
of the use. Many employers require or attempt to secure from their 
employcea an express agreement that inventions shall belong to the employer, 
and a prospective employee should carefully read nnd understand any such 
agreement before signing. 

Infringements of Patent. As the grant purports to give tho exclusive 
right to m^e, sell, or use, so an unlicenW manufactrue, sale, or use of the 
thing patented is an infringement, and the maker, seller, or user may bo 
sued in a District Court of the United States. Suit must be brought iu 
the district wherein the defendant resides, or where the defendant, though not 
residing, has a replarly establislied place of businca, and has committed tho 
act of infringement. In all but very exceptional cases, the courte will not 
irant j:irsliarinm 7 inlijjjctjansjbj asuit on apafant which has Dot ^irew- 
ously been held valid in another contested litigation. 

Reissues of Patent. If, through inadvertence, accident, or mistake the 
original patent was defective, or cimmed too much or too little, the error may 
be repaired by surrender of the patent and reissue, provided the reissue 
be for the same invention as was disclosed ns such by tho original and bo 
applied for without unreasonable delay. The term of a reissued patent 
expires on the day when the origin^ patent would have expired. 

Marking Patented Articles. Unless tiie patentee has given particular 
notice of his patent, or general notice hy marking the patented articles 

Patent ’ followed by the number of his- patent, he may not recover dam- 
ages for infringement. For B.patent i^ued prior to April 1, 1927, the notice 
“Patented" followed by tho date of the patent is sufficient. If the patented 
article themselves cannot be marked, the mark may be affixed to the pack- 
ages in which they are contained. Markup requirements do not apply to 
process patents or to patents under which the pateitee has not manufactured. 

False Marking. Any pereem who, with intent to deceive tho public 
falsely marks an article or parcel with a patentee’s mark, without leave or 
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evaporating temperature and 100 F condensing temperature. The figures 
are from Lloyd’s Register, 1934. 


Ship 

nationality 

No. of 

Total cubic 
of all ships 

Average cubic' 
per ship 

Total U.S. 1 
tons of nil 1 
machines I 

Average cubic 
per ton for 
all ships 

U.S.A. 

732 

l!7jn8.578 

168.000 

61.200 

1,915 


29 

10,709.488 

370.000 

4,990 : 

2.i50 



8.006305 

320.000 

3,260 

2,440 


1 20 

6.087366 

305.0IW 

2,370 

2,570 

English 

1 

1314.194 

5704)00 

675 

2,540 


By far the greater number of these ships employed CO: as the refrigerant 
and brine as the distributing medium. The greater portion of the cooling 
work was taken up by exposed brine-iMpe coils distributed over the insulated 
cdlings, sides, and bulkheads with hatch coils in the hatchways. Some 
compartments are fitted with forced mx circulation for fruit carriage, but 
this would he a small percentage of the whole on general-purpose vessels. 
Purdy fruit vessels, as those operating in the banana trades, would be 
cooled completely by air circulation over brine-pipe cooling coils arranged 
in batteries in the cooler casings. 

In the case of ships loading nonprecooled cargoes such as fruit, these 
figures cannot be used. Such a vessel should have not over 1,000 qu ft cargo 
space per U.S. ton of machine capacity. In the case of a banana ship, about 
20 percent higher machine cupadty would be desirable, because the cooUng- 
down time for the fruit from field temperature of 90 F to a delivery air 
temperature of 53 F should not exceed 24 hr. Allowance must he made for 
the largo amount of heat given off by the fruit during the period of cooling 
down. Air temperatures lower than 53 F cannot he safely used, and com- 
partroont ieinperittiircs should be reduced to 56 F as rapidly as possible 
and in not more than 27 hr. The fans should operate at their greatest nir 
capacity all during the cooling*down period, which includes the full loading 
period. 

Cubic Capacity Required for Cargo Stowage. The cubic CBp.aoity of 
refrigerated space required for each long ton (2.240 lb) of cargo carried will 
differ for each type of cargo. It may be averaged with fair accuracy as 
follows: 


Cu Ft per Ton 

Beef frozen, in quarters, not boned or pressed, and stacked in bulk with 


necessary dunnage 100 

Beef chilled, in quarters, suspended in deck heights of not over 7 ft 0 in. 

dear 125 

Beef boned and compressed with 16-in. stripe between layers 54-70 

Mutton froieii and stacked 90 

Bananas stacked 2 high and 1 flat and allowing for the space of the 

necessary fruit bin boards 125-140 

Oranges in boxes IIO-I20 

Apples ill boxes 110-120 

Apples in barrels 120-125 



.190S PATEKTS FOR HtTBSTIQ^’S 

anttority, or so marks an impat<iited aitide or parcel .with patent marks, 
is liable to a fine of SlOO for each ofiense, oas-half to the use .of the United 
States, and one-half to the persoa biin^g the infonnation to a District 
Ckjurt by proper action. 

Proceedings in the TJ.S. Patent Office. Etsch application for patent 
found to be correct in form is esamined in its turn, Rejections of claim or 
requirements of amendment must be answered by the applicant (or his 
attorney) -vrithin sis months after the date of the official communication, or 
the application will be held to be abandoned- It can be renewed only by 
filin g a frcsb application, except in extraordinary circumstances. 

.\fter allowance of an application, the applicant has 6 montiis in which to 
pay the final fee. Lapse of 6 months withciiit payment of the fee makes 
forfeiture of the application. 

Interferences. TTben an applicatiou for patent is found to Interfere 
with, t.c., to present or claim substantially tbe same inventions os ( 1 ) another 
sppUcsths, {S) d pwAarJ isuawi es a kss diaa •sne year pcfijr 
to the date of the application in question, (3) a reissued patent, of which the 
ori^al was granted on a date less than one year prior to the date of the 
application in question, the two interfering cases are impleaded in an action 
called an interference, tbe purpose of which is to determine, in the Patent 
Office, which of two or morerivd claimants is the first inventor. The practice 
before the Patent Office in Interference is of such a character that an inter- 
ference should be conducted only by legal counsel equipped with special 
experience in that practice. 

Design Patents. The inTenlor of a new, origioa], and ornamental deagn 
for an article of manufacture may obtmn a patent for such deagn. Deagn 
patents are granted for 3H yeare (fee SlO), 7 yetm (fee 515 ), or 14 years 
(fee S30). In other respects, the tequiremente for design patents are sub* 
etantially atnilar to those for mechanical patents, Design patents protect 
only the ornamental design of an article, ie., he shape or ornamentation, 
as distmguished from iU mechanical construction or its functional or u^* 
tarian attributes. 

Foreign Conzttries 

tntemation^ Convention for the Protectioii of Industrial Property. 
The important provision of the Convention is that any person who has duly 
applied for a patent in one of tbe contracting states shall have a right of 
priority for 32 month? in mnldny application in th$ other etstes. Sixh sub- 
sequent application is unaffected ty any acts accijmplished jn the interval, 
as, for example, by publication of the invention or hy the working of it. 

The laws and regulations in foreign countries differ bo much with respect 
to their requirementa as to novelty and patentability, the effect of a public 
disclosure of the invention dther in the country Jq question or elsewhere, 
who may obtain a patent, the term of the patent, thg cost of a patent, working 
of ti^e patent, times, importation, compulsory licenses revocation, and 
other particulare that it is not practicable to mak^ a useful BUmmaiy in the 
space allotted to tius note. An inventor iatere^d jn foreign protection 
should consult a patent attorney. 
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The maintenance of an oil film between two Rifling nifaceB depewJa 
oti the viscosity of the luhric&at, the pressure per unit of ares, the speed 
of rubbioB, the mecbanicsi constrottion oi lubricated surface, aod thc .con- 
ditions of operation. The last two conaideratione may be so varying as to 
make all .foTinnlaa of doubtful vsiue. The ftmootime^ of surfaces, closeness 
of fit, ratio of clearance to diameter, oil grooving:, and vibration may be as 
important in detertaining the proper oil viscosity to use aa the load, speed, 
and general bearing diinenflioBs. Truer and emootbor eurlaces allow closer 
clearancea to he used' and, hence, greater loads per unit area to be carried 
under the Bame conditions, tt must be remembered that the temperature ol 
oil film also trill increase under these conditions, and the heavier loads and 
increased temperaturcE may cause distortion ualeae design takes this into 
account. 

The increased temperature dso may so reduce the operating viscosity 
of the oil as to bring the operation in tbe scope of boundary lubricortion, 
*.«„ lubrication where the physical and chemica! properties of tbe lubricant 
in lelation to the bearing material become an important factor. If there 
is strong adhesion of the lubricant {oiUness) to the bearing surface (wettinff), 
the resistance to removal may be great enough to prevent scicure or scoring, 
even though beyond the region of fluid film lubrication. If there is an actual 
mild chemical reaction between the lubricant and the surface, auffieient to 
form a thin but tough prolectine film at lugb pTessiues, tbe lubricant is said 
to have extreme pressure characteristics, ^th oiliness and extreme pressure 
properties (film strength) are functions not only of the lubricant, but also 
of the bearing material, temperature, and pressure. The coefficients of 
friction under oiliness or extreme pressure conditions are much higher than 
found where complete fluid film onsls. The foregoing must not be confused 
with differences in load-carrying capacity depending on the character or 
structure of the bearing mat^al— babbitt, bronse, biaas, lead, ailver, etc. — 
where oHincss or extreme pressure properties arc not present in the oil. 
Some combinations of metds allow much higher load-carrying capacities 
than others with the same lubricant. 


Luhrioatioa of Special Maoblnery 
Steam Cylinders. The charncteristics necessary in an oil that is to be 
used in steam cylindeig depend on the'tcmpetatnre and velocity of the steam 
and its percent0.ge of moisture or degree of superheat. There must also ho 
considered the type of engine, the system oiling, the priming and foaming 
of tbe boiler, and whether the condensed steam is to be re-used or not. 

High steam pressures mean hi^ temperatutea; high tMnperatures necessi- 
tate thouse of a heavier bodied ml or alarger quantity of a lighter bodied oil, 
in order to maintam a film. An eccesa of oil is undesirabie under high- 
temperature conditions as it may ©arboniac and cause gumming. It is 
advisable to use the heaviest bodied oil tiiat will atomize completely under 
the operating conditions. . ... 


WetSteam. ■ MostB^caraigwrtatsoiiietiinedorineitepsMaEetbooEhtheeodiie, 

highly superheated dry ateam, unUa rehs&tcd, may become T?6t. Moiskre 
m the steam is thrown to the cyiiadet wuBb ai^ wiSl displace tbe lubricating oil unless 
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MISCELLANEOUS 

Lenses 

Lenses are transparent, bodies whidi, &om tbe curvature of their surfaces, , 
cause light waves traversing them to converge or diverge. Optical lenses 
have one 'or both surfaces of spherical curvature. Biconvex (), plano-con- 
vex (| and concavo-convex (( lenses are thicker at the center than at the 
edges and have a convergent effect. Biconcave )(, plano-concave )| and ' 
convexo-concave f( lenses are thinner at the center than at the edges and • 
have a divergent effect. The distance' from the center of a lens to the 
point at which incident piano light waves are brought to a focus is called the 
0 focal length (/). . If u is the distance from the source of light to the lens, and 
t) the distance from the lens at which the image is formed, then, for a biconvex 
lens, 1 /f = 1 /u -I- 1 /v - in - l)l(l/n) + (l/n)], where nfri) is the radius of 
curvature of the lens surface nearer to (farther from) the source of light, and 
n is the index of refraction of the material of the lens ( = 1.5 to 2.0 for glass). 
Por a biconcave lens, minus agns should precede the reciprocals of /, v, n, 
and r 2 in the formula. For a plano-convex or plano-concave lens, r 2 = « 
and l/r* « 0. 'Whenu = « (t.c., the incident waves are plane),/ !=ti;when 
« =/, T SB «, (t.e., the transmitted rays are parallel). The magnifying, 
power of a lens is measured by 1 /f, the practical unit being that of a lens for 
which / a 1 meter. Tbe magnifying power of a number of lenses in contact 
is the algebraic sum of their individual powers, the powers of diverging lenses 
being considered negative. Thus, for two convex lenses of focal lengths /i and 
fi, l/f “ l//i + l/fi‘, if the second lens bo concave (i.e., divergent), 1 /f = 
1/A-1//1. 

Tbe velocity of light in a vacuum « 186,330 mOes per sec. (Weinberg.) 


Sizes of Type 

The unit of height of a line of printer’s is the “point." Ipoint » Ha 
in. Six-point type is consequently Ha = Ka im high. ' The smaller sizes of 
type are 3H"Poiiit (Brilliant), 4-point (Excelsior), 4H-point (Diamond), 
6-point (Pearl), and 5H-point (Agate). The sizes generally employed in 
books and periodicals are given below. The smaller sizes are not generally 
available. 


6- pomt or Nonpareil 

7- pomt or Minion 

8- point or Brevier 

9- poiiit or Bourgeois 


10- point or Long Primer 

11- point or Small Pica 

12- pomt or Pica 


Greek Alphabet 


Alpha 

A a 1 

Eta 

H r, 

Beta 

B0 ! 

Theta 

e 6^ 

Gamma 

r 7 

Iota 

I ( 

Delta 

A $ 

Kappa 

K K 

Epsilon 

E e 

Lambda 

A X 

Zeta 

z r 

; Mu 

M n 


Nu 

N 

V 

Tau 

T 

T 

Xi 

E 

( 

TJpsilon 

T 

V 

Omioron 

0 


Phi 

$ 

V ^ 

Pi 

n 

T 

Chi 

X 

X 

Rho 

p 

P 

Psi 

■9 


Sigma 

2 

9 i 

Omega 

n 

(l) 
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LUBRICATION 


tlie latter is compoiiEded to resist suet' action.: Ritty oUs (lard, tallow, degras, etc.) 
liavo & stronger adhesion (oiliness] to metals than straight mineral oils and also will 
displace water from metal surfaces where mineral mis will not. They will also foim an 
emukiofi wth the water, incrensing thera»staiice toromorsl of tie oil. Compounded 
oils (mineral oils plus fatty oils) act mmilaiiy to fat^ oils and maintain oil films in 
presence of moisture better than straight mineral mb. 

The amount of fatty oil necessary to preserve lubiication depends on the amount of 
water present and the nature of the mineral wL Too much fatty 'oil may cause carbon- 
izatfon if steam is very hot, and so in superheated steam installations little dr no com: 
pound is used unless the steam in the low-pressmo cylinder is wet. ■ ' ‘ 

When condensed steam is to be used for ice mnlring or other industrial purposes, 
either a pure mineral oil or one compounded with an ea^y removable fatty oil must be 
used. In some vertical marine en^nes, no ml is used, the walls being lubricated with 
condensed steam. 

Becommended Properties of Ltibiicants for Steam Cylinders . 


Coadilion of steam 

Sayholt 
viscosity, 
sec, at 210 F 

Percent' 
age of 
oompouDii 









W 


95-!J5 

MO 



' Steam cylinder oib are generally applied by the atoxoization method, though direct 
application by oilcia may be used on valves or other places where the steam cannot carry 
the oil satisfactorily. In the atomization method, oil b fed into the steam line by 
"spoorts’' a few feet hack of the throttle valve. The "epoon" distributes the oil eo 
that the steam breaks it up into a fine spray which b carried along with the steam and 
deposited on walls, piston rods, or other exposed surfaces. Sometimes moro than one 
point of dutribution is necessary. 

The oil is fed to the spoon by a mechanical lubricator, which varies the feed according 
to the speed. Another type — ^hydrostatic— of lubricator operates by means of con- 
densed steam displacing oil from a small supply tank into the oil feed line and to the 
spoon. 

There Is no fixed rule as to placing of spoons, except that they must he far enough away 
from the valve chamber to assure atomization, and not eo far as to allow deposition in 
bends or on pipe walb. 

Steam turbines demand oils of maximum stability and ability to separate 
quickly from water, even after long use. Turbines operate with a con- 
tinuous oiling^tem in which the caUarpjailArtg cjpjmapA.nr.fiUajM.taiy>jnri,vn. 
water, impurities, or deteriOTated rah Tho deterioration is usually oxidation, 
owing to the hot oil being churned in the presence of air. Therefore, the 
best turbine oils are the least susceptible to oxygen. 

As deterioration of oil depends on the temperstuie and presence of air 
and water, sufficient quantity of oil should bo maintained in the oiling system 
to permit of a low average temperature, and also time for water and air to 
separate from tho oil. If not possible to albw oil to “rest,” coolers should 
be used, and the oil should be cleansed frequently. 

- ' "When turbines alone are lubricated, viscositios between 140 and 300. SU 
at 100 F are used. If gears are lubricated from the same system, viscosities 
up to 500 SU at 100 F are employed. 

Internal-combustion Engines. The larger intemjj-combustion engines 
are generally lubricated by two or three oils — one for cylinders, one for bear- 
ings, and, in' case of the air injecUoa or tiie two-cycle scavenging type, one oil 
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A.S.M.E. POWEB TBBT COBES 

The A.S.M.E. has standardized the methods for testing the equipment 
ordinarily used in power plants. The Individual Test Codes include a coda 
on General InstruotionB which applies to all individual tests and a code 
entitled Definitions and Values wUdi states the units to be employed in 
leporting tests. There is aleo sn extensive auadliaiy section deling ■with 
instnimonts and epparatoa and contaizung a description and analysis of 
instruments commercially or otherwise avoilabie which may be used in tests 
of power plants and which covers instnunenta used for the measurement of 
pressure, temperature, head, quantities of nmterial. electrical measurements, 
mechanical power, indicated horsepower, heat of combustion, chemical 
composition of fuels, oil, and products of combustion, quality of steam, time, ^ 
speed, and other menaurements. 

The indi-vidual Test Codes include Displacement Compressors, Vacuum 
Pumps and Blowers, apifiying to rotary types of machines operated on a 
positive displacement prindjAe; Centtifugjd Compressors, Exhausters, and 
Fans; Atmospheric Water-cooling Equipment, applying only to equipment 
used for cooling the comparatively large amounts of water required for power 
or industrial purposes; Feed-water Heaters, applying to both open and closed 
boiler feed-water heaters; Steam-condensing Apparatus, including rules for 
determining the absolute pressure at the steam-inlot nozzle, the thermal trans- . 
mittance of surface condensers, the amount of undorcooling of the condensate, 
and the percentage of dissolved oxygen in the condensate; Keeiprooating 
Steam Engines; Reciprocating Steam-driven Displacement Pumps, including 
both pump and engine; Stationary Steam-generating 'Unite, including aupe^ 
heater, economizer, air heater, furnace, and fuel-burning equipment; Hydrau- 
lic Prime Movers; Internal-combustion Eu^nes; Gas Producers, intended 
primarily for producers whose gas is to be used for power purposes; Steam 
Locomotives, covering laboratory and road tests; Refrigerating Systems, 
including reciprocating compresyon systems and absorption machines; 
Solid Fuels and Liquid Fuels, giving standard methods for the determination 
of those properties which indicate the value of the fuels whoa used In the 
generation of heat and power. 

These Test Codes may ho purchased from the A.8.M.B., 29 West 39th 
Street, New York City. 
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ior tli3 air compressora. In the Bmatt eu^nefi and especially in high-speed 
types, one oil suffices, though the oil may he different for diSerent climatic 
conffiUons. Whso. aa'dil is for cylinders ot air compressors, chemical 
stability ia perhaps the most impoErtant characteiistic; viscosity at the 
highest operating temperature is p^haps the next, though this value is 
becoming ot less importanoe as greater premaion of manufacture and smoother 
sulfates are obtained. The smootha the witface and the smaller the deet- 
ance, 'the lower the mscoKty necessary, provided the temperature is nob 
sLtnulWeously greatly increased.’ 

As speeds and powers are inwcaaed, more heat must pass into or through 
the lubricating oil from the .piston. Heat conducted or radiated from tbe 
burning gases also tends to iaadiie or polymerize the oil on the cylinder walls. 
The oil, therefore, must bo 'refined or treated to withstand oheniical changes 
and to prevent the iormarioh ’of tarsi ■varnishes, or lacquers which cause 
rings and valves to stick and’aleo collect road duel and soot from the com- 
bustion chamber to form a sludge or.hmd carbon coating. 

In a precisely made engine, oil consumption is low, but if rings get worn or 
stuck, not only do combustiott gases “blow-by” and accelerate dud^g, 
but also oil is pumped 'up into tbe combustion space faster than it can burn, 
forming carbdh and fouling 'sparkplugs. This 'naturally inotcaaes oil con- 
sumption, and meahs a loss in po'wer due to poor compression.. New engines 
of tbe high speed automotive type, 'when operated at maximum efficiency of 
fuel, 'cbnaume about one gal' of lubricating oil to ISO to 200 gal of gasoline; 
Large buses are less efficient on acoount of slops and starts. 

Tbe crankshaft bearings o[''8lnaost all internal-combustion engines are 
lubricated by a pressure cit'erdatingaystora. In some cases, the oil ia carried 
even to the' wrist pin fay pressure, bu't most wiiat pins are lubricated by spray 
from the crankshaft or excess oil' from the cylinder 'walls. In some small 
engines, lubrication is almost entirely by splash from the crankshaft. 

•Itt Borne small two-cycle en^nes, ae used ia mari'no ecrvice, the lubricating 
oil is mixed with the fuels and fee^ directly to'tho cylinder WBUs'wbere the 
gasoline evaporates from it into tbe combustion space. 'Much larger quanti- 
ties' of oil ate neoeesary under' these cirdumetances. 'This same eystem, 
uois 'laia^ emalkc qjiaoJitiftS, <it <9J., m waonfivnis. eja-TJ/sswi trac vaaiimi \% 
new engines, or oven as a supposed aafoguard'rin. addition to the regular 
lubricating syafem. • 

• Oil and. bearing itcmpcratittea bavc.'risen rapidly, as engine powers have 
been increased, to^such extent that new bearing materialB have become 
necessary. 'Som'o of these n'w bearing metidS' are .very; eensitive to the 
chemical action of oxidized lubricatitig-oil at Hgh temperatures and, bonce, 
have introduced 'a new^profalem to oil'produceta, as 'well as bearing manu- 
facturers. Suchdmprovementsha'vebeea'made that bearings are now suc- 
cessfully carrying pressures several times as high’ as & few'years ago.ut much 
highertempetBtures.’and'withthinncrjoilfilmB.'., 
;Die8el-etiginar':luMcatiori as little-difierent from, that of Otto cycle 
cn'giueB, except asito the .cylinder walls.' -IjubHoatidn here is. complicated by 
the fect.that'althoueh there is- alwa|ys^ an excess of air, nevs^eless, in spite 
of this excess, complete combustion is jsrely existent if opemtion is carried 
on: in the most efficient manner.- •Thia.xcsults ia considerable', quantities of 
combustion-chamber -soo'f being-carried down into the lubricating oil The 
euc^ul oil must not allow tias soot to cofigulote or be.held’ as a tarry mass 
wheh- may,: cause sticking .rings,- ^ves; or even' piston. drag.: 'This may 



IfiTtSCULAE ENERGY OR MEN AND ANIMALS 

Tbs accompanying table ©vea tesolta obtained by PonceUt, Morin Ran- 
^e. and otbera. The -work ol Er. W. Taytet abo-ws tbat a maximuin. 
amount oi ehoveling may be occompliehcd by tbs use of a ebovcl taking up 
a load of 22 lb. Aleo that by the introduction of teat porioda at atafsci 
intervals (determined from a study of tim particular task) the amount of 
work dona in s day by a laborer may bo greatly increased above the figures 
gven. 


Nature of work 

Wwgbl 
tooved OT 
resistaooe 
orereome, 

lb 

Velocity 
of move* 
meat, ft 
per acQ 

Work 
dono 
per sec, 
ft-lb 

rim.0 of 
working, 
hr 

per day 

Work 
done 
per day. 
ft-lb 

RuaiNa 'WEJoffra 

Han ralslos bis own weight 
OT a »tw« ladder........ 

W 

0.5 

71.5 

8 

2,059.200 

Man twisting weight with 
rope and pulley, and lower* 

40 

0.66 

26.4 ^ 


pi>'a8 

LilUne weishls by band ' 

44 

9.56 ' 

24.6 1 

6 

531, 3M 

Cartyiug weight* on the book ' 
upstairs or a ladder, return* 

143 1 

0.13 ' 

15.6 

6 

401,760 

Pushing loaded wheelbarrow 
tip a i'.12 intKfie, Tctumitig 

132 

0.065 

8.6 

10 

309 ,600 

Shoveling up earth: lift, 5 ft 
8 in 

6 

1.3 

7.B • 

10 

280,800 

OrEEA'nKa MacmKEB 
aNo Tools 

Pushing or pulling hori- 
foataSV sad eontindOiuly 
(capstan or oar) 

26.4 

2.0 

51.6 

6 

I, 520,640 

Pushing, and pulling alter- 
nately in a vertical Erection 
(pump) 

13.2 

2.5 

33 

ID 

1.188.009 






1.267.200 

8,553,600 

7.063.200 

Horset operating nhorie gin, 





Horae operating a horse gin 
trotting 

! 66 

6.6 

456 

416 


*Dr. Taylor (“Piinciplea of Sdenfific Mumgemwit," p. 60) cites the iostanoe of a 
iaboier luting and carrying 1,156 pigs of iron (eadi weighioK 92 lb) up an incline into a 
car daring a lO-bi day. Aver^ dvlMice ol travel, 36 H; total lift (probably not 
less than) 8 ft. Ft-lb of work (Bftisg) = 8 X U66 X 92 = 850,816. Prior to a 
Btody of the task and the Inirodnetion of proper mat periods, the beat day'e accotaoltih- 
ment was Qie tranaportiog of 305 pige. 
t Oxv » = 132, ? = 2; mule; « •» 66, # - 3; aaa: u - 21, t - 2,6. 
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LUBRICATION 


J. 

require a special type cf oil or a freatmeat, but, ia any case, frequent 
drains are most desirable. 

Airplane engines— especially those wHdi are air-cooled— are subject to 
greater variations in temperature titan automotive engines and, hence, have 
greater machine clearances. The manmum mean effective pressures and 
maximum temperatures are also quite hi^ and consequently maximum sta- 
bility is required in the lubricating oil Usually a viscosity between 100 and 
140 see SU at 210 F is required. In Canada in winter, much lower values are 
found necessary on account of starting difficulties. Compounded oils are 
used, especiaUy in Europe, but care must be taken that they do not break 
down to acid materials injurious to hard bearing. Some airplane engines 
are equipped with a combination oil heater and cooler so that oil inlet tem- 
perature can be kept constant. In order to expedite the warming up of oil 
in starting, a smaller quantity bo recirculated until the enpne reaches 
desired temperature. AiriJane engines work on the "dry-sump” principle. 
In this, there are two pumps: one pumps the oil out of the crankcase, the other 
pumps oil from the tank to the lubricating system. 

Compressed-air Machinery. The cardinal point in the lubrication of 
compressed-air machinery is to supply only sufficient oil to keep the walls 
covered with a thin film. Trouble is usually caused by using too much oil 
rather than too little. The temperatures reached in air compressors are 
high, and an oil film subjeeted to these temperaturos will gradually evaporate 
or decompose, in the latter case leaving a gummy mass which collects sxound 
valves and dead passages and may form a hard deposit with the dust from 
the entering air. It is advisable to use an oil with low distillation end tem- 
perature and not generally advisable to use blende of cylinder etocks. There 
are cases where there is excesnve moisture, then it is necessaiy to use an 
oil that is compounded so as to produce an emulsion simOar to that used in 
steam cylinders. 

The Compressed Air Society suggeate, as a minimum quantity of air- 
cylinder lubricant to maintain a film, about 1 drop of oil per minute for each 
600 sq ft of cylinder wall swept by the piston per minute. This requires 
1 drop per min in an 8 by 8, 6 drops in a 24 by 24, and 12 drops in a 42 by 
42 in, compressor. 

r Eefrigerating Machinery. An oil for use in refrigerating machinery 
should have a pour test sufficiently low to prevent its congealing on the coldest 
parts of the system, as some of it is unavoidably carried through to the 

, evaporator coils. Pure mineral oils operate more satisfactorily toan com- 
pounded oils, as tho latter may separate or solidify under the low-temperature 
conditions. Compressors for ammonia and carbon dioxide are usually 
lubricated by applying the oil to the piston rod by means of an arrangement 
around the rod called an oil lantern. Tho function of this is not only to 
supply oil to the cylinder, but also to prevent gas from escaping and air from 
entering the cylinder. In the wet ammonia process, mineral oil clings well 
to the cylinder walls as tho liqnid dissolves in the oil, forming a sort of emul- 
sion, In the dry-ammonia and carbon dioxide processes, the adhesion to tho 
walls is not quite so good, and it may be necessary to use auxiliary oilers 
to get complete lubrication. 

• In case of machine using various refrigerants 'Buch as sulphur dioxide,- 
methyl and ethyl chloride, and Freoo, which in liquid state are soluble in oil; a 
light-bodied. straight mineral oil is atiU Batiefactory, as when, acting as a 
lubricant it is in contact with the refrigerant when it is'in.a gaseous state. -'In 
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MUSCULAR ENERGY OF MEN AND ANIMALS 


According to D. K, Clark, a laborer can exert 0.1 hp for 8 hr a day on 
a windlass or pump, and for periods of a few minutes as much as 0.5 hp. 
The maximum force which a man can exert in pushing or pulling is 110 to 
130 lb; the greatest weight he can ordinarily carry is about 330 lb; the weight 
he is capable of sustaining ranges from 450 to 650 lb. 


Performance in Transporting Loads Horizontally 

(The quantity m ia not the work done) 


Nature of transportation 

Wdgbt 
moved, Ib 

1 

Effective 
velocity,* 
ft per sec 

1 

i Transport 
per see, 

1 ft-Ib 

Time of 
working, 
hr 

per day 


143 

3.0 

715 

, 10 

Man wbeciing load win a wheelbarrow, 
returnina unloaded 

132 

1.7 

224 ■ 

10 

Men traveling aith load « on back 

Man catryingload u onback, retuming 
unloaded 

88 

2.5 

220 

7 

143 

1.7 

243 : 

6 

Horse drawing cart, loaded with », 

15«* 

3.6 ' 

5.M4 . ' 

ID 

Horse drawing cart loaded with to, 

trotting 

Horae walking with loaded cart, return* 

770 

7.2 

5.544 

4H 

I>I0 

2.0 

3.080 

10 

Horse carrjiag burden w, walking | 

264 

3,6 

950 

10 

Horse carrying burden u, trotting 

176 

7,2 

U67 

7 


* Distance through which u is transported total Ume including unloaded return, 
if any. 


; The draft of horses is reduced by working them in teams. The draft of a 
horse in a 2- (4-) [8-] horse team is but 98 (80) (491 percent of that exerted by 
the horse when worked alone. A 1:100 grade reduces the draft 10 percent ; d 
1:50 grade, 20 percent; a 1:30 grade, 35 per cent; a 1:20 grade, BO percent, 
Md a 1: 10 grade, 75 percent. 
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to state, the Boiubility in. oil is not Baffiaemt to ham the lubricating ability 
o{ the oil. As the solubility depends on ptcssuie, the gns alteinately entera 
and leaves the oil 'with pressure changes. A satisfactory oil must allow this 
gas to come out without foaming. To prevent chemical change under 
operating conditions the syatem should be free from moisture and the oils 
dehydrated. 

Reiiigerating machinery should in, all cases coutoin an oil separator, as 
it is impossible to prevent oil being carried out of compressors ■with the gas. 
Tiie oil so collected can be re-uaed; it is sometimes purified before returning to 
the system. 

Textile Machinery. la the iisUIe indualry, spiiulle oil and stainless oil ore 
employed. Spindle oil is highly refined, Iiec itoin gnmimng pioperties, cad designed to 
prevent rusting, For light spindles an oil of about 50 to 60 sec, for heavy spindles 90 
to 100 see Slf at lOO F should be used. Stainless oils are usually highly refined 
petreJeum products toroVined vitb nealdoot or ertber feted c&. The object ia to 
have aa oil that will not show epols on thn fabric and that can be easily removed by 
washing. This latter ohaTaeterisKc is especially essential where the fabric must be 
dyed or printed after it ia formed. 

Goars, espeeiahy those operating under hmy loads, should uee a viscous lubricant 
that nil] not be easily displaced from the teeth by squeeting or rubbing, or thrown off 
by centrifugal force, aad will not flow appredably under ordirory temperatures. With 
steel mill roll janlons, this compound shtnild have incotporsted with it some product 
that will increase its adhesiveness and prevent its bdng wesbed away by water, even 
under pressure. In places such as cement miUe where there is considerable dust fiying. 
heavy and iiequent iced may be required so ca to wash oS the accumulated dirt. 
If gears run in a bath, a hea'7 od can be used. 

Soma modem gears are designed to operate conlinuoualy with heavier loads than caiibe 
safely canied by straight mineral oik These gears require an extreme pressure type of 
lubricant, especially if there is any “chock” loading. These hibricanU contain a ehesa* 
fcal that reacts with the metal under the instantaneous pressure and temperature 
conditions so as to prevent welding of metal parte under tho very extreme loada where 
Bu.'nwal oils would be wiped off. The most active types d extreme pressure luhritanta 
cannot be used under continuous heavy loading, as correeion is apt to take place. A 
proper lubricant should only be active at tho instant of extraordinary pressure or 
demand, wUch should be of short duration. 

Chains, if heavy, should be lubricated sicniktiy to ordlitety goara. If light and 
enclosed in a bath, sn oil of 300 to 500 seo Saybdt at lOOF should be used; if not 
enrinsed, a vkwsity of 13Q to 2QQ aeC at 210 F will usually avoid. In^a by thcowiag off 
due to centrifugal force. 

ropes should be treated hot vrith a heavy viecous straight mineral product that 
will pcnetrato'the strands when hot, but not drop from the rope when at working 
temperatures, ljubricanta nust ako be applied to the outside occasionally. 

Lubricating Systems. Most CBcalating eyetema are ptessuTB fed, ve., the ml is 
forced from a pump directly to tho bearings or gears. The pump may be directly 
connected or geared to the main shaft or may be driven by a separate motor. Tho 
advantage of the iormc: is'that tho quantity rf the mllod depends on the speed of tho 
eegine and is positive. The advantage of tiiO ktler is that the oil can be circulated 
before the mnohine is started. 

_ Ail systems have cooU;^. and filtering or deaaaing units. The coding tank « 
similar to a steam condenser aad is generally inetaUed befOM the cleanser. In some 
plants, the oil is first passed through a beating tank where it ia heated to expedite the 
separation of air and water. Alter eetfling, (he oil may bo cleansed by passing through 
filter -.clo^s or by aieana of centrifuges. Some ayatcaa pass all the oil thiough thb 
cleaning .apparatus on' each cycle,' but it is Mmmon practice either to clean tho oil 
intermittently or to-by-pass a small percentage' of the whole continuously through the 
filters oc'-centrifuges.. ' ' .... •, 

_In small units, .the oil .is generally cooled and.allowed .to eettle and not filtered. 
There should be sufficient capacity, in settling and aupply.taaks so that the o,il comes to 
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rest on each cycle and is nsed only a few times a day. Two entirely different lots of off 
are often Used — one temains at rest, while ihe other is beins used. 

, All strainers should ha installed in dupUeate to proride for cleaning and should ha^o 
a by-pass with relief valve bo that if the Btr^ew bccomo clogged the supply, of oil will 
continue. The water pressure in eoolerB-shouldbelcss than the oil prMsure, to prevent 
leakage of water into the di. Some systems pump ccntinuoualy from the sump or 
gettline tanks to the supply tank in cceas of tijeflnaotity of wl used, affoning the eiccss 
to overflow. Other systems pump only when the oil level in the supply tank geta low 
and stop automatically when the latter is fulL The latter have tho advantage of 
allowing the oil to remain quiet in tiie supply tank and gjve better opportunity for the 
aettliDR out of water and impuiitiea. SwiwfeBea the luhiicfttisis pusnp runs slowly 
at all times and speeds up when the ol reaches the low leveL 
Specifications. The most generally used speeifications at the present 
time are those formulated by the TTnited States Navy. These, with their 
general usage, are given below. In addition to the apecificntioHB listed, the 
Navy Department demands that the tnl pass a “work-factor" test. The oil' 
is ^ven a rating by this test according to the change in certain particular 
physical characteristics after a “run" in a particular type of bearing under 


United States Navy Requirements for Lubricating Oils 


Closaifioation 

1 

Z" 

% 

a 

Is 

dS 

h 

Saybolt Uni- 
venal via- 
eosity, see 

ee 

« 

It 


Per- 

cent 

Nature 

i 

Ih 

2f, 

h 

mF 

210F 


m 




-f/l 



0.10 

O’W 


71 M 

US 

90-17* 


0 



0 70 

[) 1(1 


•friS 

Mil 

170-14' 


fl 



(I31t 

II. Ill 


m 

jy 

185-705 


3 



II 40 

II. Id 


m 

m 

245-280 


35 

Nnne 


0.50 

U.10 


3050 

VKI 


45-5 




030 

0.10 

and s^oeral) 

fir 

4lf 


6(h-7 

5 



0.50 

1) in 



441 


7V9 

1 



flHfl 

II. 10 


■11' 

460 


90-10 




1 no 

1) 10 



480 


115-125 

30 

None 


1.25 

11. 10 


1047 





Wnno 





104' 










106 

47 


5^6 




0.60 

0 10 






t 






100 

470 


9V101 

ID 



1 7(1 

i.IO 












150 

SIQ 


140-160 

30 

None 


1.80 

O.IO 

Cotapounded mKine-eagine oil 

4065 

350 


65-7; 

35 

15-20 

Blown 


3.00 








rapes&ed 




SfiW 



















1 - • 

5190 

525 


180^270 


None 


4.00 

0.15 


6135 





Ifl 

MlHHi 

tm 

IPII 

(lard or tallow) 

;io5 

450 


95-1 fO 

40 

Im 




Comp &ir-cylind« oils 

8190 

Msjieo-SN 


35 

2-4 

Lard oil . 

0.50 

i 


AH lubricatinc vihi ihiU equal or better (ho spedheations shown in the foiegoine table. 
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BY 

B. C. M&cMILLAN 


TESTS PRIOR TO IMSTAUATION 

Tho Arocri«an Bureau ol Shipjnn^ and tiie Marine Inspection Sein’ce o! 
the U.S. Coast Guai'd require that certain parts of machinery and piping be 
tested during manufacture or erection. The tests to be performed at the 
equipment manufacturer’s plant or at the shipyard prior to installation (but 
not including material teste) are briefly described below: 

Steam Engines. The foUowng hydrostatic tests are to be witnessed by 
the American Bureau of Shipping surveyors; 

the boiler pressure. 

2. Low-pressure and intermediate-pressure cyliiulers, receivers, and valve 
chests to one and one-half times the pressure of their relief valves, with a 
nunimum of 30 psi. 

Steam Turbines. The following tests are to be witnessed by the Ameri- 
can Bureau of Shipping surveyors for all turbines over 135 shp: 

1. Turbine casings ate to be subjected to hydrostatic tests of one and one- 
half times the working pressure. For this purpose the casings may be 
suitably divided by temporary diaphragms for the proper distribution of the 
test pressures. 

2. The turbine is to be tested to 15 percent above the maximum designed 
speed to operate the overspecd governor. 

Diesels. The following hydrostatic teste are to be witnessed by tho 
American Bureau of Shipping surveyor except as noted: 

1. All relief valves are to be tested and set in the presence of the surveyor. 

2. Cylinders and liners are to be tested to one-half the initial pressure. 
Where cylinders or liners are so designed that the parts subject to internal 
pressure may be accurately gaged for thickness of materials, the hydrostatic 
pressure may be reduced to 50 psi. 

3. Water jackets are to be subjected to a pressure of 50 psi, 

4. Air-compressor cylinders are to be subjected to a pressure equal to 
one and one-half times the matimuni pressure. 

5. Air-cooler colls arc to be sul^ected to a pressure equal to one and one- 
half times the maximum pressure. 

Tests of items under par^raphs (4) and (5) are to bo made at the manu- 
facturer’s plant but need not be witnessed by the surveyor. 

Condensers. The American Bureau of Shipping surveyor shaU witness a 
hydrostatic test of the condenser body, with t«b^ and ferrules fitted, to 15 
pei. (Also see Pressure Containera, p. 1915.) 

Pumps. There arc no requirements for tests prior to installation. How- 
ever, it is general practice to test the steam ends of reciprocating pumps 
hydrostatically to one and one-hidf times the working pressure and tho water 
ends to tmee the working pressure. Centrifugal pump casings arc generally 
tested to one and one-half times the shutoff pressure. 
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specified conditicms. Ibe less tbe Ganges under this test, the better 
rating in its class. 

Viscosities q{ lubricatita ate usually deteniutied by the Ssybolt UniTersal 
Tiscoametei (see p. 244) allhou^ the Bfigler viscosimeter is also used. 
With this instrument, the outfior toe in seconds ior 200 cc of the oil Is 
cibser\-ed; trhen. divided by the outflow time for 200 cc of vrater at 68 F, 
it gives tesuUs in Engler degrees.- The witSow toe of the water must be 
between SO and 52 sec ; the usual toe for an instrument of normai dimensions 
is 51.3 see. The Eedwood Standard -riscosimeter is the usual instrument in 
Great Brit^-, a modification of it, the Bedffood Admiralty 'riscosimeter, is 
used in testing oil supplied to the BnUsh Kavy. . 

There is a strong tendency at the present time to use hdnematic Tiscosity 
eirpressed in centistokes. An approtoatc conversion table showing 
the relationship among the various viscoafy units as developed by the 
Standard Oil Development Co. is given below. The values for the Ssybolt 
and Redwood instmmeats vary elightly with, the temperature of operation. 
The supplementary table indicates the magnitude of tins variation. 
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Piping, Tests (material and hydrostatic) on all plain piping to he used 
ior pressures over 150 psi are reqmred by the American Bureau of Shipping 
at the Tnanufactuicr’s plant. The surreyw shall wtncss the following tests 
on fabricated piping after bending and attachment of flanges: 

Steam, boiler-feed, and blow-off pipes, valves, and fittings to twice the 
worldng pressure, but not more than the worMng pressure plus 1,000. For 
fusion-welded piping, see below. 

The U.S. Coast Guard Marine Inspection Smdee requires that sections' of 
main and auxiliary steam piping subject to boiler pressure, also feed piping, 
shall be tested hydrostatically with flanges attached to a test pressure equal 
to twice the ma^dmum allowable working pressure of the boiler. This test 
is to be witnessed and certified by the inspector. 

Tile Marine Engineering Regulationg (August, 1943) of the E.S. Coast 
Guard also require that all wdded Class I piping (pipmg for pressure over 
125 psi gage, hot-water piping for tempwfttures over 200 F, and oil piping 
for temperatures exceeding 150 F regardless of pressure) be testod after 
fabrication to twice the manmum pressure to which the piping will be sub- 
jected in service. 

Air Compresaors. No tests required other than for compressors used 
with diesels, aa noted above. 

. ' Boilers and Other Pressure Containers. Items included to be tested 
by the American Bureau of Shipping: 

1. All boilers intended (or working pressure above 30 psi, 

2. All unfiied pressure containers intended for working pressures above 
100 psi. 

3. Unfirod pressure containers intended for.W'orking pressures of 100 psi 
and less whose shell diameters arc more than 30 in. and which are necessary 
for the safe operation of the vessel, such as condensers, evaporators, feed- 
water heaters, coolers, and other similar pressure containers.' 

The American Bureau of Shipping surveyors are to witness hydrostatic 
tests on the above to a test pressure not less than one and one-half times the 
working pressure for containers of .plate .or.pipe construction and twice.the 
working pressure for cast shells. In no case shall the test pressure be less 
than 15 psi. , , , 

Rcqvdrcmetits of the II5. Coast Guard, Marino Eagincering Regulations 
concerning boilere are quite detailed. Repirding evaporators, heaters, traps, 
separators, pressure vessels, and miscellancous.appliances, they require that 
shells made of plate consteuction be subjected to a hydrostatic test equal to 
one and one-half times the worldng pressure for which it is designed; that 
coils and ail, cast shells shall bo tested to, twice their respective working 
pressures; and that these tests bo witnessed by an authorized inspector. 

Pusibn-welded. Boilers and Other Pressure ..Contamers. The 
American Bureau of Shipping requires that afl fusion-welded boiler drums and 
other pressure containoi's, aleo fusion-welded piping, shall be subjected to a 
hydrostatic test pressure of one mid one-half times the allowable working 
pressure and, while under tins pre^nre, shall be given a thorough hammer or 
impact test. The hammer' test shall eonast of stiitong the plate at about 
6-in. intervals on both sides and for. the full length of the welded jointe. 
The weight of the hammer ahall be approximately I Ib for each f[q in. of the 
plate thickness but notto exceed 10 lb.- The edges of the hammer should be 
rounded to prevent deiadng the plates. \ 



PATENTS FOR INVENTIONS 

BY 

ODIK ROBERTS 
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Eeferekces: Albert H. Walker, “Patenfs,” Baker Voorlus 4 Co. William C. Robin- 
eon, “Patents,” Little, Brown. 


United States of America 

What Subject-matter Is Patentable. Any original and useful art (i.e., 
process or method), machine, article of manufacture, or composition of 
matter, or any improvement on mther, or any asexiially reproduced new 
variety of plant other than a tuber-propagated plant, which has not been 

(1) Known to or used by others in tlw United States prior to the invention 
or origination; 

(2) Described anywhere in any patent or printed publication prior to the 
invention or origination, or more than one year before application is made for 
patent in the United States; 

(3) In public use or on sale in the United States more than one year before 
application ia made for patent in the United States; 

(4) Patented to the inventor in some other country, which by treaty or 
convention has establidied reciprocal relations with the United States in 
patent matters, upon an application filed more than 1 year prior to the 
patent application in the United States. (This applies to practically all 
civilized countries.) 

Who May Apply for Patent. The original inventor, or inventors jomtly, 
if more than one. The erieleuce of joint invention can be determined only 
by the facts of each case. The only general rule is that if two or more have 
worked and consulted together in the development of an invention they are 
properly joined as applicants for patent. The owner of an invention, by 
assignment and sale from the inventor, may not apply for patent, but may 
receive the patent as asrignee, provided the deed of assignment has been 
recorded in the Patent Office. 

Term of Patent. Seventeen years from the date of issue. Nooxteneions 
are granted under the general law. 

The patent grant gives to the patentee for the term of the patent, the 
sole and exclusive right to manufacture, sell, and use the alleged invention 
patented. 

The patent application should he prepared by a competent solicitor. 
For information concerning tiie forms and rules, obtain from the Commis- 
Bioner of Patents, Washington, D.C,, a copy of the Rules of Practice of the 
United States Patent Office. 

Cost of Obtaining a Patent. The Patent Office fees are: Filing fee 
and final fee to obtain patent after allowance. Each fee is $30 plus $1 for 
each claim in excess of twenty. The cost of preparing drawings and specifica- 
tions will, of course, vary with the subject-matter. 

Sale, or assignment of patent, to be binding, must be by an instrument 
in writing. Acceptable forms are found in the Rules of Practice of the 
Patent Office. To provide for constructive notice to all, an assignment must 
be recorded in the Patent Office witiun 3 mouths of its date. 
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Following this test, the la-essure shall be raised to twice the working pressure 
and held there tor a sufficient length of'tdme to permit a thorough inspection 
of all joints and connections. The U.S. Coast Guard requires a similar test. 

Refrigerating Machinery. The American Bureau of Shipping requires 
that compressors, separatora, condenser and evaporator coils, headers, 
connections, and all other parts subject to high pressure are to be tested by 
hydraulic pressure to three times the working pressure and afterward to an 
air pressure of one and one-half times the working pressure while submerged 
in water'. 

Gas condenser and evaporator carings are to be tested to a hydraulic 
pressure of not less thMi twice the working pressure. The tests required 
in this and the preceding paragraph are to be made at the plant of the manu- 
facturer .whose affidavit may be accepted by the surveyors. 

Electrical Equipment. The American Bureau of Shipping requires that 
electrical propulsion generators and motors and auxiliary generators and 
motors of 100 kw and over shall be tested in the presence of and inspected by 
the surveyors at the plant of the manufacturer. For auxiliary machines of 
less than 100 kw the tests may be carried out by the manufacturer whoso 
certificate of tests will be acceptable and should be submitted iipon’request 
from the Bureau. Suffirient tests shall be made to ensure that the generators 
and motors are in accordance with the requirements and, for ori^nal units 
of a type, shall include rated-load heat tun, plot of saturation curve, regu- 
lation testa at operating temperature, cold reristance measurement, air-gap 
check, commutation check, end-play setting, insulation resistance, running 
balance, bearing temperatures, and high potential test. . . ‘ 

For subsequent duplicate generators and motors the testa shall include 
plot of saturation curve, cold resistance measurement, air-gap oheck, com- 
mutation check, end-play setting, insulation resistance, running balance, 
bearing temperatures, and high potential test. 

Spare rotors for propulsion apparatus and auxiliaries of 100 kw and ‘over 
shall be dynamically balanced in the presence of a surveyor, and' the’ tests 
shall include cold-resistance measurement, insulation-resistance and 'high 
potential tests. Spare coils shall be tested for short-circuited' turns; in 
addition, the regular high potential test shall be applied if ground insulation is 
assembled on the coils. ' ' 

Controls for propulsion equipment shall be inspected when finished 'and 
dielectric tests made on the various orcuits. The satisfactory tripping and 
operation of all relays, contactors, and the various safety devices shall also 
be demenstrated. • •• 

Cables for the propulsion equipment shall be subjected to dielectric and 
insulation tests in the presence of a Bureau Surveyor. All other cables are 
to be tested to stated rcqmremaits by the manufacturer whose certificate of 
such tests may be accepted. .... 

Detail insulation tests of generators, motors, cables, and controls are also 
specified. ‘ ' . • ■ . ■ 

INSTALLATION TESTS 

General ' • 

Tests are required on all piping and equipment after installation in the 
vessel and are to be perform®! in the presence of the inspectors of approval 
agencies requiring the tests, such as the 11.8. Navy, TJ.S. Maritime Com- 



graphical representation of functions 

For cTUDliicdl methods in etatisUes, etc., see W. C. Brinton’s “Grophical ^othods for 
nese&ting FkIs!' 

. EQUATIONS INVOLVING TWO VARIABLES 

The .CuTTS y »= fCz). ' To represent graphically any function, p, of 
B single variable, x, lay off the values of x as abscissae along o uni- 
formly graduated horizontal axis, 'whose positivo direc- 
tion (as usually chosen) runs to -the ri^tl and at each 
point on this s-asia erect a perpondicular (called an ordi- 
nate) whoso length represents the value of y at that 
point. The unit oi Tneasuiemeut lor the y-scale, whoso 
positive direction (as usually chosen) runs upward, need 
not be the same as the unit fop the a-scale. Draw a 
smooth curve through the cstrcmitlea of the ordinates; this is the graph of 
the given function in rectangular co-ordinates, or the curve of the function. 

To measure. graphically the rate of change of the function at any point? 
(Fig. 1), drawthetangentatPjthenratoof change at P = BT‘/PIi, where 
BTaudPBare moasuied in units of the y-nNia nnd s-axis, respectively. 
This ratio, which ia positive if RT runs upward, negative if RT runs down- 
ward, is equal to the derivative of the function at the point? (see p, 157) , 

Graphs o£ Important Functions. '•Figsl 2-9 show the graphs (in rec- 
tangular co-ordinates) of tho most' important elementary functions, namely: 

The linear function, y = ms; + b (Fig. 2). 

The power functions, y = j;" [n positive (parabolic type); n negative 
(hyperbolic type)] (Fig. 3). 

The exponential function, y = 10* or y »e*, and tho logarithmic 
function, y = logic s or y = log* ® (Fig.' 4). 

The trigonqmstrio functions (Kg. 6), and tho invotso trigonometrio 
functions (Fig. 6). 

The hyperbolic functions (Figs. 7 and 8) and the inverse hyperbolic 
fvmotionB (Fig. 9). ' , 

"Vtoous special functions (Figs. 10-12). 

B'y a ^ight'modiScation, each oi these dingnuns may bemahe to represent 
a Bomewhat more' general function than thatfor-whichit is primarily intended. 
For, if *ia replaced by X - cinth«eiquation,ttas merely tequiresto-nuiabcT- 
ing the a>axis so that each number ia moved a units to the left; and similarly, 
if y is replaced by y - 6 in the equation, tbia merely requires ro-numboring 
they-asisBo tha'teachnumberismovcdbunitadowaward. (Sucb aebange 
is called a translation of the curve to tho right, or upward.) Further, if x ia 
replaced by x/c [oryby y/c] in the equation, it is merely necessary to multiply 
each of the numbers -writteQ along thox-axia (or j/-axia] by c, in order to 
adapt the graph to the new ^alion. (Such a,chaos<i ia called a " stretch- 
ing” of the curve along one of the axes.) ' 

Empirical Curves. Any set of values of two variables x and y can be 
represented by plotting the points (®,y) on rectangular co-ordinate paper, and 
drawing a smooth curve through these points. The points which correspond 
to actiial'data should be clearly indicated by Bihall circles or crosses, inter- 
mediate points being spoken of as interpolated points. 'While this process of 
graphically interpolating' ^ 'continuous series of points between given values is 
usually fairly safe, the process 'of extnipola'tion — that is, extending the curve 
tei/ond the range of the-pven valuoB-^ifl dangorduB. ' ■ 




' (Parabolic Type) (HyperboUcType) 

linear function, y =■ m* + 6. ^ower function, 1/ = **. 
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mission, lf.S. Coast Guaid Marine Ii^ection 'Service, and the American 
Bureau of Shipping, These tests TriU deteniUDe the success oJ the installation 
and are to be perfoi'med prior to the dock trials, except such tests as cannot 
he adequaiely -made at tire dock owing to lowd conditions may be performed 
at sea. Given below are inataUation t^t procedures for vessels built to 
these requirements. . • 

Data sheets. , giving tho name of the vessel, hull numbers, date of test, 
observed data, name piste data, and space for the itispootors initials should 
be prepared for, each item of equipment, , , . 

Prelimin®*? lastallatlon Teats 

All piping systeras, should be carefully 'examined and tested before the 
of&cial hydrostatic test is applied. The system ’should be examined to see 
that it conforms with the approved (irrartgement and diagrammatic plans, 
■with attention paid to all small lines, pressure gages, th'ertaomoters, pressure 
svritchea, etc. Particulai attention should be pmd to sec that check and step- 
check valves are not installed backward iii tlio iinesi A preliminary hydro- 
static test should be conducted on each system, and all lealcs should be made 
tight. 

Megger or equivalent tests should be made on each clectric'cable during 
tho installation at the time connections'are being made.'- These tests should 
be conduoted in. accordance with the procedure for insulation-resistance testa. 

' Before eonduotlng any test, the shipyard openter should familiaTiae 
bimsell wtb the equipment and with all operatiiig iustructiteis' furnished 
with it. 

All engine-room and deck euiiUaries should 'be tested by the shipyard prior 
to the official tests, Those tests may be .conducted using a shote suppiy oi 
current for the motors or steam for tho stcam-driyen auxiliaries. The dura- 
tion of tho preliminary tests should be suIBcienfto indicate thnt'the machinery 
is functioning properly. Before an electrical test sa started, all connections 
should be carefully checked and insvdatipn-resistaiico' readings should bo 
taken. , ‘ " 

' ALL motors throughodt the ship'for noifccverslng service should be checked 
for proper direction of rotorion. When the direction of rotation is established, 
a careful check of the brush rig^ng should be made and, if necessary, reaction- 
type brush holders should be reversed. Ad'justmonts of this nature should 
be made in atiiet accordance with the-inatcactiona furniehed by tho motor 
manufadmer. 

' The lube-oil system should bo properly deaned and flusbedun an approved 
bainner. ' ■ • • ■ ' ' 

Piping Bystema . 

In general, -these tests sre to be.condbcted before the appUcatibn of lag^ng 
obscures proper inspection forlcaliH,'.but,in speeid c'asos tho contractor may, 
upon written appEcation, conduct ’thom after portions hf the lagging beWeen 
pipe joints have been applied, .. ' ' 

, The sequence of pi]nng system -te^'-juay be, decided .by tlie contractor to 
suit conditions, but.sufficienl notice shallhe-given.to the interested parties te 
that they may prepare for and 'witnew the tests, In 'this respect the con- 
tractor. shall prepare, a sehedulc.of.'jai^g^.S^^in tests giving the apprbrimate 
date on whicli be plans to conduct each 'teC' 
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overload condtion, shall be created •wittuiut causing damage to the instal- 
ktion. Adjustments shall be made to effect operation oi the protective 
devices at the specified overload rating applicable- A sample data sheet is 
pven by Fig. 1. 

Steam Eeciprocating Pumps. Each redprocsting pump should be 
brought up to its rated double stroke per minute and total head. The 
designed total head should be obtained by properly throttling a valve in the 
discharge of the pump. 

Readings should bo taken of sJl data at least every 10 min during the 
continuous test that should be of at least }^-hr duration. 

Any unusual operating conations should be noted and carefully described 
on the data sheet at the time the test is run. Erratic behavior oi the pump 
should be carelully recorded at the time of occurrence in order that any 
serious defect may be detected and serious failure prevented. Particular 
note should be made of the amount of noise, gland leakage, correctness of 
alignment, length of stroke, and operation of tlie valve gear. The operation 
of the relief valve and its setting sliould be checked and, where a governor 
valve is fitted, its operation should also bo checked. 

Turbine-driven Pumps. The turbineniriven pomps should be operated 
at rated speed under service conditions. Keodings should be taken of all 
data et least every 10 min during the continuous test that should be of fit 
least ^'hr duration. 

Any unusual operating conditioos should be noted and carefully described 
on the data sheet at the time the test is tun. Erratic behavior of the pump 
or turbine should bo carefully recorded at the Umo of occurrence in order that 
any aerious detects may be detected and acilous failure prevented. Partic- 
ular note should bo made of the amount of vibration, noise, gland, leakage, 
correctness of alignment, and adequacy of lubrication. When possible, an 
estimate of the amount of fluid pumped should bo obtained. 

The operation, settings, etc., of control and protective devices shall bo 
demonstrated and checked. 


Forced-dratt Fans 

Each forced-draft fan shall be operated for I hr at its maximum rated 
speed and pressure. The proper pressure diall be maintained by adjustiug 
the cotiWoL datupets or boiler registers. Readinga shall be taken every 10 min 
of all data. 

After completion of the above test, the fan shall be operated at the following 
conditions to demonstrate tiic characteristica over the operating range: 

Regigters open at normal speed. 

Registers open at maximum speed. 

Registers dosed at normal speed. 

Registers dosed at maximum speed. 

Any unusual operating conditions ^ould bo noted and carefully described 
on the datasheet at the time tiie test is run. Erratic behavior of the equip- 
ment should be carefully recorded at the time of occurrence in order that an}- 
serious defect may be detected and serious failure prevented. Particular 
note should be made of the amount bf -ribention, tioise, and adequacy of 
lubneation. • ' 

. If the fan is motor-driven, testrequiiementa are the sarrje as pven above for 
Motor-driven Pumps, p. 1928. 
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Installation tests on pijung systema should be conducted only after all 
hydrostatic shop tests have been completed jb required by the tl.S. Coast 
Guard. American Bureau of Shipping, and as noted on the piping detail 
drawings. If any welding is done on a pipe after it has been installed in the 
vessel, this pipe shall be retested as required by the U.S. Coast Guard, 
American Bureau of Shipiwng, and as noted on the piping detail drawings. 

All equipment, such as heaters, coolm, or strainers in the system, wliich are 
subjected to the pressure of the system, shall be tested with the system. 
For equipment such as heaters or coolers pressure shall he applied to one side 
at a time so that adequate inspection for leaks may be made. 

Label plates on valves, manifolds, etc., and drains and instruction plates on 
pipe hangers (where required) shall be installed in their entirety at the time 
of the test. If, for any reason, some of these items should be omitted, the 
same shall be specifically noted in the report. 

The systems shall be cleaned thoroughly of all dirt, rust, scale, etc,, before 
they are tested. 

Pressure is to be applied to each system in its entirety and, in cases where 
this is not practical owing to tank suctions and the like, the joint nosrest the 
tank, etc., shall be broken and blanked, so as to include as much of the system 
as it is possible in the test. Spcdfic mention shall be made of those joints 
that have been excluded from the test so that their tightness may be observed 
under service conditions. 

The pressure specified shall be mmntiuncd long enough to permit an 
adequate and detailed inspection of the system as well as to ropair the leaks 
that occur. In the cases whore it is necessary to remove the pressure to 
effect repairs, the test pressure shall be applied again after the leaks have 
been repaired. 

Where piping is to be subjected to a test pressure in excess of the relief 
valve setting, the valves should be gagged or fitted with a blank on the inlet 
to the valve. An attempt should not be made to reset the roliof valves to 
the higher test pressure. 

All gages used for testing should be calibrated before conducting the test. 

For a more detailed description of the Freon piping test, see procedure for 
testing Refrigeration Equipment, p. 1929. 

Typical piping test requirements are given by Table 1. 


iQSulatioQ-resistance Test 

Megger or equivalent tests should be made of each cable during the instal- 
lation at the time connections are being made to equipment. Circuit 
continuity should be checked at the same time to avoid errors. Record 
weather conditions, particularly bnmidity at the time of ineasuroment. 

A record of insulation resistance should be kept, and a tabulation should 
be made on the test form before the dock triala. The tabulation should then 
be submitted to the local maritime commission inspector for approval, on 
the basis of Par. 45.03 of 45. 

The minimum insulation retistance of all generators and motors should 
be approximately 260,000 ohms. The nunimum insulation resistance of 
fields of machines separately exdted with voltage less than the rated voltage 
of the machine should be of the order rf 3^ to 1 megohm. 

Megger tests shall include positive to negative, positive to ground, and 
negative to ground for power feeders. For lighting feeders, the same testa 
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■ I Air Compressors . 

Each air compressor shall be operated at its designed speed and pressures. 
Tlie compressor should be testi^ with all cmntrol apparatus in place and 
operating. ' It should be brought up to the rated speed, and discharge pressure. 
Air should he bled from a convenient point in the system to permit the com- 
pressor to operate continuously for the duration of the test. 

After completion of the lieat-nm test, the setting and operation of the 
unloading valves, relief valves, stM-t^top smtch, iiS well as the ability of the 
compressor to charge the system' from atmospheric pressure to the rated 
pressure, shall be demonstrated. ' ' 

Motor test requirements are the sanio as given above for Motor-driven 
Pumps, p. 1925. 

, C^Puiihers 

The purifier- shall be operated at its rated capacity with oil at proper 
temperature to demonstrate satisfactory operation and installation. The 
test should also demonstrate that the attached pumps are able to take suction 
through tbs normal or emergency suction and deliver the normal quantity of 
oil at the required pressure to the storage, settling, and sump tanks, , , 

, The motor should bo brought up to its rated speed, -and the discharge 
valve on the discharge pump should be throttled to obtain the designed 
discharge head. Readings should be taken every 15 min during continuous 
operation .until the temperatures no longer show an increase. The time o( 
continuous test shall be not less than 1 hr. Attention should also be paid 
to tho water discharge to see if any oil is carried over with it to the sludge tank. 

Any unusual operating conditions should be noted and carefully described 
on the data sheet at the time the test is run. Erratic behavior of equipment 
should be carefully recorded ot tbe lime o! occurrence in order that any 
serious defect may be detected and serious failure prevented. Particular 
note should be made of the amount of vibration, noise, gland leakage, correct- 
ness of aUgiiment, and adequacy of lubrication. 

Motor test reqmrements are the same as ^ven above lor Motor-driven 
Pumps, p. 1926. 

itatfrguncy JKosei C'enerator 

Generator tests similar to those described above for Turbogenerators 
Ip.' 1922) shall be made. . • ■ 

The automatic emergency diesel-en^ne starting mechanism and the bus 
transfer switch shall be tested under a emulated emergency condition. 
Such condition should be effected by opening the emergency switchboard 
breaker at the main switchboard while tiie ratun switchboard is energized. 

In order to demonstrate the load characteristic of the machine, vary'the 
generator load from no load to 125 percent load, and back to no load in 25 
percent load steps. ■ The generator -field rheostat and the diesel governor 
should not be adjusted during this test. Particular note should, be paid at 
this time to the engine exhaust. The en^ne at 125 percent load may show a 
light haze, but at ratings at and bdow full load tho exhaust should be 
practically clear. 

The.4-hr beat-run teat .should not be started until the generator tempera- 
tures are fairly constant when the generator is operating under full load. 
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sliall apply plus meggcring the neutral leg to p'ound and between positive 
to neutral and negative to neutnd. 

fil&m Boilers 

Boiler Hydrostatic Test. A bydmtatic tost shall be conducted at one 
and otte-half time-s the deagn boilcr-dnun pressuj'e for such a period to 
permit a careful exarnination of every part of the boiler. All leaks developing 
duvbg this test shall be reported together with the pressure at which they 
occurred and the method of correction. After completing the test, the 
boiler shall bo opened up for inspecUon, and all pressure parts shall bo 
examined. 

126 Percent Steam Test. A test under steam shall be applied to the 
bailee and main, and ausiKary steam piping at a pressure of one and one- 
quarter times the design pressure and a tomperature approximately equal to 
the service temperature. For a typical case, the design l)oiler-drum pressure 
is 525 pai gage. The design {normal sustained operating) prcBsure of the 
main and auxiliary steam piping k 465 pai gaga. The superheater safety- 
valve sotting is 480 lb. The corresponding steam test pressure is 600 pst 
gage. Sufficient steam is to be bled from the superheater outlet by operating 
the turbogenerators or some other steam-driven unit, so that the normd 
temperature will be obtwned. The duration of the test shell be of such a 
time as to permit an adequate inspection of the boiler and piping system, but 
in no case shall the test be less than 1 hr. A complete report shall be made 
on this test and submitted for approval. All leaks and other pertinent inlor- 
matioii shall be included in the report. For the steam test, the regular 
safety-valve springs should be replaced by springs designed to operate at the 
test pressure. After the completion of the test, the test springs should be 
replaced with springs designed to operate at the maximum allowable working 
pressure. 

During the test, the tightness of the boiler furnace, uptakes, and smoke 
pipe shall be observed and a note made on the test report of tbe observed 
condition, 

Cold-sbip Emergency StaxtaDg. Cold-ehip emergency starting test 
shaU be demonstrated on at least one ship of each group of similar ships being 
built by each contractor. Steam shall be rmsed from cold boiler to normal 
operating conditions. A report shaU be submitted stating the procedure 
used, tbe time of the various steps token, and any difficulties encountered. 

Safety-valves Setting. The valves Aall be set under steam pressure 
in the presence of the various inspectors. The valves shall be popped by 
steam pressure so as to obtmn the full denned lift and then permitted to 
reseat. Note the popping and rceeating pr^ures and amount of simmering 
or chattering, ■, 

The blowdown of all valves shall not exceed 3 percent of the popping 
pressure. ' - . 

Domoaatrate the ability of the safety-valve easing gear to lift the safety 
valves at zero p'resaiire. - ’ , , ' 

' Hydrostatic Testing of CondenaBM 

The watw tides of tbe';intia and auxUisry condensers shdl be tested at 
the same time as the cirouUting-watw piping to, a pTWSu're of 30 pti gage. 
AUleaka that inay occrur tiiaD be lujide^tight under test conditions. ^ , 
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The dataTor thehcatninsho'iWihanbBtalaa at 3^-hr intervals. Immedi- 
ately after the full-load test is completed, the equipment shall be operated 
at 125 percent load for 2 hr. ... 

During the test any unusual operating conditions' should be noted and 
carefully described on the data sheet at thctime the test is run.' Erratic ' 
behavior of equipment should'be carefuUy'recorded at the time of occurrence 
jn order that any serious-defect may be detected and serious failure prevented. 
Particular note should be made of the amount of vibration] noise, correctness 
of- alignment, adequacy of lubrication, and cooling. Attention should also 
be paid to see if the generator room is properly ventilated so as not to cause 
any undue 'heating of the space. ’ ; ' - . 

At the conclusion of the test, measure the insulation resistance of the 
windings before the generator temperature can change appreciably. 

The operation of the overspeed governor shall be' demonstrated under the 
supervision of the manufattuTer'a' ropresentative, ' The main governor 
should be checked for its ability to return the engine to normal speed after 
it has been reduced or increased from that speed, and the time of such return 
noted. 

Refrigeration Equipment 

The following give the tests for a Fteon-l2 ditect-expansiou system; 

Piping Test. Each system, on .completion and before pipe covering is 
installed, should be tested as follows: 

I. Charge with Freon to 10 lb.- Test for leaks with halide detector, 

2i Blank off ibuTSting disk on Telief. valve.' 

3. Add bone-dry nitrogen or COi to bring pressure to 315 lb. Retest 

for leaks. (Isolate compressor and all pressure controls and low-pressure 
gages.) •' 

4. Seal system under pressure for 8 hr.- Pressure drop should not exceed 
5 Ib if temperature remains approximately constant. 

5. Release pressure to 150- Ib, open. compressor valves, test compressor 

and'Shaft seal for leaks. . 

•6, Lower pressure to atmospheric pressure and replace bursting disk' on- 
relief valve. - i - 

"I. Deb.ydratevdthapottelAedeh.vdca.ters.’iatEi. ' > ' 

8. Pump lowest vacuum possible, using-pumps first, in parallel then in 

series. ... i ■ 

9. Charge with Freon to 20 lb and retest for leaks. 

10. Connect system cleaner charged 'with activated alumina or silica gel in 
the compressor suction line, using. the connection provided. Circulate 
Freon, using compressor. Add^Freon aa-noc^ary. Recharge cleaner when 
necessary. ' , . . 

II. Remove cleaner. Inspect all strainei's, expansion valve, and suction 

regulators. ' : . .• • • . , , , 

Operation Teat. ‘ The refrigeration cortipressora shall be operated at their 
rated capacities. The units should be tested with all control apparatus in 
place and operating. ' Power for motors shall be t^en,' using the ship's 
power and permanent cable inst^atipn. If winter conditions exist at the 
time of the test, the refrigerated compskments and surrounding 'spaces should 
be heated to not less than 70P. All dompressofs should be'^started'and 
brought up to speed with the entire refrigeration loW connected. The com- 
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partmenis should be brought down to and maintained at the designed 
temperatures. 

Readings should be taken on ail motor data every 15 min during continuous 
operation until the temperatures of the motors no longer show an increase. 
The time of continuous test on the motors shall be not less than 1 hr. Read- 
ings of the compartment temperatures, by dial thermometers installed, and 
the compressor suction and discharge pressures should be taken every hour. 
The remaining reading should be taken every 2 hr. The time when a com-' 
pressor starts and stops owing to automatic pressure control should be noted. 
Temperatures in all surrounding spaces shall be taken. 

Any unusual operating conditions should be noted and carefully described 
on the data sheet at the time the test is run. Erratic behavior of equipment 
should be carefully recorded at the time of occurrence in order that any 
serious defect may be detected and serious failure prevented. Particular 
note should be made of the amount of vibraHon, noise, correctness of align- 
ment, any extreme variations in liquid level in the receiver or oU level in the 
compressor, and any undue or uneven frosting of the coils or air units. 

The test should demonstrate the satisfactory operation and adjustment of 
all thermostats, pressure 8\ritches, solenoid valves, thermal expansion valves, 
suction regulators, and other controls. 

Insulatloa Test. After the compartments have been maintained at the 
temperatures required for a period of at least 12 hr, the machines should be 
shut down and the compartinenls kept closed lor 5 hr, and the temperature 
rise noted. Dial thermometers should be read every 2 hr, and temporary 
test thermometers should be read before and after the 6-hr period. Tem- 
perature drop should not exceed to 2 deg per hr when outside temperature 
is 70 F or above. 


Skaft'turnmg Gear Motor 

Oil should be circubted through the turbine and gear bearings by means 
of the main or stand-by lube-oil service pump. All bearings should be 
examined to see if they have sufficient lubrication before the turning gear is 
started. The motor should then be started and brought up to its rated speed. 
Readings should be taken at least every 15 min during continuous operation 
until the temperatures no longer show an increase. The time of continuous 
tost should not be less than 1 hr. 

Motor tost requirements are the same as given above for Motor-driven 
Pumps, p. 1925. 


Anchor Windlass 

General, The cold insulation resistance of the motor armature, motor 
fields, and controller wiring shall be determined before starting tests. 

Centigrade thermometers of proper range shall be wedged in the motor 
windings and taped or otherwise secured to tlie bearings. Readinp shall 
be taken before each run and at 15-mia intervals during tests. Measure 
the hot insulation resistance at the completion of each test before the motor 
cools appreciably. 

The motor speed shall be measured at each point of the master switch for 
both hoist and lower. 

Record the anchor weight, rise of chun, chain and rope speeds, length of 
chain out of pipe, brake operation, input volts, amperes, and motor rpm, 
and any other pertinent data. 
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No-load 7?indlaS8 Test, The anchor irindlass shall be operated con- 
tlnuonsly at maximum motor speed for a period of hr in each diroction. 
During this period, the bearings and gear toxcs shall be inspected for heating 
or other indications of unsatisfactory operation. 

No'te. This test to be run. before anchors and chain are attached. 

Load Test at Dock. The wndlass shall be operated for 1& min by- 
hoisting and lowering each an(dior. Kun out as much chain as the depth of 
dock permits, but not over 50 fathoms, 

Tlie test described above shall be conducted once, by lowering and hoisting 
both anchors simultaneoualy. 

The ability of each mechanical broke to stop and hold each anchor and 
chain shall be demonstrated. Let go each anchor separately, under control 
of brake, and catch it before reaching bottom. The operation of locking 
head, for satisfactory performance, aliali be noted. 

The ability of tiic solenoid brake to slop and hold the anchor and chain 
shall be demonstrated, wliilc bMsting nnd Joweriog at full speed. 

The ability of eacii warping head to produce the specified line pull at the 
apetified speed shall he demonstrated. Note the speed, and check the pull 
oh a dynamometer or heavy-duty cr&no scale, recording maximum input' 
volts and amperca. 

The ability of each -waTping head to develop a high Ugbt-line speed as 
specified shall be demonstrated. (The UghWine speed shall be recorded as 
the average time required to haul in 50 fathoma of ship’s mooring line.) 
Becord the rpm of -warping head. 

Lead a line from the wanjliJg bead to a heavy-duty crane scale, secure the' 
crane-scale hook, and then heave in with the warping head until the windiass' 
stalls, Take readings of crane scale, line voltage, and line current. Operate’ 
the master smtoh so that the electric brake holds the load. 

Check the operation of the interlock switches on the wildcats. With the 
wildcats disengaged and locked out for warping service, take readings of the 
motor speed at each point of the master awitch for both hoist and lower. 

The chain 'stoppers for each chain shall bo tested with chain in a normal 
riding position. Check pawl for proper seating against shoulder of chain. 

Demonstrate the ability of de^’s clow to hold the anchor satisfactorily 
in stowed position. 

• Capstan 

The general and no-load teats are sdmilar to those deacribod above for the 
Anchor Windlass (p. 1930), and the load lest is amilar to the load tests of the 
warping head of the anchor windlass. 

Cargo Wlncbos and Booms 

General. ■ All oargo-handhng equipment and rigging shall be tested after 
installation and shall be in strict accordance 'witii the requirements of the 
U.S.M.p. Register of Cargo Gear. The teste shall be made in the presence 
of Maritime .Commission and American Bureau of Shipping representatives, 
and a certificate of tests bbidned. 

Measure the cold insulation reeistance of the motor armature, motor fields, 
and controller wiring before starting te^. 

Centigrade 'thermometers of propp range shall be wedged in tho motor 
windings and taped or otherwise secured to the bearings. 'Readings sliall 
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The steam side of the coadenser shall be completely filled with fresh water 
up to the height of the turbino flange, and air at a pressure of 15 pri gage 
shall be placed upon the water. The manhole and handhole plates on the 
water box and return heads shall be removed, and all tubes and joints shall 
be made tight. 


Turbogenerators 

For an assumed installation of two 300-kw, tbree-wirc, 240/120-volt| d-c, 
shunt-wound turbogenerators, the tests should be as follows: 

Before starting, the cold insulation resistance of each generator should be 
determined by placing one lead of a Megger or other such device on an 
unpainted spot on the frame and the other on each of the wires to be tested. 
The line s%7itch of the generator should be open and the machine at a stand- 
still. This mil indicate tho insulation resistance of the generator and leads 
to the switchboard. In the event that the resistance is less than 250,000 
ohms, the brushes should be raised from the armature and the shunt field 
disconnected to determine the faulty dreuit. The umt should be examined 
to see if it is in pioper worldng condition. 

Thermometers of proper ccntigrade^cale range shall be attached by putty, 
tape, or othor suitable means to tho generator bearings and stator coils. 
Readings shall bo taken before the generator is started and at each time read* 
inge are taken during the heat run. 

Tho generator should be started and brought up to full speed. During 
this period, a careful check should be made of all items to see that the turbine 
'8 functioning properly. A preliminaiy check of the wiring should be made 
by applying a suitable load on each generator. The series fields should then 
be cheeked by shorting them vrith a carefully placed topper bar. When each 
series field is shorted, the voltage should drop slightly. Any rise in voltage 
should be corrected by slopping the machine and reversing the improperly 
connected series field or fields. 

The operation of the speed-control governor shall be demonstrated as 
follows: After tho governor has been set for the desired speed, the speed shall 
be increased by hand operation of the governor control shaft. The governor 
shall then bring the speed back witbin tho normal tolerance. By similar 
action, the speed shall be reduced below tire set speed, and the governor shall 
again bring the turbine back within the tolerance. 

Each generator in turn should be brought up to rated speed and the main 
smtc’ri’uoari mt^wrs cdifonAed. 'I'nc vo'iXage sbouid be varied Irom To to 
125 percent rated voile by adjusting the field rheostat, and readings taken 
of the switchboard voltmeter, and a calibrated standard voltmeter connected 
on the main bus. Readings should be tokeu at W-volt intervals and recorded. 
A load should then be applied and varied between 20 and 125 percent rated 
current. Readings should be taken of the switchboard ammeters and a 
calibrated standard ammetw, having its shunt connected in series with the 
switchboard shunt. One standard ammeter may be used during this test 
if the neutral is opened. 

The circuit breakers should be tested by adjusting the tripping element to 
128 percent rated load on the positive and negative, and 32 percent rated 
load in the neutral, with dashpot disconaected. The load should be increased 
gradually until the circuit breaker trips. Tho current in each leg should be 
recorded at tho infant of tripping. When the circuit breaker has been set 
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be t'akea before 'each run, md at 15-miii intervals during each' test.- Motor 
voltage and current should also be' record^. - • - 

■' Measure the peak inrush 'current Vhilc moving the master switch from 
“litop” to the last point both lowering andhoistlhg for each test. 

'^hth the winch runnit^, trip the otemt breaker or open the line s-witch and 
observe that the winch does not stwt when power is returned. io the line 
until the master switch is moved tbnm^ the “off” position. ' 

Before starting any tests, the preliminary inspections, ’adjustments, 
lubrication, etc-, shall have been satisfactorily completed. ' 

Demonstrate that the toptung lifts are of sufficient length to provide at 
liast three turns of -Trire rope on the gypsyhead when the boom is lowered into 
the boom crutch. , ’ , ; 

Demonstrate that the cargo falls are long enough to lower the hook to the 
tank top through the last quarter of the hatch nearest the bootn. At least 
three turns of the rope should remain on the drum, with the ‘end of the wire 
rope securely fastened to it. 

The ability safely to 'withatand the stalled-motor torque (300 percent 
normal current), witii overload adjusted to masimum setting,' shall, be 
demonstrated on, one winch for each sliip, either at factory or aboard ship, 
The torque should be applied to both th© drum and the winch head. The 
manufacturer shall tag those winches on which the shop test has been satis- 
factorily completed. 

In each'test, the load, motor rpm, rope speed, hook speed, input volts and 
amperes, and other unusual or pertinent data shall be recorded. "Where 
tho.abllity of the winch to handle the various specified rope speeds' has not 
been demonstrated at the plant of manufacture, it sball be demonstrated 
aboard ship. 

All winches shall bo tested aboard ship at 100 percent of load ‘for five' 
complete, cycles through the maemum obtainable drift. 

. Record the loads, speed, cycle lime, time for each operation in cargo cycle, 
and all other pertinent data os well as any unusual conditions or oco'urrences. 

Whatever load is specified for the normal rope load at the drum shall be 
raised and lowered continuoudy for ^ hr with a masimum speed' as near 
0.6 maximum possible speed as practicable. The load shall be stopped in the 
hold 20 sec each time to timulate service conditions. Check rheostat heating. 
This test is to be carried out on one winch of each type. ' ' 

During the cargo vrinch test the adequacy ot the control shall he checked 
and any objectitumble/fsturesnoted. 

No-load Test. Operate each winch for a period of hr on hoist and 
hr on lower. Where posable, this may be done by declutching the 'wire- 
rope drums, operating the gypsies only; otherwise, it will be necessary to 
remove the wire rope from fie drums. Take rea^nga every 15 min, four 
sets minimum, record electrical tempcmtiire, rpm, motor -voltage, and current, 
Inspect the gear boxes and 'bearings for heating or other unsatisfactory 
operation. ■ ■ 

Load Test. The folio-wing pves a typical t®t for 'a 5-ton boom and Winch: 
The 5-ton booms shall be tested with a load of 14,000 Ib (6125 tons— 25 
percent overload), using regular tackle. Test the boom at an angle of 15 
deg to the horizontal. ' Hoist and lower the load through full drift 'for five 
cycles, and then svring inboard and outboard as far as obstructions will permit. 
On one boom at each hatch, the load will be lowered into the hatch to .the 
tank top and then hoisted out. ■ ' '' 
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I trip at the desired load, the dash^ may be reconnected. The grounding 
•eaker should be tested by connooUng either positive or negative bus to 
•ound through a suitable variable reastor haring capacity equal to tiie rating 
■ the breaker. The test should be started ivith all resstance in the circuit 
id the ground current gradually increased until the breaker trips. Ail 
iquired data should he receded. 

Parallel operation of the generators should be checked at this time in 
rder to make adjustments of the governors or any other adjustments 
eccssary to the successful conduct of the succeeding tests. With the 
encrators running at rated speeds and with terminal voltage and line snitches 
pen, check the polarity of the tnachincs before attempting to parallel them 
)r tile first time. If the polarities are oppoate, it will be necessary to stop 
ither machine and either “flash” the field or cJicnge the connections. The 
itter is the more laborious but, il attempted, ’ri should be accomplished by 
pplying the same principles as in changing direction of rotation of a 
ompound motor. 

To “flash’' the field, connect the shunt field by temporary wires in such a 
iray that the polarity will be the same in relation to the other machine when 
mralleled. While the one machino is at a standstill, its shunt field should 
le connected as just outlined, then the macUiue should be brought up to speed 
ind the polarities rechecked and the lino switches closed. The temporary 
ihunt field connections can be removed ritiief before or after the machines 
we paralleled. 

With the genwntOTS paralleled, adjust the load, to about 75 percent rated 
oad on each generator. Divide the load evenly nt this load with rated 
i’oltage, then, without making any further adjustments of the generator 
aeld rheostat or the governor of the prime mover, decrease the load until 
the least loaded machine carries approrimately 15 percent of rated load and 
lake readings; then increase the load to as nearly full load as possible and 
take reodinp as required. 

If the generators fail to divide the load evenly at the above three points 
within 15 percent of the fuBJoad rating of each generator, it will be necessary 
to make adjustmenfe to correct tliis condition. The first adjustmeJits 
should bo made on tlto speed of the prime movers. The data will indicate 
which machine required adjustment. Witli few exceptions, the speed 
adjustments will correct any unequal diri^on of load. In the event that 
tliis is ineffective, the manufacturer of the generators must correct the 
windings by adding extCTnal ahunte or by any other approved method. 

The proper functioning of overspeed protective devices must be demon- 
strated. This may be done while making preliminary adjustments or while 
the generators are operating in parallel. 

Check the beiiavior of the governors and regulating devices during severe 
operating conditions by causing intaroitteot load swings from 25 to' 75 
percent load. This should be aecomplished in one switching operation or 
step a nd should be repeated several 'times. 

The foregoing tests are advisable in order that Joss of time may he avoided 
in the following tests. Upon completion of the preiirainavy t(sts, the gener- 
ators are ready for the individual heat runs or the parallel opevatien test, 
either of which may be run first. The order will be determin^ by easting 
conditions. If all rnaeJunes are warmed up by reason of the above testa, 
the parallel test should be made. On tire other hand, if a cold start is neces- 
saiy', the individual heat mns diould be made. 
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The ability of the mechanical and the deofcrical brakes, on each winoh, to 
stop and tb,hoId a 14,0b0-lb load ahaH be demonstrated, (Hold -the electric 
brake'open when testing the mechanical brake.) ” . 

With the boom topped so as to plumb the hatch, lower a load of, about 
1,000 Ib at full speed, to demonstrate satisfactory operation of dynamic 
braking (to land loads -without jarring or •“inching''). 

The ability of rig to hoist and lower a hook load to 3,360 lb at a speed of 
290 fpna, using a single wliip, shall be demonstrated. ■ ■ • • ' • 

' The' ability of tig to hoist and lower a hook load of 6,720 lb -at a speed of 
220'fpni, using a single whip, shall be demonstrated. 

The ability of rig to hoiet and lower a hook load of 11,200 lb at a speed of 
112 fpm, using' a two-part purchase, shall be demonstrated. 

• Using two'winches (burtoning), the complete cargo-handling cycle shall 
be demonstrated, using load of 6,720 lb; noting the time for each operation 
as well as the totaltime for the ^cle. 

Uting aload oi 6,720 Ib on the hook and mth'a single whip, the load shall 
be raised and lowered continno'usly lor 30 min wntb a mnmnium speed hs 
near 0.6 maximum possible speed as practicable. The load shall be stopped 
in the hold 20 sec each time. Check the rheostat heating. This test is to 
be carried out on each winch of each ship. 

Steerir^ Genr 

General. Record the cold insulation resistance of the, motor armature, 
motor fields, and controller 'wiring before starting tests. 

Centigrade thermometers of proper range shall be wedged in the etato: 
windings and taped or otherwise. secured to the beerings. Readings shall 
be taken before each tun and at suitable intervals during each test. Jdeasura 
the hot insulation resistance at the completion of each test b^ore .the motoT 
cools appreciably. 

During the following tests, tho feeder, transfer switch shall be thiown to each 
position to check both steering gear feeders. 

In each teat, note the motor ipm, input volts and amperes, oil pressures and 
temperatures, and the time required to move the rudder from'hardover to 
bardover. The oil temperature rise during each lest shall be noted. 

In general, the steering gear shall be eianuned for satisiaotory performance 
of limit stop settings, follow-up control-functioning, shift-over arrangament, 
valves, fittings, and pacldng, Any unusual conditiong relative thereto shall 
be rioted. ^ , ' ' ' ' ' 

Dock Teat. , The steering gear shall be operated at the' doolr;oontinuou8ly 
for 2 hrs, using each motor and pump unit for 1 hr. Thf) rudder ehall be 
moved 30. times from bardover to bardover (7() deg in, 3Q' sec) ■ during the 
test of each unit. .jThe time required to chamgo ftoca. one unit to tho other 
shall be noted. During this run tha foUow-np control and all ruddor-angle 
indicators shall be tested for accuracy 4 thc.fqilawing angles; 0, 5, 10 15 
20, 2S, 30, 35 deg (port and Btarbdard).’ ' ' 

Note the nutnhet-of turns teqvnred- at trick wheel to move the rudder from 
bardover to bardover (70 deg) in .30- sec. Repeat -the above test for the 
wheel located on' the aft steering stand, in the wbeelhouse, and on top of the 
wheelhou&e: ' : • ■!-. ... .: 

■ Operate -the steering gear from nhedhouse and ■ wheelhouso top usinv 
telemotOT.'- ■'• ; p s,. . , . ... ^ 

Operate the steering gear from- whedhouae uang the gyropilot (if, fitted).. 
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The parallel operation test shall be conducted to ideterminc the ability 
oi all .machines to parallel by bpwatmg all geaeratois siinultaneonsly con- 
nected to the bus. . ■ 

When the 2-hr load test is completed and with all machines in parallel, 
vary the load from 20 peroent load to full load and back to 20 percent load 
in approximately 20 percent load steps. Do not adjust the field rheostats 
during this test. Record all data required. 

Speed and load regulation data, should be taken with all the machines 
running and Iminodiately after the pandlel tests. This is accomplished, by 
disconnecting one generator irom the bus and putting a full load on the 
remaining generator. After taking readings,, open the circuit breaker of 
the loaded generator and take another set of rcadinp. No adjustments of 
rheostats or governors shall be made between the two readings. .Each 
generator should be tested in this manner, recording dl data. 

It for any reason the bus must be encrgiced at all times, close the circuit 
breaker of the idle generator at the same time the load is removed from the 
generator under test. 

The reverse-current relay of tho generator circuit breakers should be 
checked at this time to determine the tripping current. This may be accom- 
plished by reversing tlio ammeter leads while the generator to be tested is in 
parallel but carrying no load; reduce the speed of the turbine until the breaker 
trips. Record the reverse current. 

The load test or heat run for each generator is accomplished by warming 
up tlie generator until temperatures are fairly constant with rated full load. 
Take data as required for 4 hr at full load, then Increase the load to 125 
percent rated lo^ for 2 hr. Take readings at half-hour intervals during 
rated-load tost and at 15-inia intervals during the 125 percent load tests. 

During the test any unusual operating conditions should be noted and 
carefully described on the data sheet at the time the test is run. Erratic 
behavior of equipment should be carefully recorded at the timo of occurrence 
in order that any serious defect may be detected and serious failure prevented. 
Particular note should be made of the amount of vibration, noise, correctness 
of alignment, adequacy of lubrication, operation of the turbine glands, and 
operation of the lube-oil coolers. 

At the completion of the load tests and before the generator temperature 
can change appreciably, determine the insulation resistance in exactly the 
same manner that tho cold resistance was obtained. 

The operation of the overspeed trip and low-oil-pressure trip shall be 
demonstrated under the superriaon td the manuiacturer’s representative. 
The results of the teats shall be recorded on the data sheets. The governor 
should be cheeked for its aWlity to return turbine speed to norm^ after it 
has been reduced or increased hum that speed, and the time of such return 
noted. 


Pumpa 

General. Each power-driven pnmp shall bo operated at its rated rpm 
or double strokes per minute, suction and discharge pressure. Tho working 
fluid for which the pump was dcrigned shall be used when practicable but 
the fuel-oil service pumps must be tested using fuel oil only and the lube- 
oil service pump using lube oil. The main and auxiliary feed pumps, main 
and auxiliary condensate pumps, and evaporator pumps must be tested in 
conjunction with the system to which they are connected at design conditions 
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The ability of the steering gear to function with either set of two opposed 
cylinders in operation shall be demonstrated. Note the time required for 
changeover and for mo-vnng hardover to hardover (70 deg). Note the oil 
pressure. 

Evaporatin; Plant 

The salt-water-evaporating plant shall be operated at the designed capacity 
for 6 hr during the sea trials of tlie vessel. During the test, the evaporator 
shall bo blown down continuously to the amount specified by the manufacturer. 

The following data should be recorded as far as possible at every 30 min 
throughout the teat: steao^pressure shell and tubes, density of the feed water, 
salinity of distillate, temperature of the circulating water inlet and outlet, 
shell temperature, quantity of fresh water (measured by taking soundings 
in tank to which distillate is drained). 

. The pumps may be tested in conjunction with this test or at some other 
time, but they must bo tested 'with the evaporating plant operating at its 
normal rated conditions. 


Whistle 

The whistle shall be operated by both the mechanical and the electric 
control from all locations where a whistle control station is located. The 
whistle should be operated and then left inoperative for at least 4 hr. Far- 
tioular note should bo made of the sound, volume, and pitch produced by the 
first blast after 4 hr of inoperatiou. This blast should be sharp, dlsrinot, 
and of volume equal to the subsequent blasts. The steam-eupply pressure 
shall be recorded both before and during the test. Failure to meet this 
requirement shall be a cause for rejection. 

The test shall also demonstrate the adequacy and effectiveness of moisture 
separation and drainage. Any carry-over of water through the whistle 
shall be considered an indication of inadequate drainage or ineffective 
moisture separation. 

The automatic timing contactor shall be tested, using all the various timing 
cycles. 


Lifting Gear 

After complete installation of all machinery, eqiupment, and piping, the 
capacity, efficiency, and operation of each lifting gear shall be demonstrated 
if required by the U.S.M.C. representative. If required, each lifting gear 
shall be properly rigged for each item, the operation demonstrated, and a 
check made for interference. If rigging of the lifting gear is not required, 
each installation shall be examined for satisfactorj' installation. 

TRIALS OF MACHINERY 

Object. Machinery trials of vessds are hdd for the purpose of ascertain- 
■ing the capabilities of the en^es, boilers, and auxiliaries, either in conjunction 
with the contract requirements for new vessels, or to determine their efficiency 
under service conditions, the adequacy and workmanship of the instal- 
iation, the extent of repairs necessary, the sufficiency of repairs that have 
been made, or the proper mode of operation and the most economical rates of 
performance under various conditions of service. 
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of vacuum, submergence, operating temperature, etc. The pumping eqmp- 
mcnt should be tested vTith all goveitiois and control apparatus in plate and 
operating. Porfer for the motors shall ba taken tmng the ship’s power and 
permanent cable installationa. 

The test should demonstrate that tho pump is able to take its suction 
through the norma! or emergency suction lines and deliver the required 
quantity of fluid at the required pressure by way of normal or emergency 
ischarge lines, while perfonrang its normal or emergency duties. 

Motor-driven 'Pumps. Previous to stetting the pump, the cold insu- 
lation lesistauee of the motor armature, motor fields, and controller wiring 
^all be taken. Thermotaeteta of proper centigrade-scale range shall be 
attaclied by putty, tape, or other suitable means to the motor bearings and 
stator coils. Re^ings shall bo taken before the motor U started and at each 
time readings arc taken during the heat run. 

The pump should be brought up to the rated speed and total head specified. 
The designed total head should be obtained by ptopetly throttling a valve in 
the discharge line from the pump. TUs should be done for a centrifugal 
pump, since it is possible to place a load on the motor higher than the normal 
designed load if the pump is operated at its maximum rated rpm with a total 
head less than the designed value. This throttling should also be done for 
positive-^splacemetit pumps, since this type of pump will not be loaded to 
its designed tating unless the total bead equals the de^gntd figure when the 
pump is operating at its rated speed. 

Readings should be taken of all data at least every 15 min during con- 
tinuous operation until the temperatures no longer show an increase. . The 
time of continuous test shall be not less than 1 hr. 

Any unusual operating conditions should be noted and carefully described 
on the data sheet at the time the test is tun. Eiratic behavior of equipment 
should be carefully recorded at the time of oceurrence in order that any 
serious defect may be detected and eerious failure prevented. Particular 
note should be made of the amount of vibration, noise, gland leakage, correct- 
ness of alignment, and adequacy of lubrication. 'When possible, an estimate 
of the amount of fluid pumped should bo obtained. 'Where relief valves are 
fitted, their operation and setting shtmld be checked. 

Where no suction g&ges have been provided for oentrifug,al pumps, the 
static head on the pump suction should be obtained by reading the discharge 
pressure gage when the pump is not operating and the valve on the suction 
side used for the test is open. The pressure can be determined only after the 
pump has been properly primed, however. i 

At the oompletion of tests,- field rheostats for adjustable-speed motors 
should he blocked so that motors cannot bo operated when at full-load 
temperature beypnd the speed or load corresponding to. the rated: motor 
output. This should be done only after the motor hna reached a constant 
temperature. ■ • ' , : 

The fe^er switch on the switch'board or power-distribution panel 'should 
be opened whilo the motor is running at normal speed and held open until 
the motor stops. The switch should then bo locloeed, and a note should bo 
made on the test report as to wbetber or not the motor restarts. 

Immediately after the motor is shut down and the feeder deenergized, the ' 
hot insulation resistance should be talrnn and recorded in the same manner as 
folio-wed'for cold insulation resistance. 

The setting and operation of overload protective de-viccs should be carefully 
checked during the test, preferably after the required heat run, A amulated 
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Trials Eoquired by U-S. Navy. The TJ.S. Navy requires, in the case o 
new vessels, (1) a preliminary acceptance trial, which is held prior to the 
delivery of a vessel built under contract and (2) a final acceptance trial, 
which is held within a specified time after delivery of the vessel, to ascertain 
if there has appeared any defect, weakness, failure, or deterioration for 
which the contractor is responsible. 

Trials Eequired by TT.S. Maritime Commission. The U.S. Maritime 
Commission requires, in the case of new vessels, an acceptance trial, which 
is held prior to the delivery of a vessel built under contract. Final acceptance 
trials are generally not required; however, at the conclusion of the builder’s 
guarantee period, usually 6 months, an inspection and examination of the 
machinery arc made to ascertain if any defect or deficiency has appeared for 
which the builder is responsible. 

BUILDEE’S TEIALS 

Before conducting acceptance trials, it is customary for the builders to give 
new vessels what is known as a builder’s trial, in order to assure themselves 
that they are ready for the official trial. The builder's trial is generally an 
abbreviated version of the contract-acceptance trial. 

DOCK TRIALS 

It is generally required, as well as bemg the usual practice among builders, 
to conduct a 4- to fi-hr dock trial of machinery. Prior to starting tho main 
engines, all auxiliary machinery necessary to the proper functioning of the 
main propelling plant will have been tested as required by the machinery 
installation tests. Previous to starting the trial, the main engines are gradu- 
ally warmed up and run at slow or moderate speeds untU satisfactory assur- 
ance is had that no serious difficulty will interfere wdth a trial of the en^nes 
at or near the highest revolutions it is possible to maintain with the vessel 
moored alongside the dock. On multiple-screw vessels, dock trial is generally 
conducted on each engine separately, in order to operate at the highest 
possible speed within the capacity of the mooring lines. 

When undergoing dock trial, all data avwlablo are generally taken at 20- 
or 30-min intervals, depending on the length of the trial. Special care is 
taken to note the steam pressures, vacuum, lubricating-oil temperatures, 
condition of bearings, and general working condition of all machinery. On 
reciprocating en^ncs, indicator cards are taken in both ahead and astern 
gear for computing horsepower and for checking valve settings. On turbine 
installations, torsion-meter readings arc taken to determine power. Before 
the conclusion of the trial, the ei^nes should be reversed and run astern for 
10 to 15 min at the marimum speed obtiunable, again reversed and run ahead 
for the remainder of the trial. 

After dock trials, in the case of geared turbine-driven ships, the main 
gears should' be carefully examined, removing all inspection plates in the 
gear casings that may be provided for this puip(M8, and a record made of the 
tooth contact. In the case of reciprocating-engine-driven ships, cylinder 
and valve-chest covers should be removed and examination made of the 
inside of the cylinders and the condition of the piston rings. 

' CONTEACT-AOOEPTANCB TEIALS 

PurpoM. The general purpose of s conIracUcoeptance trial is to deter- 
mrnc whether the ship and her maohinery will eatlsfactorily perform all tho 
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requiroments of the contract. order to determine this, the ship is sub- 
jected to trials to test her speed,' pow«, fud consumption, general strength, 
and condition of the "vessel and maclunery. Also, from these trials, "useful 
data for use m future dcsigna arc obtained. 

Type of Trials. The acceptance trials ate generally composed of the 
foliowng: 

3. Prostessire speed, or etsndardiiatiffli trial 

2. Fuel-consumption tiiala. 

3. Maneu-verbe trials, 

4. Steering-gear teste. 

5. Anchor-windlass teat. 

6. MiseclianeouB trials and tests. 

General Procedure. It is general practice to conduct the standardization 
trials first, followed by maneuvering trials, miscellaneous tests, and finally 
the fuel-consumption trials. Duriog all triab, the vessel should be ballasted 
to the contract or specified trial displacement. The ship should be at this 
displacement during the middle run of the higb-^peed group of the standardi- 
zation trial, and also at the middle of the fuel-consumption trials. 

The complete trial sobedulc and program should be prepared well in 
advance, in order that all arrangements will be complete, personnel familiar- 
ized "with their duties, and so that no time will be wasted while the ship is on 
the trial course, Trials each day should be run consecutively and "without 
interruption, and the trial program, once approved or agreed to, should not 
be changed. Sudden changes in the trial schedule result in confusion among 
the ship and trial crews and result in poor or unsatisfactory performance. 

General Observations. In addition to the engineering data observed' 
during the trials, genera! observations should be made of the operation of the 
main endues or turbines, boilers, bearings, piping systems, extent o! any 
vibration, ade<iuacy of light and ventilation, Readiness and seaworthiness of 
the vessel, and whether the vessel and machinery are well built and in accord- 
ance trith contract plans and sperifications and the state of completion of 
same. 

Description of Trials, i. Sfondorduotion Trials. Standardization 
trials are conducted on new or untried vessels to determine corresponding' 
values of speed, revolutions, and power over a reasonablo range of speed 
(usually from one-half to maximum speed for merchant vessels, and from 
0 knots to maximura for naval vessels). These trials arc made at one dis- 
placement' and under favorable conditions of wind and "weather; From the 
results, it is determined "whother or not tho builder's guarantees have been 
met. Also, the deagnei "utilazes "the information in preparing subsequent 
designs 'and', from the results, the own® can generally make a close estimate 
of the performance to be eapected in service. 

Trials are conducted over a nautical milo course measured by ranges 
ashore. The measured mile at-Hocldand, Me., as shown by Fig. 2, is the 
best trial range on the Atlantic Coast, and the one generally used. The 
course oS Point Vincente, CaHf., is probably Ihe-bcst on the West Coast: 

Before tho start of tho trials, tbe ship is ballasted to approximately contract 
^spkeement. Trials ate sUwted the skp slightly heavy, so that, as 
fuel is expended, the ship.jrill.be at contract displacement during the high- 
speed runs. Generally," runs ere made at rfo'wspeed first, ^adually working 
up to high'^eedr A series of groups of runs are made as follows: Three 
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the points lie only approximately on a Btraightlino, tlio host position for this 
line can usually lie lound lay Btretching ablnck tbrend among the points; or, 
assume a lavr of the form y = ms + 6, and, by sutotituting in this formula n 
pairs of values of s and y, obtain » equations connecting the coefficients 
mandb; various pairs of these ogualions may then be solved form and b,and 
the average of the results taketj. Or, if greataccuracy is required, all n of the 
equations may be solved form and 6 by tho method of least squares (p. 121). 

If any law of tho form f{s,y) = m’f (x,i/) + 6 is suapeoted, where/fx.jy) and 
f(3!iV) are any expressions involving wthor » or yorboth x and y, such a law 
maybe tested by plotting iMteadof ®,aud./(x,v) instead of y, on rec- 
tangular cross-section paper, and seemg whether or not the points lie on a 
straight lino. If they do, the form of the law ia verified, and tho values of m 
and 6 can be road from the figure aa before. For example, if => mxy -h b, 
nstraighfciinowillb 0 obtainedbyplottii^V*agaiiMtiy. Again, ifij/ = bi -1- 
my, a straight line will be obtained by plotlang'y against y/x, since the equa- 
tion may be written y » b + m (y/®). 

Case 2, If a law of the form y-s c®* is Buspected,' plot the points (E.y) on 
logarithmic paper (see below). 

Case 3. If a law of tho form y ='c*10"*[ot y c-e'"*] is suspocted, plot 
the points (®,y) on eemi-logarithmio paper (see below). 



17Q QRAFmCAL RBPRUSMUATIOV 0? FUNCTIONS 

Cabb 4. If tlie given curve resembles the logaritbimo.ourve, y ~ log x, 
interchange x and y and proceed as in Case 3. 

Case 6. If the given curve is a wavy line, resembling a sine or coBine curve, 
try an equation of the form y = o sin 6* or y = o cos bi. If the heights of the 
waves diminish as x increases, try an equation of the form y = ae~"* sin bx, 
[Noth. Any periodic function (satisfying certain simple conditions) can be 
expressed by a Fourier’s scries (p. 162)]. 

Case 6. A great variety of functions can be represented approximately by 
a polynomial of the form j/ = a + 6a: + ca? '+ +. . . , the first 

three or four terms being usually sufficient. To determine the coeflicients 
0 , 6, c, . , . I most accurately, substitute in the formula all the given pairs of 
values of a and y, and solve tho resulting equations for 0 |b,c,. . . by the 
method of least squares (p. 121). 

Cash 7. Many simple curves can be represented approximately by an 
equation of tho hyperboiio form, ay » c + 6^ + ay, tThcrea, 6, and c are 
determined by substituting the co-ordinates of three conspicuous points of the 
curve. The lines s » a and y = 6 are the asymptotes of the hyperbola. 
The equation may also be written {x - o)(y - 6) =» if, where fc = a6 -j- c. 

Logarithmic Cross-section Paper. In this form of cross-section paper 
(Fig. 13) , the distance from the origin to any point on the s> or y-axis is equal 
to the logarithm of tho number written agwnst that point. Thus, in Fig. 13 
tho distances (shown for dearness on two auiiliaiy scales X and F) are the 
logarithms of the numbers written along x and y. 


Accurately made logarithmic paper can be obtained from tho principal 
dealers in draftsmen’s supplies. Logaiitiunie paper can be easily con- 
structed, in caso of need, by copying tito logarithmic scale from any ordinary 
slide rule. The actual figures along the x- and y-axes are usually left for the 
user to insert; in so doing, notice that the numbers . . . , 0.01, O.1, 1, 10, 
100, or such of them as may be needed to cover any given range of 
values, must be placed at the points of division which separate the main 
squares. It is often convenient, however, to omit the decimal point, hum- 
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Table 4. S.S. "Bed Jacket.” Endurance and Economy Trial Data 
(Aug. 27. 1939) 
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consecutive runs, in diredaoa over the course and at as nearly 

constant rpm as possible, should be made for each speed point desired below 
full speed, and five consecutive runs, alteraatang in direction, should be made 
at the highest speed attainable. Each series of runs at the same speed 
should be uninterrupted and p^ormed in sequence. If it should be found 
necessary to throw out any nm, a sufficient number of additional runs should 
be made at that speed to produce at least three consecutive runs alternating 
in direction over tte course. 

The runs over the course should be made back and forth over the same 
water. Between runs, the ship should be taken well away from the measured 
course, so as to ensure the sttmnmeat ot steady speed on the nest run. The 
approach should be at least 3 miles, and the ship should be straightened on 
the course while at least 1 mile from the range as shown by Fig. 2. 

During each group of runs, not only when running the measured course 
but throughout the intervals between runs, conditions should be maintained 



0 North runs 

fid. 3. — Staodardisaiioii runs. 

uniform; t.e,, the revolutions or power should be constant. On vessels 
equipped with governors, the deared rpm can be set and will be maintained 
irrespective of changes in steam pressure, etc. For turbine installations 
not equipped with governors, it is good practice to keep the number of 
nozzles open, the turlniie inlet pressure and vacuum constant, and let the 
revolutions vary. Also, if the turbine is equipped with bleeders, these should 
not bo changed. On redprocating-engine insttdlations, the cutoff and steam 
pressure and vacuum should be maintained constant during each group of 
runs. 

The following data for each run should be rerarded: (1) elapsed time on the 
course, (2) total revolutions of each migine while on the course, (3) indicator 
cards or torsion-meter readings at frequent intervals while on the course, 
(4) thrust measurements at frequent intervals, (5) wind direction and velocity. 
Generally, all en^neering datasro also obaerved. onaa dviting each. run. 

At the end of each run, eompotaUoas should be made and the toUomng 
determined: (1) speed in knots, (2) rpm, (3) shp, (4) thrust, (5) shp/rpm’, 
(6) speed/rpm, (7) thnist/rpm*. Plots shoidd be maintained of items (2), 
(3), and (4), on a base of item (1). Also, items (5) and (7) sliould be plotted 
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Table i'. S.S; "Red Jacket^" • toduraace and Ecohomy Trial Data^ 

'(corifemaf ).’ . , ,, . 

Lubfr^ SjsUm 


47.5 

46,B 

47,4 

48.0 

39.8 

39.3 

39.5 

40,2 

19.6 

19,2 

19.7 

19.5 

15- 

13 

15 

15 

H 

II 

11 

11 

III 

113 

112 

no 

130.2 

131.2 

129.5 

125.2 

109.6 

III. 8 

110.5 

109.2 

63.8 

68.8 

68.0 

60.2 

99.0 

101.2 

100 

lOI 


BeariRe (omparaturtt, dee P: . 


66.4 

69,5 

65 

58 - 

54 

171 

122 

121 

122 

115 

m 1 

m 1 

122 

\10 1 

119 

170 

1 120 1 


115 

114 

113 

1 115 1 

114 

112 

112 


Main Reduotion-sear Lube Oil 


Bearing temperaturee, deg P: 

H-p— h-8 pinion, forward 

H*p — h-8 pinion, aft 

H'P interenediale gear, forward.. 

H-p intermediate gear, aft 

H-P— l-e pinion, forward 

H-p— 1-8 pinion, alt 

L-p— h-8 pinion, forward 

L-p— h*8 pinion, aft 

L-p intermediate genr, forward. . . 

L-p intermediate gear, aft 

L-Pr-I-a pinion, forward 

L-p^l-s pinion, aft 

Main gear, forward 

Main gear, aft 

Moin d«uat bearing 


149 

1 

1 148 

1 

145 

139 

14$ 

, 145 

142 ' 

136 

123 

1 124 

17,3 

120 

125 

1 124 

177 i 

120 

145 

I '^5 

1 145 ' 

m 

145 

1 145 


137 

132 

, 133 

131 

128 

132 

133 

131 

128 

124 

' 124 

127 

118 

119 

120 

118 

116 

146 

147 

147 

139 

135 

134 

ni 

! 127 

IIS 

116 

116 

114 

no 

112 

111 

. no 

\\8 

1 m 

j ns 

1 \ib 


Condensate temp, deg f. .... . 

Ccoiing-watet inlet, deg F..... 

Cooling-water outlet, deg F, .. 
Atmospheric pressure, in Hg. . 


Anxiliory Condenser 

Vacuum temp,_deg F.-. i 88.4 85,9 

Cooling-water inlet, deg F..,,.,,. ,f3.8 6B.9 

Cooling-water outlet, deg F 74.0 1,77.8 ' 


28.46 

28.42 


26.60 

28.50 

28 50 

28,45 


28.52 

28.50 

89.8 

89,7 

88.7 

82.6 

84.4 

84.6 

86,3 


78,8, 

'.78,6 

. 65.8 

68,9 


60.9. 

63.6 

73.2 

77,8 

75.0 

66.7 

69;4 

. 30.20, 

30.17 

30.12 

30.10. 

.30.08 


68.0 M.O 83,1 

67.2 60,9 a5 

76.0 69.8 71.5 



contract-acceptaucb trials . 1939 

on item 12) , and item (6) on. Umo ot da^r, as aWwn. by Tvs- S, 4, and 5, lot tbe 
standardization trial of- the S.8. “Rod Jadtet.” Runs in the same direction 
should fall on a fair curve; deviarion irom this curve incUcates probable 
inaccutacies in measurements. Thus a continuous plot of such data ■^IL 
mmntain a check on the trial instruments and observations. An explanation 



45. 50 55 w ^ 10 15 8Q K 90 95 100 
R.p,m. 


Fis. 5.— Standardizatioa tuns. 

of the differences between these curves for -Ac two directions and a method 
for analyzing standardization trial 'data will be found in “Speed and Power 
of Ships," by D. W_, Taylor, IMS ed., pp. 16S-169. 

2. Fuel-^tmumption Trioig, These trials are conducted to determine the 
economy of operation of the machinery. For merchant vessels, fuel-eon- 
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Table 4. S.S./'Red Jacket.’’ - Endurance and Economy Trial Data-r 
(coniwued) 


M»n Air Ejector 



28.5 

?R-i 

28.5 

28,8 

28,5 


78.8 

Ml 

85;0 

81.8 

79.8 

Steam pressure, psi gage. , . ; :: 

•214 

-210 

• 209 - 

205 

203 


Mail! Bcalets'CAverage of two boilera) 


Pressures, psi gage: 


475 

471 : 

472 1 

470 



463 1 


467 1 

467 





462 

460 

Temperatures, deg F: 

770 

1 

• . 1 

,747 • . 

’ 733 ^ 

726 





736 • ' 

715 





469 " 

■ 463 



303 1 

304 i 

298 

284 


372 

375 ! 

. ■ 

365 1 

■ ■ 

359 , 

350 


■ • 

' 


Oil Burners 


Totbl No. burners In use,.' ■ 

6 

• -6 


i ■ 6' i 

' 6 

Sire of tips '• 

46 

•46 

1 46 ■ 

1 

' 

46 


Combustion Air and Gases 



7 


2 

2': 

1,176 

2 

Average fan rpm 

I2SD2 

1.592 

1.434 

1.083 

Preeaurea, in. water: ' 


7 0? 

5 85 

4.85 

3,75 

Damper outlet 

6 20 

5 10 

•3,95 

2 85 

2.00 


4 HI 

IWl 

. 2 80 

7 11(1 

1..45 







Uptake 

-0.30 

-0.30 

-0.30 

-0.25 

-0',30 

Temperatures, deg F: 

Air to stack casing inlet 

108 

• n?‘ 

112 

IDft 

108' 

Ait at fan 

174 

\?5 

125 

m- 


Air to burner 

■ -289 

:-295 

291 

263 

276 

Flue gas (thermometer) 

274 

m 

265 

75'5 

240 

Flue gas (pyrometer) 

269 

273 

266 

254 

244. 

Gas analysis: 

COj, % 

14.0 

■ 13.3 

13,6 

0 

•12,8 

0 

■ 11.9 

CO, % 

•0 - 

0 . 


Oj, 55 

- 2.9 

• • 4:2 

3,7 

'5 1 


Excess air. 55 

14.9 

. 20.0 

17.8 

25.3 

34.2 


Fuel-mi Sjratem 


Pressures, psi gago!' 

Stand-bv'OumD diaobsree* '. .. . 

35 

-40 

38 

. 31 ' 

Service pump suction. . . ; 

. 6.2 

.8.3 



Ser-vice pump discharge. .. .- • .. . . 

318 

305 , 



■ Burnerinlet....... 

•AM 

,295 - 



. Burner return 

23 

56 

. . .. 

P 


' ' In use as booster pump. 
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sumption trials arc generally run at normal and marimum designed, shp 
and occasionally at reduced po-wers. Guarantees are made only at normal 
shp. For naval vessels, fuel-consumption trials are run at approamately 
6-knot intervals from about 10 knots to madmum power, and guarantees 
are made at each point. Fuel-consumption trials involving guarantees 
generaOy last from 6 to 8 hr for merchant ships and 4 hr for naval vessels. 

The trials are generally conducted at contract displacement in open sea. 
Readings of gages, thermometers, revolution counters, and all other trial- 


281)28.2 28.4 2&6 28.8 aOZ9.2 29.4 

Flc. 6. — ^Fuel rate correction factors. 


trip instruments are made at least every hr during the trials and, in 
addition, the torsion meters are read about every 3 min so as to assure a 
continuous record of torque and revolutions. M meters, gages, tanks, and 
spedal equipment reqvured in connection with the tiials are tested or caii« 
brated prior to the trials. Also, fud-rnl meters in addition to the regular 
ship's meter are generally used and are calibrated before and after the trials. 
Fuel-oil samples are taken during the trids and analyzed for heating value, 
etc. The trial data may be analyzed and reduced to standard conditions by 
a method similar to that described in a discusrion appearing in the Tram. Soc. 
Nav. Arch, and Mar. Enga., 1940, p. 354. 
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Tabled. S.S. "Red Jackefc.” Endtixance and Economy Trial Data— 

(contuwed) 


System {eontinvei) 



Feed pressures, psi gasc: 

72.0 ' 

i 1 

1 73.4 

1 

65.0 

63.0 

53.2 







Feed regulator inlet 

5U 1 

' JC8 1 



' 49? 

Feed regulator outlet. 








8.6 1 

73 

56 

4,7 

FiieHtage heater, jwia 


D-e heater, nri g^e 

10.9 j 


13.0 

10,5 


74 : 

72 ' 

63 

56 

43 






78.6 


04 6 i 

86,3 

84,5 

78.8 


87 6 ! 

90.2 

89 

81 

1 85 


91 8 j 

94,0 

9?, 

66 

1 w 


m 

172 

162 

152 

1 148 


189 

187 

151 

174 



240 


245 

239 

1 234 


JW 1 

310 

302 

295 

, 285 

Atmospheric drain tank 

214 

214 

214 

212 



CoDtitmiiialed Water E^’apor&te^ 



347 1 
















1 288 


267 

26? 

267 j 

1 267 

267 



Make-up Water Evaporator 


Steam pressure, psi gage 

Vapor pressure, psi gage 

Steam tempeiaVure, dej F 1 

Vapor temperature, deg F 

s 1 
1 * 

531 

17' 

1 3\Bi ' 
254> 

k 

i 

\ 

t 

k 

\ ^ 

t 

t 

!‘ 

Pump Data 


72.0 

73.4 

65.0 

63.0 

1 53.2 

Main cond., submergence, ins 

20.5 

21,5 , 

19,7 , 

19,5 , 

1 )B.5 



1.811 

1.768 1 

1.773 1 



598 ' 

590 

575 

558 

550 







Main circulating, rpm 

670 

677 

680 

680 

681 

Auxiliary circulating, rpm 

950 

1.104 

I.1D6 

i.no 

i.no 


f No steam used during trial*, eince stand-by fuel-oUservice pump, which was operat- 
ing ss a booster pump in order to meter oil acouiaiely, used as equivalent amount of 
steam. 

‘Not in use. 

' In use 1 hr during trial to make up lost feed water. 
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' Tbe Teavilts of {Mtl-consuTuplioa trials o( aa.'TRl vftsscU ore accepted as tun, 
the only corrections being those required for ship's heating, meter cali- 
brations, and heat 'content of the fuel oU. Howcvefr the U.S. Maritime 
Commission has required, in all recent trials 'involving guarantees, that 
corrections be made for main steam pressure; temperature, and condenser 
vacuum differing from the design, in addition to the usual corrections for 
ship’s heating, meters, and heating value of the oil. In order to accomplish 
this, correction factors 'were prepared by the contractor and approval secured 
before trials. The factors consisted of a set of" curves that gave correction 
factors to be applied to the'fuei rate for variations from designed boiler 
pressure and temperature and condenser vacuum, such as shown by Rg. 
6, for designed conditions of 465 pa gage, F, and 28,6 in. vacuum. 

3. Maneuvering Trials. These trials are -conducted to demonstrate the 
maneuvering ability of the vessel and generaEy consist of the following^ 
(i) a test to determine the diameter of the turning circle of the vessel with 
the rudder in the hardover portion, (2) a test to demonstrate the ability of 
the vessel to go from full speed ahead to full speed astern, (3) a backing test 
at full astern power to demonstrate that.the.enpnes vifi develop the specified 
astern power ■without undue beating, (4) a test to demonstrate the ability 
of the vessel to go from full speed astern to full speed ahead, (5) a test to 
determine the time required to go from full speed ahead to dead stop. These 
tests are usually conducted in tho order named. 

Other maneuvering trials oie wmeUmes'specified.'BUch as n manmet to 
determine tho time required for the ship’s' beading to change a specified 
number of degrees from a base course 'with a specified amount of helm. 

4. Stsering-gear Tests. These teste are made to sliow that the main steering 

gear is capable of moving the rudderlinder all .conditions; Generally the 
contract specifies that the steering gear is to move the rudder from hardover 
to hardover in a specified time with the vcsscl going ahead at full epced.and 
also from hardover to hardover when developing full astern power , without 
exceeding a specified oil pressure in the steering-gear cylinders. ' - 

Emergency steering-gear tests are also conducted to meet, the require- 
ments of the classification societies.. The rudder must be moved from hard- 
over to hardover, using emwgency steering gear, with the vessel proceeding 
at 7 knots or at half speed, whichoveris greater; • . , 

5. Anchor-windlass Test. This test is required to demonstrate tho ability 

of the anchor windlass to handle the anchor under any condition. Generally, 
the coutract'Bpecifies that the"windla^ will be tested in a specified depth of 
■water, letting go botfi'anchors at.ihesame'timo, under, control of the, brake, 
and stopping at variousi [depths; also hoisting onC' anchor with a specified 
length of chain at a specified speed, and hoisting'both anchors ■with a specified 
length of chain at a specifledtspeed.--'- .••’ ; 

6. Miscellaneous'Trials.' MiscellahcouB triale, including, torsiograph test, 
water-rate test, boiler-overload test, astern standardiaation', trial, -may be 
specified on certain .types of vessete. -' ; 

■Generally, the first, vessel of each class or. type iSjgi'vea a torsidgraph test 
to demonstrate -that no serious torrional ■vibration. exists in the main pro- 
pelling shaft and,mechinery, :Thjs testiponrists of operating the machinery, 
at various rpm near the criticals and measuring the torsional vibration by 
means of a torsiograph. 

, 'When guaranteM of water rates of the main propellingrunit are made, the 
builder genWaUj' 'edndd'ets a watertate test on 'one ship to check the .©n^ne 
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Table 4. S.S. "Red Jacket” Rndurance and Economy Trial ^atar- 
[eofiHmei) 


Pump Data (eontinued) 




1 47 

1 47 

1 48.5 

48. 6 



1 1.688 

. 1.68S 

1,695 

1,688 




1 2M 

1 265 

' 241 




10.0 

9,5 

3.0 



1 1.867 

, 1,87S 

, 1,889 

1,890 



: 40 

t 

1 IS 

31 

39 




k 

k 



i 

V 

i 

1 



t 

t 

k 

k 


l.«7 

t 

k ' 

t 

k 


1.877 ' 

1 

I: 

k 

k 







Auxiliary Steam 


H-p desuperheated pres, psi gage. 
H'p desuperheated temp deg F. . . 
L>p desuperheated pre& psi gage. 
L-p desuperheated temp dog F, . . 
70 lb &UX Bteam pres, psi gage, . . , 
€0 Ib aux steam pres, psi gage. . . . 


460 

455 

• 460 

462 

461) 

4h8 

466 

469 

469 

463 

//O 

218 

ji* 

220 

220 

401 

390 

391 

392 

400 

60 

60 

60 

60 

98 

24 

24 

24 

24 

24 


Auxiliary Generates 




1 






1.200 

1,200 

Volts'. 




I.0I5 

243.6 





199.2 

201.8 

187.4 



Air Temperatures 


Eagine room 

lOl 

103 

104 

97 

98 

Boiler room 

103 

ID4 




Outside air" 

'' 

73 

75 

76 

73 


* la use as booster pump. 

^ Not in nee. 

"■ Owing to air temperature, heating system iroe secured. 
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manufacturer's guarantees. During this test the condensate is weighed or 
metered, the power is measured by means of a torsion meter, and the steam 
conditions and vacuum are accurately determined. During this test tho 
turbine is operated nonbleeding and nonindnetion. 

It is the general pracUce on mowhant vessels that have two boilers to 
specify that each boiler shall be good for 50 percent overload under emergency- 
conditions in order that three-fourths power may be maintained with one 
boiler out of service. Therefore, a test is generally made to demonstrate 
that the boiler is capable of operating at this load. If the vessel is equipped 
with more than two boilKS, then the overload is less. On naval vessels, the 
overload is usually 20 percent, and a test at this rating is generally made on 
one vessel of each class. 

On special types of vessels, such as airidane carriers, it is essential to know 
the speed that can be maintained astern. Therefore, these vessels aro 
standardized in the same manner as described above. Other types of naval 
vessels are generaUy run over the measured mile at masimum astern power to 
determine their approximate astern speed. 

TRIALS OF S. S. “RED JACKET” 

The requirements for and information obtained from acceptance trials 
may be illustrated from the following description* of the trials of the S, S. 
“Red Jacket," This ship is a U.S. Maritime Commission, CMype vessel, 
having a single screw driven by double reduction-geared turbines supplied 
with steam from two water-tube D-type boilcre and fitted with electric 
auriliarios and automatic controls. 

The contract required the following trials for this vessel: 

Standardization Trials. The trials prescribed in the contract included 

1. Standardization trial atdcepdraft,duringwhicb the vessel shall boloaded 
to a molded mean draft of 25 ft 9 in. with due regard to proper trim. Three 
consecutive runs will be made at each of the following speeds; at about 9, 
12, 14, and 15^ knots, and five consecurivc runs with the propelling machin- 
ery developing maximum shaft horsepower. 

2. Standardization trial at light draft, during which the vessel shall be 
ballasted to a molded draft, approximately as follows; 

Forward 16 ft 2 in., aft 22 R 2 in., mean 19 ft 2 in. This condition oT 
trim shall be obtained by the use of deep tanks, trim tanks, and such oil or 
salt water in the double-bottom tanks or by the use of such form of ballast 
as is found necessary. The speeds at wluch this trial shall be run will be at 
the number of revolutions established from model-tank experiments corre- 
sponding to 9, 12, 14, and 153^ knots and the number of rpm shown by 
model-tank experiments which can be obtained when developing tho normal 
shaft horsepower of 6,000 under the above conditions of loa^ng. 

The results of these trials are given in Tables 2 and 3, and the average 
data are plotted on Fig. 7. 

Endurance and Fuel-economy Trials. The contract required an 
8-br endurance trial in open sea in deop water, while having a molded draft 
of 16 ft 2 in. forward, 22 ft 2 in. aft, mean 19 ft 2 in. During this endurance 
trial the engines are to develop 6,000 dip, and the fud consumption for all 
purposes will be carefuDy determined. 

* Data from “Report of ProRrwwvc Speed at Deep and light Draft, Maneuvering, 
Endurance and Fuel Economy Trials of ^ Sinde Screw Cargo Ship S. S. Red Jacket,” 
IT.S. hfaritime Commission Trial Board, September, 1939. 
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Oq tbU tTval tlift lollomng auriKaries aliall be ia operatioa: 

1. All auxiliaries aecesaary to the main prop<41ing plant during the tnal 

2. The refrigerating plant. 

3. The electric generating plmit to be nm at not less than 170 kw. 

Also, the specifications stated that “When the ship is at sea under normal 
operating and weather conditions, developing 6,000 shp and with one gener- 
ator developing the required electrical load at this power (but not less than 
170 kw), normal use of steam in beating of samtary water end IueI oil, a 
Bca-water tempgraturn oi 75 F and the boilers operated with 18.500 Bin 



Fro. V.—Standardixation results. 

fuel oil, an over-all consumption of 0.60 lb fuel oil per shp per hr is to bo 
guaranteed." 

As a development of the couti-act, owing to design changes, the 170 kw 
referred to above was changed to 185 kw. Also, it was agreed that the 
g-hr endurance trial should wmast ol a S-hr endurance trial at maamum 
designed shaft horsepower (6,600) and a 6-hr fuel-economy trial at normal 
designed shaft horsepower (^000)'. .Also, at the request of the U.S. Maritime 
Coniraissioa, it was agreed to nin throe triaU of 2-hr duration each at reduced 
power. ' ' 

The results and data obtained during these trials are ^veu in Table 4. 

Backing and Maneuvering Testa. In order to detevmme the backing 
and maneuvering ability of the vessd, the contract prescribed the followina 
test: 


INDBi ’ 

(For &hht(jvk(iaiia useA, see ppi sm^cviiil 


Abaca (Manila fiber), 7C6 

^ibbreviatlons and asiaboi®, x>u-svii» 
Abrasives, 694 

Absolute-pressure gages, 1790 _ 
j^BOrber, absorption refrigerabon syalem, 
1866 

Absorption, coefficients (soiadi tobVe), 
1595 

dynamometer, 1808-1811 
•matbine, I'iW-tWf) (%» tA- 

mplion moeijnw; R^tigeralinf 


of gaecaby vateti 531 
of water by stoM and brick (Ublc) , 419 
Absorptivity (beat: def.), 400 
AccelacaAiqti, aoceUc&tlotis (deU), 190 
angular (dci.). 19S 
composition of, 193 
resolution of. 103 , 
units o/, 73 

Aooeleromcter (vibraticn), 523“fi27 
Accumulator, steam, 34^349 
Acetylene 'Heldin6.t384 
Acld'Tcswtine cast 'ton, 53,9 
iron alloysi 674 

analysis of castings {table), 587 
Acme screw tbteada (table) , 763 
Addendum (gear teeth), 816 
Adding nnd listing, macaines, 97 
Addition,, algebTi^, 112 
orithmcticnl, 38 
of complex Quaniities, 124 
of vectors, 186 ... , 

AdbesWee, 697 ■ 

Adiabatic expaneioa of gases. 315 
Adit (electrical insulation), 707 
Admiralty brass (tabl^), 621, 631 
formula (ship powatii^, 1400 
Admittance (electric circuits; dcf.), 1688. 
1712 

Adsorption, refrigeraUon, 1874 
Advaiice.(rcBistor alloy), 1766 
AitHcandfitiseTs, 1222, 1273-1276 
Aftercooler, 1273 
Aftercookrs (compressors), 1653 
Aging of steel (hysteresis), WM 
Afr (set also Air compressw^* Air c«8* 
presjorj; Air cendituminp; Com- 
pressed atf) 

convpositioa of, 534 ■ 


Air (eonttnufd)' ' , , . 

compression, 1045 (see oJsc Air com- 
pression, 6eIoir) 

compressors, 1634 (see also Ay com- 
preisCTS, Wctt) 

condlrioning, 1521 {see Ilealinp. Venli- 
•'Icft'np, ond'Air condifwniop) 
.dehutoldidcatvon of, 380 , 

■,7'by surface cooler, 381 ! 

ejectors, evaporator, 1247 ' , • 

steam, cousumption, 1S25, 1268 
cn^e cycles, 819 ' ' 

expansion and compression of (chart), 
1636 

flow, in ducts (ventilation), 1544 
in pipes. 359 
throu^ orifices, 854 
funmea, tot oast iron,' 690’ '' 

heat ii^uiation, 715 
heat transfer coefficients to or from, 
394, 397 

heat transmission, in. movme* 807 
in still. 397 

healing fur mtnint boileis, 990' ■ 
horsepower (Ians; del,), 10&8 • 
humidiScatioD of (spray clmmber), 831 
internal energy of (tabU), 867 
leakage, in surface condensers, 1322 
liquefaction of, 352 
metera. 1798 (see also Meters); •' 
moist; properties of (charts)! 377-378 
pteheaters (b oilers) , 996 ’’ 

pressure measurement, 1665 
properties of, 373 (tables), 310, 303 ' 

condenser, 1221 ■ 
hurling-water, 1222 
power end. et^m roquiind. by >' 1224 
steam-jet ejector, 1221 
refrigerating mac'hines, 1351 , 
refrigeration cycle, 349 , , 

• tcsotaTice, of ships, 1399 , ,• 
aolnbility in ■water, 631- . ■ 

•. apecific'heat of, (tables). I63S 
tftmpws.t'irvriTitTOrjy tteiit lot, 323 
r thermal, conductivity, of ({orinula and 
’table), 390 

velocUy -pressure, 1664 , 

woA of ootnpreeaion of (cbait), 1636 
Air compression, 1634 (see aUo Air 
compressors; Cenirt/u[fal compres- 
sors; Compressed air) 
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TESTS,^P T.BIALS OF -U-ACHINERY 


im 

1. A J<^-hr backing test atfuU ast«ni power to demonstrate that the engines 
will, develop the specified aatem power without undue heating;, 

During this test the machineiy operated without overheating at 62.4 
rpm, developing,2|656 3hp and a thrust of CO, 400, lb, with steam conditions • 


as follows; • . . • ■ i , . 

• Astern inlet'prcssure, pa gage... .'.V . 220 

• Astern inlet temperature, degF 490 

, , Exhaust temperature, deg 103 , 


'• 2 . A'tost to determine the ability of the ve^el to go frora-fuU speed ahead 
to full speed astern and the time reqiured to do so and the ahead roach. 

With the vessel going ahi^ at'nbrinal speed (96 rprn)'a signal was given 
for full astern power., The vessel was judged dead in the water 4 min 15 sec 
later. The plotted track Routed an ahead reach over'tlie ground of 1,680 yd, 
no correction being made'for current. _ • • ■ 

3. A test to determine the ability of the vessel to go from full sternway to 
full speed ahead and the time required to do so' and the stern reach. 

With the vessel goi^S Mtem at full asteru power (67 rpm) a signal was 
given for full ahead. pqwer._ ’The plotted track shows an astern reach of 
620 yd in 3 min, no oori^taoh bwn'g mfide jor Current. ; . 

4. A test to determine the time require^ from full speed' ahead to a dead 

atop. ' I * 

With the vessel going ahead at normal speed, (97 rpm), a signal was given 
to remove all power from the shaft. The'vessel was judged dead In the water 
39 min later, The^ plotted track shows, a distance of 5,680 yd in 39 min, 

5. A tost to determine the diaimcter.of the-tuming circU.j^tli the rudder 
in the hardover posltloit, the speed of the vesselviuring this test to bo that 
attainable with the propelling machinery developing 6,000 shp. 

Turning circles were made with hard4eft and hard^Hght inidder. The 
diameter was estimated as five ship lengths for each circle'.' The time to 
swing the ship's head through 360 deg was 6 mm for the left circle and 6 min 
37 sec for the right circle. , • 

Steering-gear Testa. Tbe.tests prescribed in the contract included 

1. Movement of, the rudder from hardover to hardover (through 70 dog 
of arc) in 30 sec at full speed ahead, , 

2. Movement of the rudder from hardovtr to hardover at full speed astern 
in no specified time, without exceeding 1,500 psl oil pressure. 

3. Movement of the rudder through full Itavei by moans of the emorgoncy 

gear (tackles led to the afterdeck winch). ' ' 

1'est 1 Was performoS with the vessel steaming ahead at full speed (96 
,^prn).„,The rudder reached.the maximum travel specified (70 deg) in 30 
sec, the required rate. The maximum pressure indicated was '1,000 psi. 

, Test 2 was performed with the y^sel steaming astern at full speed '(67 
rpm). Eudder travel in this ca^ jwas ^rom .34}^ deg left'to deg right, 
a total of 70 deg in 25 sec. The mammum ivessure. was 850 psi. , [ 

Test 3 was perfonned with the vrasel st^mihg ahead at 46 ypm. The 
.emergency-.tacHes were rigged in about 30 mih.by eight men.' Th'e rudder 
, was moved, from 34 degright t6_34 deg lrft_ih Sd’sec. ' " ’ ' 

Anchor-windlass Test. The tests specified for the anchor gear in the 
contract included • . ,;] • 

.^,, •1. .Letting go both anchqrp.at the same.timc.- ,, „ 

!!,j2,, Hoisting one anchor with at 30 fathorhs df'chaih'at'a speed of 
'SO fpm. ' ' " ■ ' ■ 



AIE COMPRESSION 


ALUMINUM AUOTS 


Air compression (eonh'nue^) 
adiabatic (chart), IC36 
and isothermal conversion (table), 
1647 

chart for calculatione on, 1636 
eijuations ior (table), 315 
multi-stege, power required in, 1649 
theory of, 320 

power required for, 1048, (charts), 1649, 
1650 

temperature, volume and pressure 
changes in (chart), 1636 
temperatures of (chart), 1637 
theory of, 319 
wet va. dry, 1646 
work of, 320 

Air compressora, 1634 (see olse ^ir 
eempre jsten; Cmtri/upul eompres- 
sors; Compressed ov; Compret* 
tors) 

cooling BUtiace for, 1653 
effideaoy of, 1646 

conversion between adiabatic and 
isothermal bases (table), 1647 
explosions in, 1656 

for diesel engines, regulation of, 1645 

fuol'injection, for diesel en^es, 1341 

fuuble plugs for, 1665 

governors for, 1653 

lubricatioir of, 1656, 1902 

oils for. 746 

reheaters for, 1645 

rotary, 1639 

steam-jet, KSrting, 1640 
Taylor hydraulic, 1640 
types of, 1634 

Air coadiUonlng, 1621 (see HMino, 
ttmnaling and air c»ndUi«ning) 
Air heaters (boiler), 996 
Aldad allots (aluminum), 617 
duralumin, 671 
Alcohol, 698 

air for combustion oi (table), 365 
compressibility of, 534 
denatured, 699 

freeiing preventive (table), 712 

heat of combustion of (table), 364 
products of combustion of (table), 365 
ap gr and density of (table), 532 
thermometer (table), 1784 
wood, 699 

Alden dynamometer (table), 1808 
Algebra, elemeutary, 112-127 
of complcs quantities, 124-127 
solution of, equations, 116-123 
Alignment charts. 179-186 
Alkalinity of boiler water, 1017 
Allen dense-air refrigerating maclune, 349 
Allowance (def.), 789 
for various types of fit, 790, (table) 792 
formulas for, 791 

Alloy, alloys (see also jneiols tn tpiuUon) 
aluminum, 610 

antifriction. 650 (see also Bearing 
metals) 

cast-iron, composition and properties of 
(tables), 592 
cobalt, 647 


Alloy, alloys (continued) 
copper, 620-^35 
for bearings, 610, (table) 611 
creep rates for (table), 429-434 
for condenser tubes, 663 
fusible (tabic) , 64S 
iron-nickel, S7G 

magnetic properties of (table), 576 
lend, 642 


nickel, 639 
non-ferrous, 607 
hardening of, G07-610 
hat-treatment of, 607-610 
of low expansion, 576 
resistivity of (table), 1690 
resistor materials. 1766 
sp gr and denfflty of (table), 532 
steel (def.), 535 (see Steel alloys) 
castings, 586 

corrosion- and heat-resisting proper- 
ties of (table). 604 
S.A.E. specifications for (tabic), 563 
forgings. A.S.T.M. specifications for 
(table). 680 
hardenability of, 547 
hardness of, influence of beatrtreat- 
ment on (table), 562 
influence of elements on properties of, 
547. (table) 548 

influence of heat-treatment on 
(tiiblcs), 564 

influence of specimen sise on (fables), 
565 

low-alloy, composition and properties 
of (table), 568 

magnetic properties of (table), 576 
nilralloy (table), 655 
S.A.B. spedficationa for (tables], 
560 

strength at high temperatures of, 
425 

tin. 647 
zinc. 645 

Alnico (magnet materiai), 1767 
Alozite (abrasive), 603 
Alpha iron (del,), 343 
Alphabet, Greek, 1909 
Alternating currents. 1709 («^!« Ctreui'fs, 
dfernoii'ng-current; Bleelric mo- 
tors; Generators) 

Alternation, electric current (def,), 1709 
Alternators, 1731 (see Generators, a-c) 
Alumina, hrick, 728 
crystalline (ahrnsivesj, 695 
Ahiminothcrniio welding, 1842 [see Weld- 
ing, thermit) 

Aluminum, alloy, ^loys, 610 
anodizing treatment of, 618 
castii^, 611, composition and prop- 
erties of (tables), 612-613 
die-casting, 614, (table) 613 
for0!«B, 617 

heat-treated (table), 616-616 
heat-treatment of (table), 617 
machining of, 617 
mold-wisting. 614, (table) 612-613 
protection of, 671 
riveting of, 618 
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'mALs -OP &■&' '^sdii'ucKsr 


'3; Hoisting 'two. aiicb6r8"'intKjatleart ^5 fafobriis of cham‘;attached to 
each-Juichocat a rate of 20.fpni. . .. .. 

Test 1 -was, performed by dropi^i^ both anchow in 32 fatboins of water. 

Test 2 was performed at a chain speed of 32.1 fpm, 240 volts, 110 amp 
average current. 

Test 3 was- performed at a chain apeed of 25,7 Jpm, 240 volts, 160 amp 
average current. 


Table 2. S.S. "Red Jacket.^'. Deep-draft Standardteation Trial Data 
, (Rims 1 to 12 , Ana. 23, .1939, sHuns 13 to 17. Aug.-Sl, 1929) ' 


Kun 

No. 

Direh- 1 

lion \ ! 

Time at' 
rddpoint 

Speed,. 

knots 

: RpM' 

•.p 

Shp 

Thrust. 

lb , 

Relative wind 

Dir'K" 

Ycl, 

knots 




9.S8 

' 49.11 

819 

' 29,050 

'F45.P 

7.02 • 



‘lli47 ' 

' 8.45 ^ 

' 48.18 

754 

27.350 

P.15-8 

n 

3. 

S' ; 

•12:29 

y.a 

' V®. 

; 827-‘. 

; 29,750 

' F-IO-P' 

8.69 

Mean of group..... 1 

8.94 

. 48.72. 

789,, 

28.375 




, N ] 

1 1:H 

11.87 

. 66.49 

1.952 

51,100 

F-OJ! 

5.10 



1 1:14^ 

i 12.05''' 

66.48 

. 1036' 

' 52,750 

■ P-10-S 

1 17.52' 

4 ' 


2:10 

;• 12.12, 

■ 67.05 

1 1029', 1 1 

: 52i50 ■ 

F40-P 

i 5.27- 

Mean, of group ] 

1 12-02 . 

66.63 

1 1013^ 

, 52,525 



7 


1 W5 I 

B.58 

76.70 

-3092 : 

70.550 

F-IO-S 

21.69 • 

8 

N ' 

( : 3:10 1 

1 ' 13.95 

76.58 - 

’ 3021' 

' 68.850'. 

F.56-P 1 

3,49' 

9 

1 S" 

3J7 • 

\ 13.49/ 

’ 76.94. 

, 3.150 

HI 

P.105 

21.95' 

Mean of group 

i3.7|. 

76.70 

3.071, 

69.625 



m 

N 

4;04 

15,59 

65.95 

4.480 , 

87,150 

P-IS-P 

8.73 

11 

S 

4:31 

>5. <8 

86.47 

4.636 

90.400 

P-IO-S 

. 24.90 

12 

2?, 

4:54 

15.75 

87.37 

4.729 

91350 

P.30.P 

. '7,75 

Mean of, group 

15,43 

86,57 

4A2Q 

89.825 

" , 


13 

N 

1 8:14 

16.61 

98,24 

7.109 

121.850 

F-04]' 

19.78 

14 

& 

1 9:46 

17.22 

96.89 

6.747 

116.700 

F-5.F' 

12.26 

15 

N 

9:16 

16.36 ' 

97.52 

62545,- 

120,100 

F-IO-S 

19.47 

16 

S 

1 9:47 

17.54 

97.97 

6.969 

119,850 

. F-S-P, 

14.28 

17 

■N 

10:17 

16.19 

97.53 

6.943 

120,650 

r-04) 

16.82 

Jcte&n of group.. 

16.86 

97.57 

6.872 - 

119,475 


' 


Ottier dito,'. 

Draft, fornurd 

Draft, aft 

DUplacoracnt, sea water 

Cotrecivora', 

Corrected displaccciMit 

Sea water, spec, grav 

Sea-water temperaUire, deg P 

Air tempETatore, deg J 

Barometet 

Weather 

■Wind ■...;■ 

Ses 

« Forward or aft. degrees, port or starboard. 

‘ Density and anchor and thain. 


25 it 

26 ft m in. 
13,D30 tons ' 

43 tons 
13,947 tons 
1,0226 
59 
75 

30.08 

Bright 

Calm 

Smooth 






iLUMlNXIlS mots 




Alununumi aI[o7> a^07s CconKnuciO 
streaath of. at high tempeiature 
(table), 619 
welding of, 1848 
welding and aoldeiing o!, 61B 
work-hardened (table), 616 
brass, composition and properties oi 
(table), 621 

bronze, compoBltion and properties of 
(table), 623 
lor bearings, 651 
cable, electric resistance of, 1716 
conductors, 624 
•copper nlloj's, 611 

composition and properties « (lablft), 
612-613 

•copper-zinc alloys, C14 
ooTupoaitaon and proparties of (table), 
612 

-manganese alloys. 6U 
composition and properties of (table) 
612 
paint, 675 

painting and lacquering of, 624 
pipe. 922 

plastic range cbartlor, li61 
platijjf, 669 
production oi, 611 
properties of. CIO 

resistance to corrosion of, 61G, 618 
•silicon alloys, 611 

composition and properties (table), 
C12-6W 
tubing, 922 
welding of< 1848 
wrought alloys of, 614-617 
oomposition and properties of (table), 
615-616 

Alundum [abrasive), 695 
Ambrac (copper*nlckd aU<^; table), 622 
American Lumber Standaras, 683 
(National) foro of screw thread. 760 
straight pipe thread, 765 
taper pipe thread (table), 765 
Standard screw threads {lable),758 
Water Works Assoc, spedf, for C.I. 
pipe, 002 

wire gage, 1690, (table), 683 
Ammeters, 1715 

Ammonia (tables and chart), 33S-341 
absorption machines, 1866 (see obo 
Rcfrigeralinf morAines; Absorp- 
tion) 

heat balance in, 1S70 
heat removed in absorber (table) 
1871 

intermittent, 1872 
resorption process in, 1872 
two-stage, 1872 

compressors, 1868 (see dso Refristrcl- 
ing machines; Compression) 
booBteia for, 1851 
compound, 1861 
condenser pressure in, 1860 
horsepower per ton of reirketatiim 
(table), I860 
mep ID, 18^ 

performance of (table), 1863 
test results of (fable). 1864 


Ammonfa compressors (conftnued) 
volume of gas per ton of refrigeration 
(table). 1859 

wet and dry compression, 1860 
conderueiB, 1884 
capacities of (table), 1866 
double jMpc, 1866 

effect of water velocities in (table) , 
1865 

heat tranBinisslon in (table), 1865 
coil, shell and tube, 1866 
dynamite, 708 
fitting, ^4 

geiatics, in explosives, 709 

heat of solution of, 1809. (table) 1870 

piping and fittings. 186G 

pressure-enthalpy chart for, 340 

pressure gages, 1704 

refrigerant, 1856 

Kfrigeration machine, tlirottline loss in, 
361 

aaturnted, properties of (table), 338-339 
solutions, 1867 
concentration oi (drf.), 1867 
temperature, pressure' rclatiooB of 
(chart), 1868 

temperatuTe, sp gr relations of 
(chart) , 1868 

partial pressure of water vapor in 
(table). 1869 

vapor pressures of (table), 1869 
auperhfaited, properties of (table), 341 
use of, os cleanser, 703 
valves, 641 

Amortbseur windings (a-c aTmatUTee}i 
1735 

Ampere (dei.), 16S7 
.^pere-turn (def,), 1086 
Amplifier, radio, 177S 
Amplitude meters (vibration), 624 
Ameier planiraetei, 179? 

Analysis, dimensional, 282-289 
Analytical geometry, 186-156 
Analyser (absorption refrigeration), 1867 
Anchor rin|, volume and area of, III 
Anchor windlass, 1451 
motor for, 1455 
spare parte !or, 1456 
t«t8, 1930 
Anemometera, 1800 
Aneroid baroraetem, 1791 
Angle, angles, 

analytical geometry formulae, 136 
biaectioa c4, 102 
complementary (def.), 188 
congruent (def.), 128 
conversion tables, 44-45, 69 
dihe^^. iOQ, llo 
units for, 128 

a triangle, relations between, 182 
ta repose, friction, 233 
8<did, 110 

BUpplementary (def.), 128 
tri^ometrio formulae, 128-132 
valm (tables), 948-949 
Angular momentum (def.), 222 
velocity, conversion factors for 80. 

(table) 80 ’ 

out of, 194 
Annealing (def,), 546 
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TESTS AND TRIALS OF MACllIlfERY 


T&bleS. S.S. "Ked Jacket." Idght-draft Standardization Trial Bata 

(Huns 1 to 12, Aus. 26. 1939. RiuM 13 to 15, Aug. 27, 1939) 



Other date: 

Draft, forwird 

Draft, aft 

Displaccmoot, tea. water 

Correctionfi* 

Corrected diapkeemenl 

Sea water, apec, grav 

Soa-'vaUr temperature, deg F, 

Air temperature, deg K 

Barometer 

Weather 

Wind 


« Forward or aft, dogroes, port or gtsrboanl. 
^ Corrected for trim. 

' Density and anchor and chain. 



70 

30.10 

Clear 

Light Bouthweat- 


orly brcese 
Calm 









• ANNEAllNQ 


Annealing (continued) . , •. 

o( steel, 5i4 (see SiediaHMsSiriff of)' 
''Annuity tables, 65-68 
Annulus, area of, 106 
number of contiguous circles in, 105 
Anodic reaction in corroaon, CT2 
Anticipators (automatic controDi 1824 
Anti-friction alloj’s, 650 (see Bearing 
metals) 

curve, Schiele’s, 165 . 

Anti-guriermannian, 136 ’ • ' 

Antilogarithms, 92 
Antimonial lead, 842 

A.P.I. scale (specific gra-rfty) convermon 
tables, 85, 86 

' specifications for leather beliing, ?CI0 
Apothecariea' liquid measure, 71 ' 

weight, 71 

Apparent power, a-c (dd.), 1689. 1710 
Aqua ammonia, 1867 {see Ammonia, 
solviions) 

, Aquadag (graphite), 715, 747 . 

Arc, drcular, center of grawty of, 207 
length of (construction), 102 
; lamps, 1577 

ala, arc tan, etc. 132 (see also Jnserse 
trijanomdnent /imetions) 

' ' welding, electric, 18« (see ITeidtnf, 
electrfe arc) 

'Archimedean spiral. 154 
Architocture, naval, 1381 
Are (dd.), 72 

Area, areas, center of gravity of, 207 
convsrsion tables for, 70, 77 
, equivalents (table), 76 
' gas meters, ISOO, (table) 1709 
measurement of, 1767 
measures of, 70 

methods of calculating, 106, 170 
moments of inertia of, 210 
of circles (tables), 30-33 
of similar figures, 99 
of soUds, 107-111 
of various plane figures, 105 
' plane, centers of gravity of, 207 
by graphics, 213 
moment of inertia of, 2H ' 
by graphics, 213 
units of (dd.). 70 
Arjthmeiie. 88-98 
Arithmetical mean, 115 
progression, 114 
Arkansas stones (abrasive), 694 
Armature, heat transfer coefficient from 
rotating (^ble), 397 
reactance and resistance, a-c generators, 
1733 - 
reaction. 1728 

Armco ingot iron, 538 (see also Ingot iron) 
Asbestine (paints), 673 
Asbestos, 717 
air-cell pipe covering, 952 
friction of, 233 
products (insulation), 717 
shingles, 724 .. 

sp gr and density of (table), 533 
Asphalt, 722 - 
■ ’ ehin'gies, 723 , 

varnishes, 676 , . , 

Asphaltum, sp gr and density of (table), S33 


-■ BALANCES 


Assay ton (def.). 71 , , • • . . 
Assistcd-circulatieri boilers, 9S7 
' A.S.T.M. specifications. 

for copper wire (table), 626 
for gray-iron castings, 593 
for iron and steel, 577 
.,for malleable castings, 698 
' 'for pig iron (table), 594 
. . for steel. castings, 603 

Aston process (wrought iron), 536 
Asteoid, 153 

Asymptote of hyperbola, 145, 146 
of hyperbolic spiral, 154 
of tractris, 155 

Asmehronous generator, 1745 
Atmospheric condensers (refrigeratiDn), 
1864 

Atom (def.), 529 

Atomic-hydrogen arc welding, 1831 
number of metals (table), 608 
weights of elements (table), 530 
of metals (table), 608 
Attemj^tors. 995 
Attraction, examples in. 224 
tows (A. 224 
Augitites (rock). 710 
Augmenter (vacuum), 1224 '• 
Austempering (def.), 546 
Austeute (def.). 543 
grain sise of, determination of, 547 
effect on hardness, 546 
influence of alloys on (table), 548 
Automatic control, 1821 

choice of variables subject to, 1822 
distinguished from automata opeN 
atioft, 1821 
mechenisinB, 1826 
• on-and-off. 1824 
process lags b, 1823 
proportional, 1825 
self-regulatoiy, 1823 
set point for (def.), 1821 
entems of, 1825 
throttling, 1824 

stokera for boilers, lOlC (see 5fo)Icr«} 
Autotisnsformer, 1740 
for squirrel-cage motors, 1742 
Avaitoble heat (def.), 307 
in 5team_ engine cycle, >347 
Aroirdiiptus weight, 71 
A.W.G. (American Wire Gage), 1690 
Axtobfiowfans, 1678 {see Propdler fans) 
Axis of inertia, principal (def.), 211 
of oscillation, 222 


Babbitt linings in large bearings, S6S 
metal, 650 

Babcocir, coefficient of friction (steam 
flow), 360 

Back pressure in steam engines, effect of, 
1033, 1058 
Bunite (def.), 546 
Bakelite (insulation), 706 
valve scats, 1621 
Baking varnishes. 676 , 

Balance, standing and running, 219 
Balancer, motor-generator, 1759 
sets for three-wire systems, 1759 
Balances, spring and toraon, 1796 
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bering each square indepeadeutljr from 1 to 10. Thd length of the side of 
one square is called the uni( or base of tho logorithmio paper;, the larger the 
unit, the finer the possible subdivisions of tho scale. 

To 'plot a point (i,y) on logarithniic paper, for example, tho point (3,6), 
means to find the point of intersection of the vertical line marked s = 3 and 
the horizontal line marked y - 6.. In interpolating between two lines, 
account should be taken o( the fact tiiat tho divisions are not of uniform length. 

Any equation of the form y = cx" when plotted on logarithmic paper will 
be represented by a straight lino whose slope is n. For, if yi = cxi" and 
yj B cij", then j/i/yj = (si/x:)“, or (log yi - log yO/Gog ~ log x:) = n. 
The slope must bo measured by aid of on auxiliary uniform scale. 

Example. Lety^T’^’. tyheax-e" 1, y = 1; plotthfe point A on the logaiithmio 
p&per, and draw the straight line AS with a slope equal to H (Fig. 13). By the aide! 
this line, tho value of y for any value of x bolweon 1 and WO can bo read off directly; 
for example, if a ■= 2.50, y ■= 3.95, as shown by dotted lines, oo that (2.60)*^* «> 3.95. 
To find the value of y for any value of xoutaido this range, note that moving the decimal 
point 2 places in x ia equivalent to moving it 3 places in y. Tho lino shown in Fig. 13 
is thus equivalent to a oomplete table of tbree-holvca powers. 

It will be noticed that Kao crosses four squares of the logaritbmio paper, By 
superposing these four squares the whole diagram may be coedonsed into a single square 
(Fig. 14), in which, however, tho scales for x nod y now give only tho sequence of digits 
in the answer, the position of tho deolmsl pmot having to be dctermiced by inspection. 

To determine whether a given set of values, x and y, satisfies a law 
o! the form y » cz^, plot tho values on logarithmic paper, and boo whether 
they He on a straight line; if they do, then tho given values satisfy a law of 
this form; moreover, the elope of the line gives the value of n, and the value 
of y when i = 1 gives the value of c. 

It thd'plotted points fail to lie exactly In Gne, but form a curve slightly concave up' 
ward, try eubtfastiog some constant b from aU tboy’s, that ia, move each point downward 
a distance equal to h units of the y<seaIo at that point. If it proves possible to chooso b 
so that the resulting points lie in lino, then tho original values 'obey alaw of tho form 
y - 5 n CIO, where n is again tho elopo of the line, and o is tho value of y - b 
when X » 1. (Conversely, if the curve is concave domnwird, try odiiny 5 to all the 
y's; that is, move. each point upu>ard;if tbo new points lio in lino, the original values 
obey a law of the fotni y + ^ “ «*•) Another method of "straightoniiig" tha 
curve consists of adding some cODstant, ± o, to all the values of x, which has tho 
cSecl ot shitting nil the points to tberi^tor loft (by Varying amounts); U this 
method succeeds; the original values oboy a bw of the form y c(£ + a)". 

Semi-logarithmic Crosa-aection Paper. This form of paper (Fig. 15) 
has a logarithmic scale along y and a unifonn scale along s., The "scale 
Value," k, of tho paper is tho number which standsf on the x-axis, at a dis- 
tance from tho origin equal to the width of one of the main horizontal strips. 
Thus, in Fig. 15, each number shown along tho auxiliary scolo F is tho loga- 
rithm of the conssponding number 'along y', and each number shown along 
the auxOiary scale X is l//ctli ofthe.corre^onding number along x (here 
15 ® 6), The number k, which may.bo chosen at’pleasuro, should be taken 
equal to some ample integer, as 1, 2, or 5, or eome integral power of 10, 

■ In preparing the paper for use it is important to notice that the numbers 
.,0.01,0.1, 1, 10,100, . . . (or Buch of them as may bo needed in any 
given case) must be placed dong the y-axis at the points, which mark the main 
lines of division between the horiaontal strips; while tho numbers .... 
” 21;, - fc, 0, + h, + 2fc, . . . (or such of them as' may be needed) must 
be placed along the a-axis at uniform' intervals, each interval (from 0 to h, 
from k to 21;, etc.) being equal to'the width of one of the main horizontal 
strips. The width of one of these strips is called tho unit or Im of the semi- 
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logarithmic paper; the larger the lurit, the finer the possible subdivisions of 
the scale. 

To plot a point as * = 3, if = S, on semi-logarithmic paper means to 
find the point of intersection of the vertical line marked x = 3 with the 
horizontal line marked i/ = 5. 

Any equation of the form y = 
c'lO"® [or y = ce”*] when plotted 
on semi-logarithmic paper with scale 
value k, will be represented by a 
straight lino whoso slope is fern [or 
0.4343 km.]. By a suitable choice of 
the scale value k, any given range of 
values of x can he brought within 
the size of the paper. Notethate = 

Ezahple. Given 1/ ® [«rir ^ 

InFig. IS, when s = 0, k = 4. 

By plotting this point (^) on the semi- 
logarithmic paper, v>ith scale values, and 
drawing through it a straight line with 
elope equal to - 0.5 [or - 0.217] a graphical reprteeatatioa is obtained from which, for 
any value of «, the corresponding value of yoan be read off. If it is desired to condense 
the figure, several horisontal strips nay be enperpoHd on a single strip; this of course 
readers the decimal point in ^e v-^e undetermined (unless a separate v-scale is 
provided for each section of the graph). 

In order to determine whether & given set of values of x and y satisfy 
a law of the form y = c-10"* (or y » c-e”**), plot the values of z and y on 
Beml-logarithmlc paper, with a suitable scale v^ue k, and see whether they 
lie on a straight line; if they do so, the law b satisfied, and the values of m 
and 6 may be found as follows; m - tho slope of the line divided by k [or the 
^ope of the line divided by 0.43431;], and c » the value of y when x » 0. 

If the plotted points fail to Ke eiaody in line, but form a curve slightly concave up- 
ward, try subtracting some constant b from tdl the y'a, and plot the values thus modified; 
if h can be so chosen that the revised points lie in line, then the 
original values obey alaw of the form y — 5 «■ c-lO'" [or y - 5 = 
c-c"**], where m and c are to be found as before. If the curve is con- 
cave downward, add b, instead of subtrocring: and replace y - hby 
y -i- 1 in the law. 

Curves in Polar Co-ordinates. Any funoUoo, r, of a single vari- 
able, 8, can be represented by a curve io polar co-ordinates (p. 137}. 

Lay off the given values of 9 as angles, the iomalline Ox running 
toward the right, and the coanterelookwiao direcUon about the origin 
being taken aa positive. Along the ternuQsl aide of each angle 9, 
lay off tho corresponding value of r, forward if r is ptHitive, backward if r is negative; 
end pass a smooth curve through the points thus determined. 

The rate of change of t with respect to s at a given point P is represented graphically 
as follows (Fig. 16) : On the tangent at P drop a perpendicular OAf from the origin? 
then t{.MF/OM) represents the rate of change, dr/dfl, provided 6 is measured in 
radians. Speciallv niled polar co-ordinate papa b supplied by dealera in drafting 
supplies. 

EQUATIONS INVOLVING TEEEE VARIABLES 

The Surface z = £(X, y). Aw function, 2, of two variables, a and y, 
may be represented by a surface, as follows: Plot the given pairs of values 
of X and y as points in a horisonial x, y plane, called the base plane; at each 
of these points erect an ordinate, parallel to a vertical axis z, and representing 
by its length the value of 2 at that point. Then conceive a smooth surface 



Fig. 16. 


Y y 




BAlAJldlNG 


BEARINGS 


Balancing, 219 t • ' [ . . 

coil (transformer), 1740 ^ 
macnines, 219, 610 , ' ■ , . 

of reciprocating macbinea, 611 . 

of rotating machines, 609 
Balata,724 , , _ , ^ ' ■ 

Ball bearings, 878 (see Bearings, baft) 

Balsa, 749 . ; - 

Band brakes, 812 ■ .... 

(dynamometers), 1809 

Bar iron, and steel (tiible), 684 

refined (def.). 530, (table) 684 , ,, . ; 
Barlow's formula for tbick'oylmders,' 446 
Barograph, 1791 „ 

Baroraoters, aneroid, 1791 
elevation correction for (table), 1791 
gravity corrections for (table), 1790 
mercury, 1790 

temperature corrections for (table), 
1790 . , 

Barometric condensers, 121G , 

Barytes, 673 _ _ . 

Basalt, composition of, 719 
Battenes, 1695 '■ . . 

dry, 1C9G 

block assembly of, 1697 
effect of temperature oa, 1697 
efficiency of, .1697, 
electromotive force of, 1090 , . 

Eride Ironclad, 1700 
polarisation in, 1896 
storage, 1698 (see Sforage bcUertee) 

Baumfe scale (specific .gravity), ’250 . - 

conversioa tables, 86, 80 ' , . 

Basin’s formula for weire, 202 • ' ' 
Beam, beams, 449 (see also Mednts) , , 
and crank mechanisms, 750 
bemUng moment of, 460 . 
cantilever (def.), 449 . 

constrained, 487 

continuous, 467 ..... 

. curved, strength of, 495 
. defection and stress in, 402 ■ '. 

curve for, 464 ,, 

defiection of, as function of elr^, 463 , 
Castigliano's theorem, 469 _ I ; 
(formulae), 463 
graphical method for. 464 
Maxwell’s theorem, 469 
design of. factors govcrning,i4Q3 
elastic curve of, 462 
impact on, 443 ,• , .’ 

internal moment beyond elastic. limit, 
462 ' i’ , 

interna! resilience of, formula for, 465 ; 
loads and reactions on, 460. ' , 

moment and shear diagrams, for, '.^450, 
464 •> ,' . , •, 

moments of inertia of various eectunu 
(tables), 467 ' 

neutral axis ini{def.), 456 , ' 

neutral plane and line of.(def.), 466 
oblique loading of, 466 . • 
of uniform strength,, 469 i 

radii of gyration of various scctionsi’iS? 
rectangular, uniforihiy ' , loaded, (a&fe 
loads on (table)„454 , .','.’,■'7! 
relation between shear aad'moment'i 456 
resilience of, 465 

per unit volume (table), '4ii ' ' ' 


Beiim, b6ams'(conft'nue(f) ■ 
rolling or moving loads on, 46G,- 
acetion' moduli of various sections 
(t^ie3).457 

sections, properties of (tables), 457 . 
shear in, 450 ' 

horizontal, 439 
ample (def.), 449 
slope diagram for, 464 
Bteel, ‘deflections of (table), 455. . 

safe loads on, 46 (tabic) 455 
stiffness of (formula), 462 r, ; 
strength of (formula), 466 ' ; 

umf(}rm.cros8*Bection, bending moments 
of (table), 451 

vertical shear of (table), 451 
vibration of. 518 
Bearing, bearings, 863 ' 
anguto ball, 890 
stresses in, 881 
annular, stresses in, 880 
axial boll, 890 
bftU, 878 . 

advantages and disadvantages ' of, 
878 

• annulus calculation for, 105 
■' clearance 'and play in, 885 

criteria for comparing, 895 (table) 
.. 8 ? 2 - 
friction of, 236,' 886 
inetaUations of (Sg.), 894 
lifeof.883 

factors aflecting, 884 ,I 

load capacity of.elements of, 879 
materials for. 885 
protection of. from dirt, 8D5 
separators for, 885 ' 
spWs of, normal and extreme, 880 
standards for, 887, (tabic) 8^ ' 
static load capacity of, 881 ' . 
stresses in, 879 
, thrust, 880 , 

inftu«ice of speed on, 880 
types and oharocteriatics of, 890, 891 
with unground races, 891 
combination radial-thrust, stresses in, 
881 

conicaU friction of, 240 
dry, 863 

eficieneies of,237,. , ' 

for oscillatory motion, 872'’ ' ' 
friction of, 240-241 
hardwood, 874 

horizontal, rotational motion, 870 
Journal, 863 . . , 

alignment of, 869 

ttllovrable pressure for,' 865,, (table) 

babbitt linings for, 808 ■ , 
buahini^ for, 868 ■ 
film ^thickness in, 864, (charte) 865 
fnction of, 240... 
variation wit'h pressure,’ 867 - 
variation wth temperature,' 867 
mphjte;.lubricated, 873 . , ' 

heat dissipation from, 867, (table) 
868 : ' 
length-diametcrl ratios, 866 ' ‘ 
Ittbricant if)let for, 869 
lubrication of, 864 '' ' ' ' ' 



COVEBINQS 


' DEAEBATma HEATEES 


Coverings, pipe, 962 

beat transm^ion tbrougb, 398 
Coversed sine (trigonometry), 129 
Cracking'Coil furnacea, heat transnusKon 
in, 410 
Cian£, ciankfi 

angles and piston positions (table), 853 
design of, 800 
disla, proportions of, 802 
engine, tangential pressure on, 856, 
(table) 866 

gearing for engines, 853 
mechanism, 750 
overhung type, 800 
Crankshaft, 
design of, 800, 1105 
engine, 800 

stiffness in torsion, 800 
torsional rigidity, 613 
Creep, eiteet on strength o! sino and s'me 
alloys, M 

in cold-drawn monel metal (table), 641 
in high-chromium iron alloys (tabic), 
675 

hmit (def.), 428 
of metsls (def.), 428 
rates, of iron (table), 429 
of metals and alloit (tabic), 429 
of steel (chart), 428, (table) 429 
of vrou^t-Qopper alloys (tabic), 631 
Creosote, 682 

Critical damping resistauce, 1708 
pressure in gas or vapor flow, 254 
speeds, of swts, 614, (tables) 51C, 517 
state for gases (def.; table), 321 
temperature of iron (def.; chart), 543 
velocity (turbulence). 264-266 
Crocus (abrasive), 697 
Cross section paper, logarithmic, 176 
semi-logaTithmic, 177 
standard (for drafting), 972 
Cross valves (tables), 948 
Crossed-srm govsmor. 860 
Crossheads, steam-enipne, 849 
Crucible steel, MO, (dei.), 636 
use of, in producing east-iron, 696 
Crushed ste^ (abrasive), 697 
CiystalUne alumina (abrasive), 695 
Crystolon (abrasive), 695 
Cube roots, 90-91, (table) 18 
Cubes, summation of series of, 115 
table of, 8 
Cubic equation, 117 
measure, conversion table for, 77 
Cumar (electrical insulation), 700 
Cumberland process (protection agaiast 
corrosion), 662 
Cupola, cupolas, 

brick for, sires and shapes (tables), 736 
for cast iron, 695 
melting rates of (table), 695 
operation of, 695 

Cupronickel, 628, (tables) 622, 631, 634 
Cunent, currents, alternating, 1709 
active or energy (def.), 1710 
reactive or wattless (def.), 1710 . 

waves, average value of, 1709 
form factor of, 1709 
vector representation of, 1710 
electric, umt oI (def.), 1687 


Current, currents (eonb'nued) 
metm (hydraulics), 278 
tianeformera (instruments), 1718 
watUcss, 1711 

CurvatuTe, radius and center of, 163-164 
Curva, curves, 

empirical, to And equations for, 174 
equations and construction of various, 
161-1S6 

representation of various functioos by, 
173 

CunrUiiiear motion, 219 
Cuehicaed plate couplings, fleuble, 806, 
(table) SOC 

Cut-ofl point in fan casings, 1672 
valves, steam engine, 1046 
Cutler-Hammer magnetic clutches. 811, 
(table) 811 

Cutlery, steel used for, 572 
Cutmetecs (speed meosucements), 1795 
Cyanide bath (beat-treatment) , 654 
Cycle, cimles 

alternating-current (def.), 1709 
for perfect gases. 317-320 
ideal gas, 317-320 
steam, 34^48 
bleeding, 347 
Rankine. 346 
rebestiag, 347 
Cydoid, 151 
founder, cylinders 
arrangement (mtcrn.-comb. engiacs), 
1331 

eondensatiw, 1035, 1061 
deformatioa of. under compression, 449 
dimenrions, of compound engines, 1027, 
M64 

of simple steam engines, 1024 
flanges, 846 
heads, 846 

strength of flanged flat, 476 
hollow, strength of, 446 
volume of, 108 
hydrauUo. packings for, 851 
presses, 846 

iackets, eSech on economy of steam 
enpne, 1036, 1062 
offset. 854 
oils. 747 

oval hollow, strength of, 448 
steam-engine, 846 
surface and volume of, 107 
thick, with shrinkage rings, 448 
walls, 845 

Cyliodiieal hdical springs, 482 
tanka, capacity of (table), 914 


Daltc n's law for gases, 313 
DampiDg, of sound, 1592 
Dams, di^iarge coefficients for, 2C3 
flow of TOter over, 259-264 
submerged, flow over, 263-264 
DudelM screw threads, 764 
DaveyTibrometer, 524 
Day, detritions of, 82 
De^vation of water, 660 
Dead-weight gages, 1794 
Deaonting heaters, marine, 1269 
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aliowancte its, 866 
oU grooves for, 869 
oillesg, 873 
poroiiE-metal, S74 
propeller shdt, 1436 
seals for, 872 
types of (figs.), 873 
Kingsbury thrust, 876, (table) 877 
friction of, 241 
Une-shaft. 873, 1436 
metals, 660 (lee also Brass,* Bronze) 
babbitt, 661, (table) 652 
copper-base, 650, (table) 651 
properties of (tables), 651 
Michell. 876 
needle, friction of, 887 
plain, 863 (see Beaiinga^ jovnuHy t^uel) 
types of, 863 
porous, 652 
production of. 654 

pressures, allowable, 864, (table) 866 
radial ball, 890 
radial roller. 890 
roller, 878 

advantages and disadvantages of, 895 
clearance and play in. 885 
coeffioent of liiotion t4. 266 
criteria for comparing, 895, (table) 
892 

friction of, 886 
installatims of (fig.), 834 
life cf. 883 
factors affccUag, 884 
load capacity of elements of. 879 
naterials for, 885 
protection of, from dirt, 895 
separators for, 885 
speeds of, normal and extreme, 886 
eiaodards for, 837, (table) ^ 
static load capaetly of, 8S1 
effect of race hardness on (table), 
882 

stiesaes in, 879 

tapered. S.A.E. standards for (table), 
891 

thrust, 880 

types and characteristics of, 890, 891 
rolling contact, 87S 
shaft, spacing of, 799, 1439 
shielded (rolling contact), 891 
sUding, 876 
snap ring, 891 
spherical race, 890 
steam-engine, 1051, 1097 
step, friction of, 241 
tapered roller, 890 
thrust, 874, 876 
ball, 890 

film tUckness in, 876 
friction coefiicient for, 876 
friction of, 239, 241 
lunpbury, 876 
marine, 1442, 1436 
pressure in, allowable, 875 
roller, 890 
rolling contaot„880 
segmental, pivoted, 876 
vertical, rotational motion, 871 


Bearitig, bearings (continued) 
with split tapered adapter sleeves, 891 
Beetle (electric inaulation) , 706 
Bellows gages, 1704 
gas meter, 1790 

Bend tests for iron and steel. 575 
Bending, elastic limit in, 462 
theory of (beams), 456 
Bends, pipe, 497, 0i4 

resistance to water flow through, 271- 
272 

Benzene (see alto Hydrocarbons) 
explosion temperatures of, 369 
Bermudez asphalt, 7^2 
Bernoulli, differential equation of, 171 
Bernoulli's theorem (hydraulics), 263 
Berry strain gage, 439 
Bessel's formula, for computing probable 
error, 121 

steeh 540, (dcf.) 535 
Bethel process (wood preservation), 682 
Bevel geais, 816 (sec Gears, bevel) 

B.G. (British standard gage for sheet 
metal and hoops; table), 583 
BiUet (steel; def.), 542 
reheating furnaces, heat transmission in, 
410 

•steel bars (reinforcement), A.S.T.M. 
spetifications for (table), 576 
Binomial coefficients (tables), 89, 116 
theorem, 114 

Birmingham wire and sheet metal gages. 

Black body (def,), 400 
<41. 747 
powder. 708 

Blades, centrifugal fan, 1674 
Blast furnace (def.), 636 
gas. explosion temperatures of (table), 
369 

operation of, 536 
Dlssting powder, 708 
Bleeding cycle (tuihmss), 347, 1256, 1270 
Block brakes, 811 
Blocks, pulley, 237, 756 
Bloom (steel; def.), 542 
(wroughUiron; def.), 686 
Blowers, 1668 (see ««o Cenfri/usal com- 
pressors,' fans) 
liqdd packing ring, 1638 
piston, 1641 
Roots, 1638 
rotary, 1637 
slip or leakage in, 1638 
steam-jet, 1639 
Boat spikes (table), 968 
Boiler, boilers, 977 
air preheaters for, 996 
Sissiked circulation, 987 
bent tube, 984 
capacity, 997 
care out of service, 1020 
cleaning, 1019 
codes and rules, 997 
combustion control, 997 
corrosion, 661, 1018 
draft loss, 1005, 1012 
economizers, 996 
efficiency, 993 

calculation by.hcatbalanoa 1000 





DE&SBATIOIT 


DISSOCIATION 


Deaeration, of feed-water,. 1251, .1266, 
1258,1273 
of water, 660 
Deaeratdrs, GCl 
Decibel (eound; defj, 1580 
Decimal equivalenta (table), 69 
point, position of, 89, 90 ’ . 

Deck machinery, 1450 
• Dedendum (gear teeth), '816 
Deflection, angular, under torsion (table), 
477 


Deformation (def.), 437 
of spheres and cylinders under compres- 
sion, 449 

Degras (wool grease), 745 
properties of (table), 746 
Degree, spherical (def.), 110 
'to radians (conversion table), 44 ■ 
DeLoval flexible coupling, 803, (table) 804 
herringbone gears, 822 
DcLavaud cast iion pipe, centtaugaUy 
cast, 905 

Delta connecUons. three-phase drcult, 
1718 

iron (def.), 643 

DeMoivro's theorem (complei quantities), 
126 

Dense-air refrigerating cycle, 349 
Deiltlt7(def.),84, 224, 1536 
conversion table for, 81, 85, 86 
of metals (table), GOS 
of various substances (table), 532 
of water (table), 634 
Derivarives (ralculus), 157 
partial, 159 
Desuperheaters, 893 
Detector, radio, 1777 
Determinants, 123 
Dsviation,.moment of (def.), 210 
Dewpoint, 373 
of flue gases, 383 
Diabase, composition of, 717 
Diagram factors of steam engines, 1023, 
1027, 1060 

Diametral pitch (gears; def.), 816 
Diamond, as abrasive, 694 
Diaphragm gages, 1794 
strength of, 403 
to replace packing, 899 
Diatomaceous earth (abraave), 694, 717 
Dichlorodifluoromethane (riririgsrsnt), 

. ^855 

Die, dies, production of, from powder 
metals, 654 

steel, composition of (tables), 567, 568 
Dielectric (def.), 1705 
circuit, 1706 ; ; ‘ ' 

constant (def.), 1687 
constants of insulating materials (taUe), 
1706 

Dieline (refrigerant), 1857 
properties of (table), 1856 
Diesel cycle, 319, 1319 
electric drive (ships), 1479 . ’’ 

engines {see Diesel engines below) 
fuels, 1363 
grades of, 1366 


Diesel fuels (continued) 

ignition of, cetane number test for, 
3368 

viscosity-gravity number for, 1368 
properties of, 1366 , ■ ' 
viscosity BpeciCcations for, 1364 - . 
water and sediment test for, 1365 
geared drive (marine), 1353, 1441 
Diesel endues (see also Internal eombus- 
, tiDB engines). 

M compressors of, regulation of, 1645 
^ injection for, 1332 
nnalysis of engine process of, 1320 
cooling systems for, 1333 ■ 
crankshafts, marine, 1438 ■ 
cycle for, 319, 1320 . , • > 

«hausl temperatures, 1361 
fuel consumption, 135S 
-injection, 1332 
lines for, 1316 

fuels for, 1363 (see Ditsd fuels obere) 
gas pressures in, 1328 
lubrication of, 1337 
Otis. 1363 
pistons for, 1324 

scavenging of, 1329 ‘ ' - ' 

eoUd-injection for, 1832 
supercharging of, 1847 
Differences, flrst, second, third,' etc., 116, 
169 

Diflsren^ calcuius, 1577I72 ,, , ,J 

equations, solution oii'171 ' ' ' ' 

chain block. 767 ' 

gap (automatic control), 1827 
Differentials, 157, 153 , 

Differentiation, of funotipns of. ooupleg 
variable, 127 

of vectors. 187 , i 

rules for, 157 

Diffusion for centrifugal fans, 1674 
Dlmeasio&al analysis, 232--2S9 
examples, 283-286 
for fluid flow, 250 . 
theorems, 288 . 

Dimensions, of common quantities (table), 
282 . ' . 
of a quoatity (def.), 283 

Diode (electron tube). 1773 
Dioritc, composition of, 719 
Diphenyl, oxide, 336 
thermal properties of (tabic), 836 ' ' 
Direct current (see Ctrcufls, d-c) ' 
Directrix of catenary, 147 ' 

of dlipsc, 140 
of hyperbola, 144 
of parabola, 138 

Discharge coefficients for flow of liquid, 
253 

Disk, disks ' 

brakes, 946 ' 

dutches (table), 809.' l’.. 1, . 

liquid meters, 1801 
vibration of, 533 


d gaseous, fuels and explorion tempera- 
' tuTM (tabic), 369 ’ ' ' 



SOILERS 


BBA2E WELDIHG 


Boiler, boilers, efliRiency (conlitiuei) 
at various loads, 1001 
exhaust gas, 1361 _ 
factor of evaporation, 5)98 
feed-pumps, 1600, 1616, 1620, 1033 
feed-water treatment, lOl' («« 
water) 
fire-tube, 978 
firing of, lOH 
foaming of, 1019 
foroed-circulaUon, 987 
furnaces (see BoHer /urnae«‘ Furnaces) 
heat balance in, 1000 
losses in, 1000 
high-pressure, 987 
horsepower (def.), 997 
once through type, 990 
periormanoe calculations, 1278 
plate, punched or riveted, 783 
plate, steel. A.S.T.M. apecificationa for 
(tahic), 577, 578 
priming of, 1019 
rating (def.), 997 
riveted joints for, 779 
rivets, length of (table), 78^ 
rivet steel, A.S.T.M., spiciacatiotte tor 
(labU). 577, 578 
Scotch marine, 978 
eectional header, 981 
shells, combined stresses iti> 
spill-over type. 988 
tubes, corrosion of. Q6l, 1018 
film coefficients for, 892 
radiation factors for rov^e of (chart), 
403 

sled, A.S.T.M. sperihcations lor 
(table), 578 

thermal oonduotivity of, 1002 
waste-heat, 1391 
■water (see also Feed luofer) 
alkalinity of, to preveut corrosion, 
lOIS 

chemical treatment of, 1018 
water treatment, 1017 (se# Feed wafer) 
water-tube, 978, 981 

Boiler furnaces, 991 (see ij1*o Ftirjwees) 
combustion in, 1002 (s<c olec Fuels; 
Siokeri; clt.) 

design and construction of, 991 
draft loss in, 1005 (see aJefl Draft) 
excess air for, 1001 
influence of, on efficienoy (chart), 
1001 

hand-firing in, 1018 
heat transmisrion in, 411 
preheated air for, 996 
stokers for, 1016 (see Stokeri) 
walla for, 992 
water-cooled, 992 

Boiling point, of common substances, 296 
o5 hydrocarbons, 296 
of liquids (table), 321 
of metals (table) , 608 
Bolt, bolts (see also Studs) 
and nuts, S.A.E. 'staiidsrd (or (itble), 
772 

waght of (table), 768 
carriage (table), 774 
cylinder head, W8 • 
design of, 776 . . 


Bolt, bolts (conEtnued) 
driUed.775 

finDgo, wTonch sizes (or, 931 
foundation, 772 

heads, standard dimensions of (table), 

767 

v^ht o! (table), 768 
matei^ for, 774 
strength of (toble), 776 
teste for, 775 

safe loade for. U,S. standard. 776, 
(table) 776 

steel forgings for (table), 775 
stove (table), 774 
streas due to tightening, 776 
tension due to tightening nuts on, 239 
U.S. standard, strength of (teble), 777 
nagbi of (table), 768 
Bondcrizing (protection of iron), 670 
Booster, electric converters, 1749 
Borda mouthpiece, discharge coefficient 
of, 256 

Borolon (abraave), 695 
Boron carlride (abrasive), 695 
Bourdon pressure gages, 1794 
Bower-Barff process, 670 
Bow'e notation (trusses), 229 
Bowes' drive (or ships, 1500 
Brackett's formula ior C.I. pipe, 902 
Braho, brakes, 811 
band. 8(2, 1809, (table) 1805 
block, 811 
cone. 813 
disk, 8U 

(dynamometers), accuracy of (table), 
1808 

power limits of (table), 1808 
speed limit of (table), 1808 
eddy current, 815 
(dynamometer), 1811, (table) 1808 
electric, 816, (ti^le) 816 
friction iri, 235, 242 
bp absorbed by, 217 
ihternal, 815 
prony (table), 1808 
rope, 1809. (table) 1808 
water, 1810; (table) 1808 
wheels, 1809 
wqrkaiwocbcd by, 813 
Brass, brasses, 625 (sss also Copper 
dUoys) 

•aluminum alloy for condenser tubos, 
627 

composition and properties of (tables), 
620. 630, 634 
destnufleation of, 663 
die castings, 635 
leaded, 627, (table) 621 
itsia of, 633 
uaehtnalwity of, 627 
naval, 627, (table) 621 
mpo, (table), 920 

rolled, mechanical properties of (table). 

627 . 

season cracking of, 663 
steength of, at high ■ temperatures 
(te.bU).426 
tubing. 920. 
uses of various, 633 ' 

Braze wading, 1W4 



DISTANCES 


Distances, annlytical Eeometn'’f'>rmulaB, • 

. m 

Distribution eystsms, eieciiic,, 1767 (see 
Siecinc jioiw, dMtrrtuh'on) 
Divergence o( noazlea for steam flow, 366 
Dirisioo, algebraic, '112 ' . , ' 

arithmetical, 89 ' ^ 

by logarithms, 93 ' ' ' ’V 

by slide rule, 94 _ 
of complex quantitica'i' 124 , 

Doble needle, nossic, 258 ' ' • • 

Dodecahedron, 100, 110- '• . 

Dolomite, composition of, 753 '■ • i - 

Domestic refrigerating machines, 1863 , 
Dowlherm, 336 ‘ 

tliermnl properties of (table), 337 • 

Draft, 1012 - ■ ■ ■ 

iHced, 1012 ' 
gage, 1792 
diSorential, 1792' 
induced, 1014 , 

loss in boilers, 1006" " 

oicaaure'ment of, 1792 
mecliameal, 1012 
of fioating body, 249 
ship, 1382^ 

Drafting, geometrical constructions !n. 101 
standard cross'soctions used in, 972 
of propellers, 1423 ' ' ' ' 

Drain coolers, 1229, 1274 
regulators for, 1219 
tank for, 1273 

Dropping point (greases), 746 • 

Dry batteries, cells, 1695 (scenlso'OaUcne's) 
Dry ice (soild COi), 1862 
Dry measure, 71 
Duco (lacquer), 718 

Duct,- ducts , 

air Sow in, (ventilation), 1544 • 
pressure drop in elbows of (tables), 
1549 

circular, friction chart for (ventilation), 
1546 ■ 

intake hoods for, 1557 
rectangular, circular equivalents 'for 
(table), 1548 ' ' 

Ductihty (def.), 416 ' 

Dulong and Petit’s rule (Bpecifibbeat), 299 
Dulong’s formula (heat value of coal). 

1015 - ' ■ > • 

Dumet wire, 676 •',••• 

Durdumin, 014 ' ‘ ’ 

Alckd. 671 , . ■ 

Dures (electrical insulation), 706 ‘ 

Duriroa (cofrorion-retisUnE kon aOov)', 
587,060 ' ^ 

Durite (electrical insulation), 706' ’ ' 
Dynamic electricity (def.), 1705 ' 
load (def.), 442' ‘ ' ■ ’ =''' 

safety factors for, 442 i‘- 

stability of ships, 1386 " • 
unbalance (def.), 510 •. • " 

Dynamics of rigid bodies, 214-226'’ " 

Dynamite, 708 ' ’ ' 

Dynamometer, dyiiambmetera^UfiOJf '' 

(see also Brakes) ■' ■ ■ ’‘r’-'-. 

Dynarnos, 1721 [ste aho Gen^'aUfn)' " 
Dyne (dof.),73 . • . 

Dyson, standard propeller forms, '1414 


6,valu6o(.67 
®bomto. 726 

Eccsntrit' angle.'in ellipse, -141 ; 
loads OP circular rings, 488,'(tables) 487 
'on'cylidders, 487 
onmort blocks, 487 , 'i ^ 
shffting (steam-engine), '1046' ' • 
Eccentricity, of ellipse, '140 
of hj-petbola, 144 , 

Economizers, 996 
corrosion of, 996 
Eddy current brakes, S15 

(dynamometer), 1811, (table) 1808 
current losses, 1704 ' ' , 

resistance (ship). 1391 
Edison primary cell, 1696 
storage cell, 1700 

Efficiency (sec ' name ef cpporalus, 
fTOC&ss, ele, in gnesli'on) 

Carnot cyclei 306 . ' 

ratio (sf^m engines), 1040 
E^ert, propeller cavitation criterioni 1420 
Ejector condenser, 1210 
Elastic body> vibration of, 2S9 
constants of metals (table), 418 
limit (def.). 414 
in fleicure, 462 
proporlionaUdefOr 416 
Elasticity (def.), 418 . 
modulus of (def.), 440 
for metals (tatsie), 418 ' 
of liquids, 246 1 

residual. 440 • ' ' 

Ekterite (asphaltljJ22 
Electric («ee aho DfeeirVeaf; Efeeiro*} 
apparatus, eiSciensy caloulatidus for, 
1750 

rating of, 1749 
symbols for, 1694 
temperature limits for 1749 ' 
arc wading, 1769 (see JPeidfrip, cltclrit) 
brakes, 816, (tnbliO 816 
arcuit breakcrsi' lJS? ^ ’ ,- 

ciiciuta (see Cirei«t(8) ' ■ ■ ’ 

iisfktir, 

conductivity, 1688 ' ■ 

c(mductors, 1G89 (see aieo (7a&lcs) 
couplings, 1356' 

curront, heat developed by, 1695 ' 
drives, motors for,- 1781 ' ' ' 
dynamometers, 1810, (table) 1808 ' 
energy, measurement of, 1657 ' ■ 
radiation of, 1778', ' 
urdts of (def,), 1689 
genwators (eee Generators) •- ' 
alternating current, ' 17 ^- 
direct .current, 1721 
hardening of steel, 556 ' • , 

hygrometer, 373 ' ' 

Initicatoie, 1812 ' ’ 

.instruments; 1714 - ' ' ' ■ 
alternating-cunea't, 1716 •' ' 

• direct-current, 1714 

high voltage, 1719 • ' ' ■ 

tiansformera, 1718 ■ 
insulating materials, 705 
lamps, 1703-1709 (see lamps, elecln' 
measurements, 1714 
meters, 1714 . i . . 



BEAZIKQ SOLDERS 


CARBIDE 


Brazing solders, 649, (table) 660 '' 
Brennan monorail car, 226 ' ' ' ' 
Brick, 700 ' _■ 

building, 701 

burning of, 701 ‘ ' 

calcined, 717 

cement, 702 ' - ^ 

chrome, 729 
common, 701 

determination of amount rcqtniedi 702 
face, 703 

fire (see also Fireiricil:) 
shapes and sizes of, 732, (tables) 733, 
734 

fireclay, 728 
graphite refractory, 715 
heat-insulating, 717 
high-alumina, 728 
magnesite, 729 
manufaeture of, 701 
masonry, sp gr and density ti (table), 
533 

mechanical ptopeitice of (table), 419 
paving, 701 
properties of, 701 
sand-lime, 702 
silica, 728 
Bridge, bridges, 
circuit (electric reetificatioii), 1752 
Bridgman piston, 899 
Briggs pipe threads, 765 
Brightness (illumination; dcf.), 1670 
meter, 1507 

Brine, brines, circulation, 1878 
coolers, 1873 (see Coolerj. trine) 
corrosion of metals in. 660 
for refrigerating plants, 1878 
properties of various (tables), 1879 
refriwratlon produced by (chart), 1878 
Brlneu, hardness test, 430 
accuracy of, 434 
number (hardness; deg.), 430 
for metals (table), 417 
Bristles, synthetic, 711 
Britannia metal. 647 

British Imperial standard wire gage 
(table), 583 

standard gage for sheet metal and hoops 
(table), 583 

thermal units (Btu; deg.), 74, 299 
mechanical equivalent of. 76 
Brittleness, impact tests for, 420 
Bronze, bronrei, 627, (Ubies) 622 
aluminum, 628 
for bearings, 651 
uses of, 633 
manganese, 627 
phosphor, 627 

plastic, for bearings. 650 ’ 

strength of, st high tempostarcs 
(table), 425 
'tin, '627 ' ' 
uses of, 033 

Tobin. 627 ' , ■ ■ ' 

' liscs of various, fiS's " ' - 

welding, 1834. 1846 
wire gage, scheme of, 1690 ’ ' 

(table), 583 • ^ ' - • 

Btu(def.),299 r-.;,-- 


Buckets, steam turbine, (see Steom Tur- 
bines, buckets) ' ' 

Bnhmtones, 694 
Bona, synthetic rubber, 727 
Bunker fuel oil, 1006 
Buoyancy, 249-250 
center of. 249 
for ships (def.), 1385 
Bus bora for suitchboards, 3756 ■ 
Bushel, U.S. and imperial (def.), 70 
Butane, pure, 1853, 1854 , 

Butt-wriding, electric resistance, 1837 ' 
Butyl rubber. 727 

B.W.G. (Birmingham wire gage), 683 
Byers process (wrought iron), 636 


Cable, I 


cables, 

copper (table), 1692 
drilling, 705 

galvanized steel wire (table), 967 
length (nautical unit), 70 
shestfaing, lead, 643 


s freezing preventive, 


Calcium chloride, i 
712 

brine, properties of (tables), 1879 ' 
(^loulating machines, 97 
Calculus, 157-172 
rules for differentiation. 157 
table of integrals, 164-169 
Calendars, Julian and Gregoriac. 83 
Olite (heat-resistant, non-corroding 
dloy),670 
Calorie (def.), 74 
IT (def.). 74, 299 
Calorific '’alue (see Ileai ealus) 
Calorimeters, steam, 1816 
location oi, 1816 
separating, 1817 
throttling, 1816 
Caloriting, 669 
Cam, cams, 752 
desip of. 764 
pitch line of, 755 
types of, 762 

Cambridge accelerometer, 525 
stress recorder, 525 
vibrogreph, 624 

Candle (unit of luminous intensity; def.}, 
1570 

distribution curve, 1581 
mean spherical (def.), 1571 
Cantilever beam (def.), 449 (sse Beams) 
vibration of, 619 ' 

Capacitance, condenser, 1705 
electrical, unit of (def.), 1688’ 
Capacitive circuit, 1708 % 

ieac_taace'(deF.), 1689, 1709 ■ • ' ' 
Gapsdtor (def.), 1705 (see Condenser, 
eleefrfe) • ' - 

Capacity, capacities,' and volume equiv- 
alents (table), 76 " 
otmvorsion table for, 77 
f^illary attraction, 246 , 

Capstane, 1464 

testa, 1931 ' . ■ ' 

Ceuat, metric (def.), 71 ’ ■ . ‘ '• 

Carbide, cemented for tools, 654 ' 
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ELECTRIC 


EMEB7 


Electric (contintietf) 
motors {see Mecfn'c motari Kelota) 
power {see Ehdrie power Wow) 
rectifiers, 1751 (see fieeii^ers, uedrie) 
reystivity of metals (table), 608 
resistor materials, 1765, (t^le) 1766 
sheet steel, 576 
ship propulsion, U79 
advantages. 1479 
control, 1490 
diesel, 1357. 1492, 1502 
generators. 1483 
governing system, 1486 
motors, 1484 

reverse performance, 1488 
steam turbine, 1481 
steel. 539, 551,618 
etrdn gage (material testicg), 436 
switchboards, 1754 (see SwtfeUoords) 
switches, 1756 

waves, average value of, 1709 
form factor of. 1709 
welding, 1829 {see Wdding, dedne) 
resistance, 1837 

wiring (see Copper wire; Wire; ITinna) 
calculations for, 1759 
Electric motors 
altemating'curre&t, 1741 
commutator, 1746 
full-load currents of (table), 1764 
faductfoo, 1741 
autotransformer for. 1742 
breakdown torque of. 1741 
concatenation of. 1744 
efficiency of (table), 1744 
power and weight of (table), 1744 
power factor of (table), 1744 
resistor starters for, lt43 
rotors for, 1741 
single-phase, starting of, 1745 
slip-ring, 1743 
speed control of, 1743 
squirrel cage, 1742 
starting compensator for, 1743 
switchboard equipment for. 1755 
wiring calculations for, 1760 
synchronous, 1746 
performance of (table). 1747 
power and weight of (table), 1747 
balancer set for three-we system, 1759 
dipect-ciurent, 1724 
armature reaction in, 1728 
commutating pole, 1728 
commutation in, 1727 
compound, performance of (table), 
1727 

full-load currents of (table), 1764 
fundamental equations of, 1724 
Hgner speed control for, 1730 
Lincoln, 1730 
series, 1726 
speed control of, 1730 
shunt, armature reristance control 
of, 1729 

control by changing impressed 
voltage of, 1729 
field current control of, 1730 
magnetism control of, 1730 
speed control of, 1728 
starters for, 1726 


Electric motors, direct current {eon- 
linaed) 

speed and torque chaiacteristica of 
(chart), 1726 
control of, 1728 
regulation of (def.). 1725 
Ward Leonard speed control of, 1729 
efiiriency calculations for, 1750 
033,747 

selection of, 1750 
universal, 1746 

wire and fuse sizes for (table), 1765 
Electric power, 1-, 2-, and S-phase, 
measurement of, 1715 
distribution, 1757 
circuits for, 1757 
three wire, d-c, 1759, a-c, 1760 
wire resistance and reactance in 
(table). 1762 

irinag calculations for, 1759 
formulas for, 1695 
traosmissloji, 1757 
Electrical load (ship). 1279, 1284 
Eleotrical engineering, 1686 
syiobols (table), 1666 
units, 1686, (table) 1686 
Electricity, dynamic (def,), 1705 
static (d«f.). 1705 

Electrodes, coated, for arc welding, 1830 
Elcclrodynamometcr, 1715 
Electrolux Serve! process of refrigeration, 
1872J 

Electrolysis, corrosion due to, G5S, 666 
Electrolytic iron, properties and uses of, 
539 

rectifiers, 1754 

Electromagnetic system of units, 1701 
EtectromagneU, 1767 (see also 3fapnsls) 
alternatiog-current, 1770 
exiting coil, design of, 1772 
beating of, 1772 
lifting. 1769 
polyphase, 1770 
sparking of. 1770 
time constant in, 1770 
tractive, 1768 

Eleotromotive force, induced, direction of, 
■fTOk 
unit q[, 1687 
Electron (def.)< 529 
tubes. 1773 (see Radio (utiei) 
Efectronic-torcado welding, 1831 
Electroplating. 668 
Hectro-Sherardizing, 667 
Electrotype metal (table), 643 
Eloment8,<ffiemical (def.), 529, (table) 530 
ph^cal properties of (table), 60S- 
609 

Elinvar (steel alloy of low espansion), 592 
ElUpse, area and perimeter of, 107 
oonstrucUoQS of, 142-144 
of inertia, 211 
properties of, 140 

quadrant, center of gravity of, 208 
ElSpsmd, volume of, 110 
ESfiptic integrals, 170 
Elongation, due to tcoaion, 416 
Emery, 694 
paper, 697 
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CAEBOION 


CASTINGS 


Carboloti (abrasive), 695 _ 

Carbon, air required for combusbon « 
(tabic), 365 

-arc cutting, metals, 1837 
welding, 1871 

dioride, as refrigerant, 1858 
disaociatioiv of (table) , 368 
emissivity of (chart), 406 _• 

meter, electric, 1819, 
•pressure-enthalpy (chart), 351, 
properties of (table), 344 , , 

solid, for refrigeration. 1852 
clcctric-arc lamps, 1577, (table) 1579 
heat of combustion of (table), 364 
. monoxide, explosion tcmpeiature and 
dissociadon (table), 369 
meter, electric, 1819 
paints, 675 ■ • , , 

products of combustion of (table}, 366 
residue test, (or lubricatinf oib, 743 
resistor, 1767 

steel (dcf.}, 535 (ace Sicci, coriion) 
tetracnloridc, 703 
Carbonate of potash, 703 _ _ 

Carbonic add (sec Carbon dioxido) 
Carborundum (abrasive), 695 
Carburizing of steel, 553 
Card process (wood preservation), 683 
Catdidd, 153 , > 

CatBO retrigwation, 1852 
Cargo winoQ, 1457 
tests for, 1081 

Carman’s formulas for collapse of tubes. 
446 

Carnot cyole, 806, 317 
Canenc (refrigerant). 1868 
propertUa of (table), 1858 
Cartier wave, radio, 1776 
Cascade effect (fan blades), 1675 
Gasehardcnlng of steel, 5S8 
Casein, in glues, 698 
wool, 709 

Casings, centrifugal' fan, 1671 
Caslta, volumes of, 110 
Cast iron, 586, (def.) 536 (see also Cast' 
ings; Pig iron) , 
acid-proof, 580 ^ 

alloys, compaction and mechanioaf 
properties of (tables), 592 
analyses and uses of (table), 587 
carbon in, eiTect of, 588 
chemistry of, 588 
chromium in, effect of, 589 
olasaification of, 686 
columns, 493,, (tables) 491 
composition and mechanical properties 
of (tables), 591 . , , 

contraction of, 890 
corrosion of, 659 . ' 

for gears, corapoeition of (table), K8 
graphite in, effect oi, 588 
■ gray (def.), 535 , , . 

malleable (def.), 535 
welding of, 1847 
manganese in, effect of,‘ 689 
mottled (def.), 535 : 

nickel in, effect of, 689 
phosphorus in, effect of, 689 ' 
physics of, 590 
pipe, 90() (see Pipe, ca»t iron) 


Cast iwa (continued) 
plates, strength of, 4p5 , 
production of, in air tuinace, 596 
inionicible, 595 
in cupola, 595 
in dectric furnace, 596 
Begregatiom in, 590 
sbnnkage of, 590 
siHeon in,' effect of, 683 
softeners for, ^6 
strength d, 691 

atlugh temperature (table), 425 
sulphur .in, effect of, 689 
weldine of, 1^6 
xriiite (def.), 636 
Cast steel (set also Castings) 
strength, of, at high temperatures 
(table), 426 
welding of, 1845 

Castable mixes for refractories, 735 
Castigtittno'e theorem (beam deffections), 
.-469,- 

Castings, 

aluminum, 611, (table) 612 
chilled-iron, 586 
copper, 024. 
alloy, 633. 

compoaitioo and properties of 
(table). 034 
cupola nvallcnble, 597 
defects in, 605 
deagn to overcomo, 60S 
desiga of, 605 
gray-iron, 586. 

A.S.T.M. spctiScations for, 593 
composition and mcebaaieal propc^ 
tics of (tables), 591 ' 
iron, 586 (see olso foundry prae(fee) 
aging of, 500 

, nuoy, composition and mechanical 
properties of (tables), 592, 693 
analyses and uses of (table), 597 
crucible process for, 5D5 
healtroatnient of, 690 
melting processes for, 595 
joined seotions for, types of, 605 
magneaiutn alloy, 036 
malleable iron, 586 
annealing of, 697 
A.S.T.M, spcciScations for, 698 
composition and mechanical proper- 
ties of, 696 

physical properties and uks of. 596. 
597 

^strength of, 586 

tuokel, mckcl-alloy, composition and 
properties of (table), 638 
shrinkage of, 298 

steel, 598 ( »« oIm Foundrji prattkt) 
analyses and uses of (table), 587 
A.8.T.M. spocificaUons for, 603 
clastifioation of, 588 
'corrosion and heat-resisting, .proper- 
ties of (tsble), 604 
effect of- alloying with various ele- 
,< ments, 698 

heat-treatment of (table), 600 
mechanical properties obtainable by 

heat-treatmont (tablo), 601 

influence of size on (chart), 602 
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EMISSIVITY 


EXPANSION 


Emissi^ity (radiantrheat; def.). 400 
of carbon dioxide (chart), 406 
of metals, paints, etc. (table), 401 
of water vapor (chart), 407 
Empire cloth, 706 

Empirical curves, equations for, 174-178 
plotting, 176 

Enamel coatings, baked, 676 
Endurance limit (fatigue of metala; daf.) 
(table), 423 

Energy, conservation of, 217 
(thermodynamics), 306 
conversion table for, 80 
electric, measurement of, 1717 
units of (def.), 1689, 1695 
equivalents (table), 79 
internal or intrinsic (thcrmodynanuca; 
def.). 305 
of perfect gas, 313 
kinetic (def.), 216 
muscular, 1911 
potential (def.), 216 
units of, 73 

Engine, en^nes (lee also Reciprocaiino 
tnoints) 

bearings, types of, 873 
binary vapor, 1040 
crank gearing for, 853 
cranks, 800 

oyslee, internni'CDmbustion, 318-319 
details, 845 

diesel, 1319 (see Ditsd engines) 
efficiency (def,), 1040 
of steam engines and turbines, 347 
flywheel, weight of, 853 
fuel-injection, 1333 
governors, 869 
£ot*air, 318 

internal-combustion, 1319 (see Infernal- 
eombustton engines) 
lubricants, 747 
marine, 1053 

oil, 1363 (see Inltrnal-cotabutlton 
engines) 

Otto cycle (see OlloKgde engine) 
reciprocating, balancing of, 511 
reciprocating parts of, iaortia force 
of, A55, (fsbte) 
motion of, 853 
analysis of, 853 

velocity and acceleration of, 854, 
(tables) 855 

steam, 1022, 1063 (see Slcant engines) 
tangential pressure on crank, 855 
(table) 856 

Engler degrees (viscosity), convnmon 
table for, 1012, 1905 
viscometer, 246 
Enth^py (def.), 304 
-entropy chart for steam, 324, 326-327 
use of, 323 
of gases, 369 
of perfect gas, 313 

-pressure chart {see pTessure-enOudn 
elart) 

Entropy (def.), 307 
of perfect gas, 313 
EpicycUo gear trains, 765 
speed ratios of, 817 
Epicycloid, 152 


Efutrochold, 153 

Equation of state (thermodynamics), 311 
Equations, algebraic, 117-118 
cubic, 117 
differential, 171 
exponential, 118 
for empirical curves, 174 
linear, 117 
quadratic, 117 
simidtaneous, 118 
tiial-and-etroT solution of, 118 ' 
trigonometric, IIS 
Equivalent orifice (fans) (def.), 1609 
Erg (def.), 73, 1689 
Ericsson cycle, 318 
Erosion of soil in open channels, 277 
Error, absolute and relative, 88 
in measurement, 1783 
mean square, 122 
probable, 121 

Ee^trip (electrical strain gage), 436 
Ethyl alcohol, 608 
chloride, thermal properties of, 344 
Ethylene glycol (anti-freeze) properties of 
(table), 712 

Euler's formula, axial-flow fans, 1681 
ceotrifugnl fans, 1675 
for long columnsi 400 
Evaporation, 345 
in a vacuum, 345 
Evaporative condctiecrs, 382, 1216 
mulriple-elTecti 345 
Evaporators, 1240 _ 
heal transmission in, 340, 395 
maximum (table), 396 
multiple-effect, .845, 1242 
reoompression, 345 
eingle-effect, 1240 
vapor binding in, 396 
Everdur (copper alloy), 628, (table) 623 
Evolute of a curve (def.), 164 
Excess air, for combustion (charts), 371 
372 

coefficient of air for combustion (def.). 
362 

ExebangBr (absorption refrigeration), 349, 
1867 

fitefber, fffftfftfhbuarti cqtfipment for, iTdd 
Exhaust gas, apparatus for analysis of, 
1818 

Extraction (steam), 1270 
Elide ironclad battery, 1700 
Ezpansioa, bends, pipe, 914 
formulas and tables, 497 
coefficients of (metals; table), 608 
in compound engines,' ratios of, 1026, 
1057 

jdnts for eteam pipes and pipe lines, 940 
of bodies by heat, 296 
functions in secies, 160 
of gases (forraulaa and tables), 313-316 
of pipe lines, stresses due to, 497 
of eatucated and superheated vapors 
(formulas), 324 

ratio of, effect on engine economy, 1034 
in uniflow engines, 1038 
thermal coeffioienta (def.), 296 
of gases, 298 

ctf metals and liquids (tables), 298 
rfpipe metals (table), 940 
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CASTINGS 


CHAINS 


Castings, sUel (continutd} , 
melting processes lor, 602 
molds for, 603 

physical chnracterisUcs of, 699 
shrinkage of, E99 
zinc flUoy, 645, (table) 646 
Castor oil, 746 

dehydrated (paint drier), 674 
properties of (table), 746 
Catenary, 147-151, (tables), 148-149 
Cathodic reaction in corroaon, 656 
Cauchy’s number, 289 
Caustic embrittlement in bt^era, 662 
potash, 703 
soda, 703 

Cavalieri's theorem, 111 
Cavitation, in centrifugal pumps, IDOS 
in screw propellers, 1420 
Celite (heat insulator), 717 
Cellophane, fibers, 711 
Cells, electric, 1695 (m Batteriti) 

Cellullth (electrical insulation), 707 
Celluloid, 702 

Cellulose, specific gravity of, 688 
Cement adhesive, 698 
Center of gravity, 206-208 

experimental determination of, 209 
of lines, 207 
of plane areas, 207 
by graphics, 218 
of ships, 1385 
of solids, 2QS 
of oscillation (dsf.). 222 
of percussion, 220-222 
of pressure (hydrostatics), 248 
Csntaire (del.), 72 

Centigrads to Fahrenheit deg (convermon 
table), 293 

Centipolse (unit of viscosity; def.). 244 
Centistoks (unit of kinematic viacoaly) 
244 

conversion table for, 190$ 

Ceatrifugal compressors, 1656 
advantages of. 1656 
applicatlom of, 1667 
calculations (or (examples), 1662 
characteristic curves of. 1661, (chart) 
1662 

clsasification of, 1664 

cocfiicienta d. 1660 

compression factors for (tabic), 1664 

coolmg of, 1660 

discharge vanes for, 1664 

efficiency of, 1659 

equivalent rating at other epeeds, 1663 

horsepower of, 1658 

hydraulic efficiency of, 1659 

impellers of, 1663 

leakage loss in, 1659 

limitations of, 1656 

losses in, 1659 

mean eUcctivc pressures in (table), 1659 
multi'Stage. 1665 
air-cooled, 1665 
water-cooled, 1666 
parts of, rclativo proportion of, 1663 
power required by, 1662 
pressure rise in, 1658 
rotation loss in, 1659 
shaft efficiency of, 1659 


Centrifugal compressors (continued) 
similar, 1661 
single-stage, 1665 
speeds of, 1660 
teste for, 1664 
size of nozzle for, 1664 
theory of, 1657 
Contrifugd fans, 1668 
wr horsepower of, 1668 
blade form, influence of (tabic), 1074 
blades for, cascade effect of, 1674 
casings, 1671 
cut-off point in, 1672 
width of, 1672 

characteristics of, 1689, (charts) 1670 
design of, 1671 
diffusers for, 1674 
effii^ncy of (def.). 1669 
equivalent orifice of (def.), 1670 
fundamental formulas, 1668 
Hagen chart for selection of, 1682 
inlets for, 1673 
tows of. 1671 

orifice ratio of (def.), 1670 
outlets for, 1674 
pamllel operations of, 1677 
pressures in (def.), 1868 
pulaatioQ of, 1678 
edection of (cxomplss), 1681 
stabUity of, 1676 
system cbaractcristlcs of, 1669 
velocity diagrams for. 1676 
wheels for, 1674 
theory, 1675 

Centrifugal force (def.), 217 
bell tensioa due to, 218 
Ceatrifugal pumps, 1699 
applications of, 1616 
bwsst for, 1619 
in bilge, 1617 
cavitation in, 1608 
drculating, auxiliary, 1282 
mtdn, 1280. 1617 
condeesAts, auxiliary, 1381, 1616 
main. 1281 

feed, 1282, 1616 

impeller classification, 1606 
installation, 1615 
mechanical details, 1615 
priming, 1612 
puUaUoQ, 1804 
spedfic speed, 1605 
suction head, 1608 
systems, 1604 
water horsepower, 1603 
Centripetal force (def.), 217 
Centrode, 195 

Ceramic coatings for protection, 670 
Cetane number (fuels; def.), 1365 
test (diesel fuels), 1368 
C.g.a. system of units, 73 
C^a, chains (unit of length; def.), 70 
block, differential. 757 
triplex, 757 
crane, 843 

loads for (table), 843 
dnvBB, 835 
efficiency of, 237 
length of chain in, 839 
drum scores for (table), 835 



ESPAKSION 


- PITTIKGS 


Expansion, theimal (eoni^^) " 
of stone and brick (table), 419 
Explosions, in air-cQinpres80t8,'1655 
temperatures vdtb Eascous fads (table), 
369 ; 

Explosives, 708 .. . 

Exponential equations, eoluUon of, 118 
functions, 126 ' , " 

graph of, 174 ’’ 

of e (table), 67 , 

series for, 160 
Exponents (algebra), 113 
Express Tvater-tube boilers, 989 
Exton (synthetic fiber), 711 
Eyebolts, proportions and Btrength of 
■ (table), 770 


Fabrics, impregnated (lomilaijoii). 70t 
Face brick, 701 " 

Factor of evaporation, 998 
safety (def.), 441 
for static and dynamic loads, 442 
Factoring (algebra), 112 
Faireaheit's hydrometer, 250 
Fahrenheit to centigrado deg- (converaion 
table), 294 

Fairbairn's formulas for tubes and flues, 
446 

Falling body, motion of, 214 
Fan, fiins (see oise Cen(rt/uga( font; 
DrafU Propiller /am) 
axial-ilow, 1078, 1544 (see fVopdler/ans) 
casings, 1071 (see Ctntrifuaai /am, 
Cannes) 

centrifugal, 1063 (see Cenfriyupot /ana) 
laws, 1671 

propeller, 1544, 1678 (see Pfopdi<r/ans) 
wheels, 1674 (see Cenifiyttpnljhns) 

Farad (capacitance; def.), 1687 
Fathom (def.), 70 
Fatigue failure of shafts, 797 
of metals, 422 
effect of corrosion on, 423 
endurance limit in (table), 423 
permissible stress rairge in (chert), 
424 

surface, 425 
testing, 422 
Fats, lubricating, 745 

properties of (tabic), 746 
Faure storage battery, 1698 
Feed water (sec also Boiler waler) 
compounds, corrosion due to, 1017 
deaeration of, 1251, 1256, 1258, 1275 
decomposition of, 661 
heaters, 1228, 1230 
regenerative cycle for, 347 
heating, regenerative (turbines), 1255 
imparities, corrosion due to, 662 
marine, circuits for, 1250, 1W4 
systems', 1260, 1204 
temperature, 1255, 1268 
treatment, 1017 ' 

Feeder panels, equipment for, 1755 , , 
Felt, hair, for heat'insulation, 718.,,. 

Felts, roofing, 723 . 

Ferrite (def.), 643 . . ' 

Fiberglas, electric insulstion, 1773 
Fibers, 709 


Fibers (eanliniied) 
alk,709 
synthetic, 711 
vegetable, 709 _ • 

for heat insulation, 718 
' vulcanized, 707 
wool, 709 

Field intensity (magnetic; def.), 1686, 1701 
Field force, 223 . . 

intenaty of._(def.), 224 , 

Film coefflcisiits, (heat transmission; 
def.), 385 (see also Heai Irane/er 
eeefieienis) ' ' 
factora infiuencing, 392 
for scale deposits (table), 896 
in snrface condensers, 399 
' to or from fiir, 394 
to or from boiling liquids, 395 
to or from condensing vapors. 394 , 
to or from gases, 392 
to or from liquids, 392 
to or from oils, 393 
to or from steam, 394 
to or from water, 393 
Tinanrial arithmetic, 61-68, 98 
Fire point of oil (def.), 742 
pomps, 1626. 1633 

streams, good and firet'Class (del.), 278 
vert, and hor. ranges of, 274 
Firebrick, 728 (su also Re/ractoriti) , 
coalings for, 735 . ; 

cost of, 788 

heat losses and beoUstoraze capacity of 
(table), 736 
manufacture of, 728 
mortam for, 732 

plastics and ramming mixtures for, 736 
edcctioa of, 737 

shapes and eizee of, 732, (tables) 738, 
734 

Fireclay rdractories, 728 
Fire-bose, nozzles, discharge from, 273 . 
pressure losses in, 278 
screw threads for couplings for, ,954 
Firo>lube boilers, 978 
Fits, 789 

diowances und toierancea, 790, (tables) 
791 

claasifieation of, 790 
dririne, aliowances for (table), 792 
Uroits for various, 790 
press, tdlawanoes for (table), 792 
pressures required in making, 794 
atressra due to (table), 792 i 
tomional holding of, 794 
runnii^, allowances for (table), 792 
shrink, allowaucos for (table), 792 
stresses due to, 792, ,■ , 

aliding, aUowances for (table), 792 
standard (table), 793, 931 ' 

Fittinge, 922 (sceFtpe fittings) 
ammonia, 18G6 , 

fl&ngcd (seeFtpe /iUines;,Pipe/langes) 
cast-iron, 922 
steel, 931 , 

for caat-iron soil pipe (table), 906 
for cast-iron water pipe (tabic), 906 , •, 
pipe (sec Pipe firings) ,. , , 

cast-iron, 922 
steel, 931 
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CHAINS 


COEFFICIENTS 


Chain, chains (eon{tnu«cf) 
frictioa of, 242-243 
links, strength of, 495 
lubrication of, 1903 
Morse alent, 841 
proof coil, 843 
roller, 83S 

dimensions and speeds of (table), 836 
length calculations for, 839 
power ratings of, 839, (tables) 837, 
838 

sprocket wheels (or, 835 
diameters of (formulas), 840 
teeth for, design of, 840 
sheaves, 833, (table) 834 
silent, 841 

sprocket-wheel, dimensions of, 834, 
(tabic) 835 

Chaining up hill, sag and stretch, 150 
Chalk, composition of, 720 
Channels, open (hydraulic), 276-277 
CharacterisUc (of a logarithm). 92 
curves, of fans, 16G9, 1670, 1679 
Charcoal, sp gr and density of (table), 533 
Chirpy impact test, 420 
Cbaj^i alignment, 179, 183 
construction of, 173 
contour-line, 179 
parallel or proportional, 185 
Chemng process (oxide coating), C70 
Chemical compound (dcf.), 529 
clement (def.), 629, (table) 630 
equipment, corrosion of, 864 
s^boU (table), 530 
Chemistry, 529 

Ch4ry formula (hydraulics), 276 
Chicago pneumatic sitnplatc valve (com- 
pressor), 1644 
Chilled castings, 586 
China clay (paints), 673 
grass fiber, 710 
wood oil, 721 
Chrome brick, 729 
Chromium plating, 669 
steel alloys (see Steel alloys, ehromium) 
Chromizing (calorizing), 670 
CiR-iec cocroiWR <ii piyet Ir, 465 

Cippoletti trapesoidal war, 261 
Circle, circles, arc of (see Arc, eireular) 
area of, 106, (tables) 30-32 
center of gravity of. 205 
circumference of, 106, (tables) 28-29, 
32-33 

constructions of, 103-105 
equations of (analytic geometry), 137 
involute of, 163 

moments of inertia of (table), 461 
radical axis of, 100, 137 
segments of (tables), 31-35 
theorems on the, 99, 106 
Circuit, circuits, 
alternating-current, 
parallel, 1712 
quarter phase, 1714 
solution of problems in, 1711 ' 
three-phase, 1713 
two-phase, 1713 
wiring calculations (or, 1760 
balancer set for three-wire, 1759 
branch, voltage drop in, 1760 


Circuit, circuits (continued) 
breakers, 1757 
capodUve, 1708 
reactance of, 1709 
critical damping resistance of, 1708 
didcctric, 1705 

direct-current, wiring calculations for, 
1759 

effective resistance of, 1711 
impedance of, 1710 
incandeaeent-lamp, 1758 
inductive, 1707 
reactances of, 1709 
time constant of, 1708 
loop. 1757 
inasnetic, 1701 
natural frequency of, 1711 
parallel, 1C93, 1757 
phase difference in, 1710 
resonance of, 1711 
scries, 1693 
Beries-parallel, 1758 
lank (radio), 1776 
three-wire, d-c. 1768, a-c, 1760 
resislanco and reactance in (table) , 1762 
Circular arc («« Arc, ciwilar) 
inch (dot.), 70 
measure, 71 

of angles. 128. (tables) 44, 69 
mil (def.), 70. 1689 
pilch (gears; deg.), 816 
Cissoid, 155 

Clairaut. differential equation of. 171 
Clamp couplings. 802, (table) 80S 
Clapeyron equation. 807 
Clark’s formula for collapse of Ques, 445 
Claude’s system of liquefying air, 353 
Cleansing materials, 702 
Clearance, in steam engines, 1027, 1059 
effect on effidency, 1037, 1059 
Clutches, 808 
cone, Inction, 809 
friction coefficients for (table), 899 
Hill friction, 809 
jaw, 809 

maencUc (table), 811 
plate, {tvcUciV. <twWe). ^ 
ring friction (table), 809 
CO indicator (dcctric), 1820 
Coach screws, proportions of, 772, (table) 
773 

Coal, 1014 

ai^ysia, proximate, 1014 
ultimate, 1014 

approximate calculation of, 1015 
adi in, 1014 

composition of (table), 1014 
firing, 1016 
stokers, 1016 
Cobalt alloys, 047 
Cocks, 946 

Coefficient, coefficients, Hamilton 
Smith's (hydr.), 255 
of contraction (hydraulics), 253 
of damping, 506, (def.) 507 
of disdiarge for liquids through orifices, 
253, 257 , 

of excess mr in combustion (def.), 362 
<rf expansion (def.), 296 
for metals (table) , 608 


1963 



HTTIHGS ; 

JittingS (continued) - . • 

resistance of pipe (hydraulics), 271". 
Eoldered-joint, A.S.A.,ataiidatd, 955, 
welded, 949 ' ' • ' 

Flame, hardening (heatrtreatment), 655 
Tlange, flanges,' cast-iron, 922 (see Pipe 
fittings: Pipe flanges) 
couplings, 802. „ . 

steel, 931 (see Pipe fithngs; Pipe flanges) 
unions, 939 

wrench sizes for bolting up, 931 
Flanged fittings (see also Pipe fittings; Pipe 
' flanges) ' - 

cast-iron, 922 ' 

steel, 931 ^ ' 

Flash point, of lubricating oils '(0.S,N. 
specif.; table), 1904 ' ' 

of oil (def.). 742 

Flash welding, electric resistance, 1838 
Flax, 703 ' , ' 

Flexure, theory of (beams), 466,1469 (see 
Beams)' . ■ 

Flint (abrasiye), '697 
Float gage for liquid level, 280, 281 ' 
Floats, stream-flow measurement with, 
277 , , , , 

Flotation, center, of, 1385 
depth of^ 249 ' ' 

Flow of air in ducts (ventilation;, 1544 
in pipes, 359 ', • 
friction loss ih, 359. 1545' 
measurement of, 1798 (jcc Mettrs) 
stack elTcet (ventilation), 1562 
through orifices, 354 ' • ■ ’ ' • . 

of compressible fluids, 353-361 ' " 

in pipes, 358-360 

Ol Suios in pipes, 264^274, (chart) 266, 

■ 358-380, (formulas) 267, 270 
problems, 268-270 

measurement of, 1664, ’1798 (see 
Meters)' '■ , ' ' , 

Pigott diagram, 265-266 • 

S h orifices, 263-259 ■, 

}nt or eddy, 264-^267, 269 ' 
viscous, 264 ' 

of gases, fundamental equations, 353 
in boilers,' 1005 
in pipes, 359 

friction loss in, 359 ’ 

measurement d, 1798 (sw Meters) 
through orifices or nozzlesi 364 
of heat, 384 (see Heal transmission) 
conversion table for,. 82' 
of liquids, 250-281 (see Flow, of fluids, of 
water) ' ■ 

dimensional analysis, 284 
■ through orifices, 253 
of metal at high temperatures (creep), 
428 . , . ; ' • • 

of oil in pipes, 272-273,'(chnrt) '266 
of sat. steam through orifices, 356 
of steam in pipes, 358 " ' ' 
friction loss dua to| 359 
resistance of fittings to, '36.0 
through labyrinth packings, '1198 
through nozzles, 356 ’■ ■ ■ 

through orificM,' 355 ' ' 

of viscous fluids, 288 ' ' ' 

in pipes, ,264-272 ' 
of water/ conversion scale for, 254 


, FORCES 

Plow of 'water (confinuei),. 

in boilers, 1004'.. ' ' ' ’ . 

in open channels, 276 
'coefficients of roughness for, 276 
measurement by current raeter, 278 
by floats, 277 ' ' ' 

in pipes (chart), 266 
, Manning formula for, 276 . 
in small'tubes. 272 
measurement of, 1801' (see fifelers) 
over dams, 259-264 
over weirs, 259-264 
discharge scale for, 260 
through head gates. 250 
through notches, 2 CI 7262 
through nozzles, 257 ' 

through sluice gates, 253 
through submerged openings, 256 
'Venturi meter'for, 259 
steady, unsteady, uniform; non-uniform 
(def.). 251- 

Flow nozzles, standard forms for (meters) , 
"--1805 

Flue, flues, collapsing pressures of, 445 
gas analysis, 371,998 
.apparatus for. 1818 
dew-point of, 388 
beat loss in, 1000 
weieht of per pound of fuel, .371' 
Fluid, fluids (see also Air; Gas: Liquids; 
Oil; Water;- etc.) ■ 

coefficients of friction of (formula), 359 
film, thermal conductivity of, 3S6 ' •' 
.flow of, 250x281 (see Flow of fluids) . 

measurement of, 1798 (sds Meters) . ' 
measure, 71- 1 ’ 

meaaurcmeat.of, 1798 (see Meters) . ; 
tbrolUing of, '361 .: 
viscosity of (formula), 360 ■ • ■ 

Fluorescent lamps, .1577 i 

•flux density, (magnetic; def,), 1686rl701 
magnetic (def.), 1C8C, 1701 - 
used in founding, 595 
Flywheel, flywheels, 830 
analysis of cast iron for (toblc),;589 
arms, design of, 831 ' ■ , ■ ■ ■ ■ 

effect, 213 ' , . : , 

heat transfer coefficient from rotating 
(table), 397 . • • ; 

high-speed, stresses in rims, 831 
of fiat-rolled steel plates,, 833 
shiunk-link-joiht (table), 833, 
steam engine, weight, 858 , 
strength of, '931 „ 
stresses ia, 830 ,, 

" test data on (table), 832 • 
Wittenbauer's analysis for, 859 . 

Focal length (lenses), ,1909 
Focus, of ellipse, 140 , ' 

of I^perboia, 144 • 

. of parabola, 138 ", 

Foot-candle (illumination; ,, deg.), 1670 ■ 
'Fobt-lanfficr't (unit of briglitness; def.), 
1670 

Force, forces, at different points of rigid 
' body, 200 ' • ' ' . ' 
at angle point, 197 ’• 

eeatrifu^l, 217, 218' - 

centripetal, 217 ' " 

conversion table for,' 74 



■ COEFFICIENTS 


COMFEESSOBS 


Coofficieat, coefficients (eontmucd) i 
of friction, 232-237 (see FricKon, 

Mcnls o/) , ' : . 

of impact (def.), 223 
of restitution (impact), 223 
of rigidity (def.), 440' 
of velocity (hydraulic), 253 
of viscosity (dot.), 244 -, 

Coffin averaging planimetta, 1798 
Coib, pipe, 916 

Cold-air refrigerating ‘machines, 1851 
bend tests for iron and steel, 679 . 
-cathode lampe, 1576 
Collapsing picsaure of tabea, formulas for, 
445 ' 

Collision, laws of, 223 
Cologarithms, 93 

Color scale for temperatures of iron and 
steel, 296 

test for lubricating oila, 743 
vision, 1571 

Colors for identifying piping, 953 
Columas, 439 
buckling, model teet for, 287 
cast-iron, strength of (tables), 491, 492, 
(formula), 483 

claaaiScatiou of (long and short), 489 
typos of end, 490 

eccentrically loaded, stressee in, 494 
ends of, forms of. 490 
Johnson’s formula for (table), 492 
long, critical load for, 490 
Euler's formula for, 490 (table) 491 
failure of, 48G 
slenderness ratio of, 490 
strength of (table), 491 
oak, strength of (uble), 492 
short, 491 
• failure of. 490 
Rankine's formula for, 491 
Tetmajer's famvila lor, 492 
gteel, allowable unit stresses for (table), 
493 

stiengili of (tables), 491 
straight-line formula for (table), 492 
wrought-iron pine, strength of (Uble), 
491 

Combinations and permutatioas, 116 
Combiaed stresses, 493 
Combustion, 361 
air required by gas 
calculations, 362 
computations, for moist air, 383 
control, automatic, 997 
boiler, 997 

dissociation of gases in, 368 
excess air for (charts), 371. 372 
coefficient (def.), 363 
gas turbines, 1205 

gaseous, explosion temperatures and 
dissociation (table), 369 
heats of (def.), 3^ («s obo Jud in 
QUeslicn) 

for gaseous and liquid fuels (table), 
' 364 

high and low heat value of iuda, 366 
incomplete, loss due to, 371, 1000 
loss due to incomplete, 371, 1000 . 
of gaseo\iB fuels. 362-370 
products of, 362 


O&ttbuatlon, of gaasous fuels (conljnurd) 
temperature of, 366 ■ , 
of gases, air required for, 362 
flissociatioti in, 363 n 
heat evolved in, 363 
products of, 362 
c4 liquid fuels, 362-370 
excess air in (chart), 372 
cf solid fuels, 370-372 
air required for, 370 
excess air for (charts), 371, 372 
products of, 370 
prodfiets (ses Flue gases) 
radiaUoa from products of, 406 
rates, in marine boilers, 993 
turbines (ssefrds (urbtnss) 
volume contraction due to, 363 
Commutating-pole motors, d-c, 1728 
Conunutation in d-c generators and 
motors, 1727 , 

Commutator itiotors, a-c, 1746 
Compensator (transformer), 1740 
for three-wire generator, 1765 
starting, a-c motor, 1742 
Complex quantities, algebra of, 124 
standard forms of, 126, 126 
Compound, chemical (def.), 545 
compression (refrigeration), 1861 
engines, 1026, 1063 (see SUam enginet, 
compound) 

Interest (tables), 64. 66 
motors, electric, 1727 
•wound generators, 1722 
Compressed air, adiabatic expansion and 
compression of, 1637 
iutcrnal energy of (chart), 1630 
machinery, lubrication of, 1902 
of Uquids. 246, 534 
of metals (talsle), 608 
of water. 297, (table), 634 
ConpressiOD couplings, double-cone 
(table), 802 
ring, 802 

in eimple eteam engines, 1025 
in steam engines, efioct on efficiency, 
1037, 1065 

maeWnos, vapor, theory of, 850 
multi-stage air, mep in. 1645 
of air, equations for, 315, 319, (table) 
SIS 

of saturated and superheated vapors, 
324 

raliM internal-combustion engines 
(def,), 1319 

Compressive strength, (def.), 415 
of stone and brick (table), 419 
Compressors, aftercoolcrs for, 1654 
air, 1634 (scs Air compressors; Cen- 
Iri/ugal compressors) 
ammonia. 1858 {3« Ammonia com- 
pressors) ' , 

axial-flow, 1680 (see Fons, imal /law) 
centrifugal, 1666 (see.Cenfri/ugoI com- 
pressors) , 

compr^ion efficiehcy.of, 1647 , 
effect of clearance on capacity of, 1647 
efficiencies of, 1646 ' , 

engine driven, 1043 , 
governors for. 1653 . , " 
mechanical cfficicney of, 1648 



FORCES 


FUELS 


Fores, forces (continutd) 
equilibrium of, 197 
equivolenta (conversion table), 74 
external and internal (def.), lOT 
field of, 223 
intensity of (def.), 224 
fits, 790 

comparison with slirink fits, 791 
standard (table), 793 
fundamental equation of, 196 
in plane, composition of, 203 
moment of, 205 
resolution of, 205 
line of (def.), 2124 
moment of, 200, 205 
parallel, center of a set of, 206 
polygon, 202 
reactions to (def.), 197 
resultant of, 198 
supporting (def.), 197 
ri®d bodies, 200-201 
system of, in equilibrium, 198, 200 
units of, 73 

Forced-circulation boilers, 987 
draft, 1012 (see also C<nfry«(wl /<jn<; 
Draft; Font) 
for marine boilers, 1012 
ventilation. 1515 

Forgia;, steel, A.S.T.M. specifications for 
(tables), 578, 580 
usee of, 563 

Form factor, a-o waves, 1709 
Formatioa, neats of (def.); tables), 888 
Formex, magnet wire, 1773 
Formica, gear material, 828 
Fomterita (refractory), 730 
Fossil flour (abrasive), 694 
Foucault-current losses, 1704 
Foundry materials, 594 
practice ($u alto Can irm; Ceutingn 
Cupolas; Mcldint;Pig iron) 
cast iron, 694 
cast steel, 602 

melting processes used in, 695 
type metal (table), 643 
Four-cycle engines, 1322 
Fourier number, 289 
Fourier's law (beat conducrion), 388 
series, 162 

Fractions (algebra). 112 
cube roots of (table), 18 
decimal values of (table), 69 
square roots of (tabic), 14 
Fracture under tension and cotnpres^on, 
419 

stresses in, 226-231 

Francis formula, for rectangular noteh, 
259 

for sharp-erested weirs, 26C 
Free energy (thermodynamics), 307, 308 
Freezing points of liquids and mixtures, 
296 

prevention of, 711 

Freon, pressure-enthalpy chart for, 361 
properties of (tables), 1856 
Frequency, a-c, 1709, (def.) 1688 
circuit, natural, 1711 
modulation (radio), 1778 
radio, 1778 


IMetion, 232-243 
brake, hp absorbed by, 217 
coefficients of (def.), 232-233, (tables) 
233-237 

flir or steam flow in pipes (formulas), 
267 

clutches (tabic), 809 
fluid flow in pipes, 369 
friction gearing (table), 829 
journal bearings, 8G7 
needle bearings. 887 
rolling contact bearings, 886 
staUo and sliding (def.), 232, (tables) 
233-236 

thrust bearings, S7G 
dry(det.), 233 

fa^rs for pipes (fluid flow), 2G7 
geoiing, 829 
head (fluids), 264 
loss, in fire hose, 283 
in hydraulic pipe fittings, 271 
in pipes (fluid flow), 358 
o{ fluids in pipes, 264, (chart) 266 
of machine elements, 237-243 (tr; alto 
under each element) 
of rest (angle of). 233 
of steam engines. 1037 
reliance of ships, 288, 1391 
rolling (def.). 236; 886 
coefficient of (table). 237 
diding coefficient of (def,| tables), 233- 
236 

work of, 237 

Ftoude friction dynamometers (table), 
1808 

number, 250. 289 

Fronde's law (ship resistance), 1393 
Frustum of cone or pyramid, volume of, 
108-109 

Ftclcy and Steam's formula for weirs, 262 
Fuels, 361, 1005 
beat of formation of (tables), 306 
heat value of (def.), 363 
heat value, high and low, (def.), 366 

Uqidd, 1006 

air required for combustion (table), 
365 

combustion of, 362-370, 1006 
heat values of, 363, 364, 1006 
products of combustion of, 365 
oils, Km 

atomization temp., 1011 

atomisers, 1007 

bunker, 1006 

combustion of, 1007 

composition and properties of, 1006 

heat values of, 1006 

heaters, 1232 

piping materials, 1316 

pumps, 1283 

specific heat of, 1238 

specifications for, 1006, 1012 

strainers, 1317 

system, 1300, 1313 

tanks, 1006 

viscosity of, 245, 1012. 1237 
solid, 1005 (jce otso Coal) 
air required in combustion, 370 
combustion of, 370-372 
products of, 370 



COMPRESSORS 


COOLERS 


Comprossors (eoniiniijd) , 

motors for, 1751 _ - 

piston, 1641 (sec also Air campressbrj) 
cylinders for, 1642 
speed and rpm of, 1643 
valves for, 1643 ■ 
receivers for, 1654 ' 

regulation of, 1651 
unloaders, 1661 
variable clearance, 1652 
compression volume, 1652 
volumetric efficiency of ' 1646 
Computation, graphical methods, 179 
numerical, 88 
Computing machinesi 97 
Concatenation, of mduction motors, 1745 
Coadenaer, condensers, 1216 
absorption refrigeration system, 1866 
ammonia, 1864 > 

barometric, 1216 

dry-air, heat transmission in, 1219 
ejector, 1216 
electric, 1706 
capacitance of, 1705 
synchronous, .1746 
evaporative, 387, 1216 
jet. 1216 
design of, 1217 
power required by, 1224 
water required by, 1216' 
refrigeration, 1864 < - 

steam table for calculations on, 335 
Surface, 1216 
' air leakage in, 1222 

•pump connections, 1221 
pumps for, 1221 
capacity of (table),- 1222 
condensing surface per kw, 1219. . 

design of, 1219 
heat transfer in, 1217 
coeGlcienU in, 399 > 

log mean temp, diflerenco in„12l7, i 
(table), 1218 
loss of head in, 1219 
through tubes and bo:rc8 of, 1218 
materials for tubes of, 1219 
power required 122i 
radial flow, 1221 
salt-water leakage in, 1226 
shells, 1220 ' , , ’ , ‘ 

tube sheets for, .1219 ' 
tubes for, 1219, (table) 1220 . 

vacuum obtainable in, 1224 
water-boxes, ,1220 , " . ' 

connections for, 1221 ■' 
velocity in liibea, 1217 
tubes, corrosion'of, 663 • . , . 

film coefiicients for, 392 - \ " 
materials for ,-.1219' ’ ' 
spacing of, 1219 
special alloys for, 663 ' • 

vacuum augmenter, 1224 , •' 

Conductances, a-c,'(def.), 1712 '' 
electrical (def.), 1687 ; ’ 

thermal, 386 ' ' 

conversion table for, 82 ’ ’ , ' 
Conduction, heat transmission' by,' 379, 
399 (see Heal tronami^iioh)*'”- *' : 
of heat (see ^eot, conduction) ■' • 

conversion table for, 81 ' • 


Conductivity, electric, 1688 
thermal, 384, (tables) 387 (see.rbcrmal 
eondiidhity) 
conversion table for, 81 
Conductors, electric, 1689 
Bpedfic resistance of, 1689 
tmperature coeflicients of, 1690 , 
Cone brakes, 813 ,, ' , 

friction clutches; 809 
Cones, Borface and volume of, 108 ' 

Conic sections, 138-147 ''(sec £i!ipse,' 
Hyperbolai Faraioia) 

Conical pendulum, 218 
Connecting rods, 849 
ends for, 850 ^ 
inertia stress in, 850 
mechanisms, 750 
pin bushing for, 850 ' . . , 

shanka for, 850 ' - 

ConradsoD carbon-residue test for lubri- 
cating oils, 743 

Conservation 5 energy, 217 ' 

Constant pr^ure expansion of gas^, 313 
• of vapors. 324 • 
volume expansion of gases, 313 
of vapors, 325 
Coostndned beams, 467 
Continuous beams, 467 ' 

Contourline ebarfs, 179 ' 

Contraction due to tension, 417 
Control, automatic, 1321’ (see Auioffl'afie 
confrol) 

Convection and radiation, ‘ combined 
coefficients, 397 

coefficients, 391 (sec also coojji^ 
■ dents; Heal trons/er eoeiScJcnfe) 
heat transiDUsion by, 386, 301 
natural, 394 
Conversion tables, 
angular measure, dcgrces-radiaTiB, 44, 45 
decimals' of degrees,*' minutes and 
seconds, 69 

velocity. 80 ' " 

area,76.77 ' • 

conductance, thermal, 82 ■ 

oonductivity, thermal, 81 ' • , , 

deaKty,81,^,S6 
energy, 79, 80 , . . . ' ' 

flow of heat, 82 
force, 74 , ' 

heat, 80 ’ 

kinematic viscosity, 1905 ' ' • ’ ' 
length, 74,75 ' 

logarithms (base 10 and base-e), 62 
mass, 77, 78 , . 

power,- 80, 81' 1 

pressure,' 79, ft head— lb- per ' sq ft 
(chart), 248 

epecaflo gravity, density, de'g A.P.I. and 
. Baum4; 85; 66 ' " 

temperature, '293, 294 
vdodty, 78, 80 . - 

■riacoaty, 244' ' ' : ' 

T(dume,76, 77, , 

waght,77, 78' .' 

work, 79, 80' ,, ' - 

Converters, phase, 1743 • 

synchronous, 1748 
switchboard equipment for, 1764 ' 
Coolers, brine, 1876 
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nJELS 


OEISS 


Tuela (eon!»nu«i)_ 
sp gr &Bd density of (table), 5S3 
Full cell process (wood preservation). 682 
FuUartoa vibronieter, 523 
Fuller board (electrical in aolution), 707 
Fuller’s earth (claj;), 721 
Fonctions, gnphical representation of, 
173 

hj-perbolic (fables), 58-59 
series for, 16I 
implicit, 159 
of complex variable, 127 
of two or more vanables, 159 
trigonometric (tables), 46-56 
series for, IGI 

Funicular polygon, 203, 205 
Furlong (unit of length; def.), 70 
Furnace, 991 
boiler, (see Boiler, ^urnaca) 
cast-iron, analj’ses of, 587 
for electric steel, 540 
heat transmission in, 409 
induction, 540 
Fuses, electric, 1765 
siscs for motor branch circuits (table), 
1765 

Fusible alloys (table), 648 
plugs, air compressor, 1055 
Forion, heat of (table), 303 
point, of refractories (table). 731 
pyrometers, 17^, (tables) 1784, 1788 

G, 0 , value of, 84 

Qage, gages, absolute-prc^me, 1790 
bellows, 1793 
Bourdon-lube, 1793 
dead-weight, 1793 
diaphragm, 1793 
draft, 1791 

float, for liquid level, 281 
for testing materials, 434 
hook, for liquid level, 280 
hj’drauiie, 279-281 
plumb-bob, for hquid level, 280 
point, for liquid level, 280 
pressure, 1793 
sheet metal (table), 583 
IJ-tube, 1791 
vacuum, mercury, 1790 
wire (table), 583 
Galena, 642 

Gallon, TJ.S. and imperial (def.), 70 
Galvanic action in boilra, 662 
Galvanized surfaces, pmnta lor, 675 
Galvanizing, 644, 687 
electroljriic, 668 
liquid, 675 

Gamma function, 170 
iron (def.), 5^ 

Garnet (abrasive), 694, 697 
Gas, gases, adiabatic e.xpansion of, 315 
flue, 998, 1818 
apparatus for, 1818 

compression, power required for, 1648, 
(charts) 1649, 1650 

compressors, 1656 (sec C'enfrt/ujol 
comprwsors) 

constant pressure expansion of, 313 
volume expansion of, 313 


Gu, gases (eontimed) 
constants (table), 311, (charts) 312 
crhicai staU of (dd.), (table), 321 
density of (table), 310 
enthalpy of, 313, 366 
entropy of, 313 
eshat^cis, 1640 
expansion of, 313-317 
with variable specific heat, 316 
film, thermal conductivity of, 386 
flow of (see also Ffotr of gases) 
fundamental equations, 354 
in pipes, 272, 358-360 
coefficients of friction (formula), 
359 

general formulae for, 264, 265 
i^istance of fittings to, 360 
through orifices. 354 
heat transfer coefficients to or from, 
392 . 

transmission from, 391 
internal energy of, 813, (table) 367 
isentropic expansion of, 315 
isothermal expansion of, 314 
liquefnetion of, 352-353 
meten, 1798 (see Afrters) 
mixtures. 312, 313 
specific heat of, 313 
perfect, changes of state of, 313-316 
equation of state, 311 
ideal cycles with, 817-820 
laws of, 310 

pseudoKiritfeal constants (fable), 311, 
(charts) 312 
pipe, cast iron, 902 
pllirtropic expansion of, 314, 315 
properties of (table), 310 
radiation from, 406 
solubility of, in water (table), 531 
specific heat of, 800, (tables) 301, 310 
volume of (table), 310 
weight (table), 310 
thermal conductirity of (table), 387 
expanaon of, 293 
turbines, (see Gas turbines trioip) 
viscosity of (chart), 360 
welding, 1774 (see also TTeWinp, pas) 
G<u turbines, 1205 
thermal effidenev of, 1205 
Gukets, 896, (Sg.) 897 
ammonia fittings, 944 
common thickness of (table), 896 
flat, compressibiiitj' of (table), 896 
permanent set of (table), 896 
tj-pe of service lor various (table), 896 
Gate TOlves, 945 

Gauss (nm^ctic flux density; def.), 1686, 
Gear, gears > 

anaiyas of cast iron for (table), 587 
bevel, 818 
efeiiency of, 827 
Gleason, proportions of, 818 
strength of (table), 824 
teeth, stren^h of, 823 
tooth proportions for, 818 
eSeiendes of, 237 
friction, 829 

coeffidents of friction for (table), 829 
effidency of, 829 
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COOLEfiS 


COVPII^GS 


Coolers (eontiniui) 
capacities of (table), 1876 
drain, 1226, 1274, 1275 
iieat IranEfer coefficients for (table), 
1877 
oil, 1240 

Cooling clieoted by fbiottlmg, 352 
Cooper-Hewitt inercnry-vapor lamp, 1676 
Co-ordinates, polar, ls7, 178 
reotanRular, 136, 173 
Copper alloys, 620 

conductor (tabic), 623 
corrosion resistance of, 632 
creep data for (table), 631 
deziscificatjon o!, 6^ 
effect of teinperature on (tables), 630, 
632 

fabrication of, 625 
finishing and plating of, 620 
for bearings, 650, (table), 651 
for sea- water sern'ee, 632 
machining c4, 620 
properUca ci, 624 

atreegth of (Ublcs). 620-623, 630, 634 
at various temperatures (table), 
630, 632 

welding and. soldering of, 629, 635 
•base-alloys, castings, AM 

composition and propertiM of 
(table), 634 

properties and uses of various, 633, 
(table) 631 

a llium alloys, 628, (table) 623, 630 
ars, data (ubie), 1755 
eestingc, 634 

•chroQiium alloys, 636, (table) 623 
commercial, composition of (tables), 
620, 630 
grades of, 624 

production and properties of, 624 
converter blowers (centiifugal), 1667 
extruded, 626 
uses of, 627 

•nickel alloys, 628, 640, (tables) 622. 
630, 638, 639 
uses of, 633 
pipe, 920 
plating, 669 
resistivity of, 1690 
aiiApJ^ /124 (laWea' fBO 
•silicon sAloys, C28, (table) 623, 632 
uses of, 633 

•tin oHoys, 633 (see Bnm; Brenzi) 
tubing, 920 
wire, 625 

anmere ratings for (table). 1763 
A.S,T,M, spccificatiou for (table), 
626 

insulation for, 1762 
resistance of (table), 1691 
resistance and reactence ri (table), 
1762 

sizes for motor branobciicuita (toble), 
1766 

weight of (table), 1691 
•zinc alloys, 625 (see also Erase) 

Cordage, 703 
Cork, 716 

sp gr and density of (taUe), 532 
tile, 716 ^ ” 


Corliss valve sad valve gear (engine), 104S 
Corrosion, 656 
due to electrolysis, 658, 666 
factors inhibiting, 658 
stimulating, 657 
fatigue of metals, 423 
in boilers, 1017 
in brine, 660 

in concrete structures, 666 
number (lubricating oils), 744 
of boilers, 661, 1017 
bridges, 665 
of condenser tubes, 663 
of iron and steel, 658 
of raelal stacks, 655 
(rf metals under stress, 660 
of pipes, 660 
of pumps, 664 
of steel struotures, 665 
of underground pipes, 664 
eoatings to protect against, 665 
protection against, 667 
< -resisting iron alloys, 659 
steel and alloys, 671 

Corrosiron (oortosion-rcsisting iron alloy). 

650 

Corundum (abrasive), G94 
Cosecant (trigonometry), 129 
graph, 174 
tables, 50-51 

Cosine (trigonometry), 129 
graph. 174 
tables. 46-47, 62-66 

Coslctt process (protection of Iron), 670 
Cotangent (trigonometry), 129 
graph. 174 
tables, 48-49, 62-58 
Cottered joints. 920 
Coulomb (def.), 1687 
Counters (speed measurement), 1705 
Couples, 198-199 
Couplings, 802, 1110, 1352 
clamp, 802, (table) 803 
tiutch (ice Clutches) 

eompressioa, double-cone (table), 802 
ring, 802 

DeLaval flexible, 803, (table) 804 
electromagnetic, 1355 
fire-hose. American National Standard 
(table), 955 
screw threads for, 954 
flange, 802 
flexible, 60S 
band. S05, (table) 800 
belt-type, 805, (table) 800 
cuebioned plate, 805, (table) 800 
disk, 804, (table) 805 
gear. 807, (table) 808 
grid spring, 806 (table) 807 
hydraulic, 1364 
steel member, 805, (table) 807 
marine gearing, 1445 , . 

propulsion shafting, 1432 
rubber bushing, 803 
nleevo, 920 
aeUd, 803 
slideri double, 803 
solid, 802 ' ' 

universal, Hooke's joint, 803 
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GEARS 


GOVERNORS 


Gear, gears, friction (eonK7i««0 

working pressures for, 829 
greases, 747 ’ 
helical, 821 

formulas for (table), 794 
friction of, 240 

teeth, strength of, 826 ‘ 

herringbone, 821 
teeth, strength of (table), 824 
hypoid, 818 
lubrication of, 1903 
materials (or, 827 '' 

miter, 818 

phenolic laminated, design of, 828 
pumps, 1030 
ratio (def.)i 817 
spiral, 821 
bevel, Gleason, 819 
strength of (table), 824 
spur, 816 

and bevel, friction of, 240 
base circle diameter (def.), 816 
efRciency of, 827 
pitch oi (def.), 816 
speed ratios of, 817 
strength of (table), 827 
teeth, outlines aod proporUons of 
6able), 827 
strength of, 823 
teeth, 827 
involute, 826 

shear stress In (tabic), S26 
surface strength of, 826 
trains. epicycUc, speed ratios of, 817 
bevel, 766 • 

spur, 766 I 

wheels, arms (or, proportions of, $26 
hubs, proportions of, 826 
rims, proportions of, 826 
worm, 819 
efficiency of, 827 
friction of, 240 
length of worm in, 821 
selection of (chart), 828 
teeth proportions for, 820 
strength of, 824 
velocity ratio of (def.), 819 
Gearing, 816 (lee Geari) 
efficiency of, 827 

reduction, for marine turlwes, 1441 
arrangement of, 1442 
bearing loads. 1443 
design example, 1448 
efficiency, 1443 
tooth design, 1446 
Geepound (def.), 73 
Geiger torsiograph, 524 
vibrograph, 524 
Gelatin, use in explosives, 708 
Generator, generators, absorption re* 
frigeration, 1806 
alternating-euTTenti 1731 
armature reactance, 1733 
resistance, effective, 1733 
boosters, 1749 
elassee of, 1732 
construction of, 1731 ■ • ' 

.design of, 1732 ‘ 

efficiencies of (tables), I736- 
frequency of, 1732 • ni 


Generator, generators, alternating- 
current (continued) ' 
fundamental equation of, 1733 
hunting, prevention of. 1735 
parallel operation of, 1736 
performance of (tables), 1736 
voltage regulation of, 1733 
asynchronous, 1745 
dlrect-cu«ent| 1721 
armature reaction in, 1728 
na aynchronous converters, 1748 
balancer set' for three-wire system, 
1759 

eommutaring poles in, 1728 
eommuution in, 1727 
compound-wound, 1722 
pmormancB of (table), 1724 
fundamental equation of, 1721 
parallel operation of, 1723 
aeries, 1722 
*nnt. 1722 
three-wre, 1759 
double current, 1748 
efIicicDcy calculations for, 1750 
awilebboard equipment fer, 1756 
Geometric, ccnstmclioas, various, 101 
mean, 113, 115 
construction for, 102 
progresdon, 115 
Geometry, analytical, 136-156 
demenlary, 09-111 

Gibbs function (thermodynamios), 307 
Gilbert (magnetomotive force; del), 1686',''! 

1701 ' ^ 

GOsooite (aspbalt), 722 
Gland Icak-oS. 1273 
Icak-olT conaenser, 1273 
Glands. 851 (see Slu^inp boxw) 
fflaas, 712 
composition of, 712 
fiber. 713 
properties of, 713 
safety, 713 

ap gr and denaty of (table), 532 
types of. 713 
use aa insulation, 708 
vitroUte structural, 713 
wire, 713 
wooh7U,718 
Gleason be^ gears, 817 
Globe valves (tables), 948 
Glues. G97 
for plywood, 679 

Glycerine, na freezing preventive (table), 
712 

Gneiss. 7l9 
Golden section, 102 
Govmine, of compound engines, 1028 
of intern.-tomb. engines, 1332 

Governors, 859 , 1207 '' 

action of, 861 
astatic, 862 
compressor, 1653 
huntins of. 862 
isoobronisra of, 862 ' ■ 
shaft, springs for, 86! 

stability of, 86! 

ateara-en&nes, 1062 ' ! " 

turbine, 1207 
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passed through the extremities ol these ordinates: this surface is said to ropre- 
fieut the function. In practice, the ordinates may be made by implanting 
stiff vertical rode in a horizontal board of soft wood which serves as the baso 
plane; the surface may then bo constructed by filling in the spaces with plaster 
of Paris. Or, more simply, pieces of cardboard may be cut out to represent 
parallel plane sections of the surface, and then stood on edge in slots cut in 
the board to receive thorn. The unite employed along x, y, and s need not bo 
equal to each other. 

Contour-line Charts. All fhe points of a surface z ~ f{x, y) which aro 
at any given height above the base plane form a curve on the surface, called 
a contour lino of the surface. If each of th^ contour lines bo projected 
on the base plane, and each labeled with the value of 2 to which it corresponds, 
a complete representation of the function z = /(x, y) is obtained, all in one 
plane. A topographical map, with contour lines showing elevations above 
the sea, and a weather map, vrith contour lines showing barometric pressure, 
are familiar examples. If there are several values of 2 corresponding to any 
given point (a, y), there will be several contour lines whoso projections pass 
through that point. 

Contour-line Charta for Simultaneous Equations [of the form r «= 
/(SiV), 10 In Fig. 17, plot the function : ~f{x,v) by contour 

lines on an x,y plane, and plottho function w®P{i,y) 
by contour lines on the same x,y plane. Then every 
point on the diagram (eilhor directly or by interpola- 
tion) is the intersection of four curve3~an x-curve, 
a y-curve, a 2 -ourvo, and a w-curve. Here, by 
"curve" is meant any line, straight or curved. By 
the aid of such a diagram, when the values of any 
two of these four variables ate given, the values of 
the other two can be found. The method of use 
consists simply in entering the diagram along the two 
given curves (or lines) , tracing them to thdr point of 
intersection, and then coming out again along the 
two curves (or lines) whose values are required. The best manner of num- 
bering the curves is indicated in the figure. 

ALIGNMENT CEAETS 

Alignment Charts for Three Variables, t, u, 7 . Any relation between 
three variables, t, u, t, which can be thrown into one of the forms listed in 
later paragraphs, can be represented graphically by a very convenient form 
of diapam called an alignment chart. In the simplest form of an alignment 
chart for three variables there aro three scales (straight or curved), along 
which the values of the three variables, t , «, «, are marked in such a way that 
any throe values of i, w, v which satisfy the given equation are represented 
by three points which lie in line. Hence, if the values of any two of the vari- 
ables are given, the correspomfing value ol tho third can be found by simply 
drawing a straight line through the two given points and reading the value 
of the point where it crosses the third scale. 

The most important methods of constructing alignment charts for three 
variables are described below. Where several methods are applicable in a 
gjven case, the best one must be determined largely by trial. For iutther 
information, see M. d'Ooagne, "TYidtfi de Nomographie,” Gauthier-Villars, 
Paris; Carl Eunge, "Graphical Methods,” Columbia University Press; 
•ip ■ " Constmetion of Graphic^ Clharts," McGraw-Hill; 1 Lipka, 

ij^^®pbical and Mechanical Computation,” Wiley; Hewes and Seward, 

The Design of Diagrams ftw En^cering Formulas and the Theory of 
Nomography,” McGraw-Hill. 
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GRAFinCAL REPRESENTATION OF FUNCTIONS 


Method 1. Given, an equation which can be thrown into the form 

/.(«)+/*(>)= MO, 

where/i(u) is a function of « alone, /j(») a function of v alone, etc. Analign- 
ment chart may bo constructed as follows; 

Choke of Moduli to Fit Size of Paper. Let /ifttO be the smallest and /j(u") 
the largest value of /i(«) likely to be needed, and let h be tho height of the 
available space on the paper. Then find a timple number, mi, such that mi 
times - /i(u') shall not «ceed K Similarly, find a simple number m, 
such that mi times /i(v") — /ifsO shall not exceed H 
Also, compute a third modulus, in,, by the formula 
m, = (mim^/(«ii +mj). 


Consirudion of the First Two Sudes. Draw two parallel vertical axes, at 
any distance, k, apart. On the first axis, marked u, starting with any con- 
venient origin, lay off the distances x = mi/i(tt) for successive values of u, 
labeling each point thus plotted with the corresponding value of u. Simi- 
larly, on the second axis, marked v, starting with any convenient origin, lay 
off y = mfiiv) for successive values of v, labeling each point with the cor- 
responding value of 1. Tho u-scale and the »-8cale are thus completed. 

Consirucfion of Iho Third Scale. Draw a third line, f, parallel to the first 
two lines, dividing the distance k in the ratio tni/m,; that is, the distanco 
from u to f is + mi). Compute the value U corresponding to any 

convenient values uo and and label with this value, U, the point whore the 
t-axis is out by a straight line joining the points and v,. Using this pobt 
to as an anchorage, lay off along the <>Iine the scale determined by 2 ■ ma/ift) 
where mi - (mimj)/(mi mi). The third scale is thus completed, and the 
chart is ready for use. 

Note that the units of measurement for x, y, and 2 
(which do not appear on the completed chart) must of 
course be the same. Note also tl^t to ensure accuracy | ftoo i| 

on tho third scale, especiafiy if the modulus m, is email, . ( I| 
it is well to compute more than one anchorage point, ti. s ri'V 

The construction is greatly facilitated by the use of pro- 
viously constructed uniform and logarithmic scales with y' 
various moduli. 

Example (Fig. 18). Lctui^-O « t, for n range of values of UEind 
t> between 1 and 10. By taldne tiie logsritbia of both sides, 
reiiuce 'ino equtf»on‘to*Jnijlorin’«^« V'l.ViboRV Sere 

A(«) = loBU, /,(*) = 1.41 log*, MO '= lost. For a boiBbt of 
paper h = 10, and a width i = 6, wc may toko mi = 10 and jg, 

m, = 10/1.41 B 7.09; whence eu = 4.1.', end mih/(mi 4- m,) >» 

2.92, Hence the chart is readily construoted, as shown. 


Method la. Method 1 may be readily extended to equations of the form 

/.(») +/*) +/.(•>) =«i), 

involving four variables, {, v, o, w. 

Let /i(m) + /ifv) = q and chart this equation by Method 1. Then chart 
the equation g -b A(ic) «= /r(f) by the same method, using as one of the scales 
the Q-scale already drawn. (The g-^cale need not be graduated; the position 
of the g-axis is all that is important.) In reading the completed chart, wo 
use two index lines, one joining points u and 0, and cutting the g-axis in an 
(unlabeled) point g; the other joining points « and t, and cutting the g-axia 
in the same (unlabeled) point g. Thus when any three of the four variables 
are given, tho fourth can be found. 
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Grara-calorie (def.), 75 .. 

mechamcal equivalent bJ, 75 
Granite, composition of; 719 
Granodizing (protection of iron),'671 
Graphical methods of computation,' 179 
representation of functions, 173-188 
statics, problems of, 202-206 
Graphite, 714 
as lubricant, 747 
' bearings lubricated by, 873 
. brick (refractory), 715 
properties of, 714 
sp gr and density of (table), 533 
tsTiea of, and uses, 714 
Graphs, to find equations for, 174 
Grasbof’s formula for steam flow, 366, 
(table) 355 

Gratebars, analysis of cast iron for (table), 
587 

Gravel, composition of, 721 
sp gr and density of (table), 633 
Gravitas method (metal spraying), 668 
Gravitation constant (def.), 224 
laws of, 224 

Gravity, acceleration of (table), 84 
equation for, 196 
action on falling body, 214 
cell. 1698 

center of, 206-209 (see Center of tratUy) 
laws of, 196 

specific (def.), 84 (see Spectre praetty) 
standard (def.), 84 
standard acceleration of, 73 
Gray-iron castings, 58G 
composition and mechanical properties 
of (tables). 6^ 

specifications (A,S,T,M.) for, 593 
Greases, 745 
consistency tests for, 740 
dropping point of, 74G 
lubricating, 747 

viscosity of, recommended (table), 741 
Gredag, '747 
Greek alphabet, 1909 
Greenstone, composition of, 719 
Grid (electron tube), 1774 
Gridiron valves, 1046 
Grinding wheofs, grades of Ctabfe), 696 
grain of, 696 

Grundy flesible coupling, 803, (table) 804 
Gudermannian function, 135 
Gum, 698 
Arabic, 698 
copal, 698 
damar, 698 
Gunpowder, 708 

Gunter’s measure (surveying), 70 
Gutta percha, 724, 727 
Guy ropes, galvanized (tables), 966 
Gypsum, composition of, 720 
Gyration, radius of (def.), 210 
Gyrocompass, 225 
Gyropilot, 225 
Gyropilot steering, 1428 
Gyroscope, theory of, 224-225 

Hackworth valve gear (engine), 1060 
Hadfield’s manganese steel, W? 

Hagen chart for fan selection; 1682 

1977 


Hair felt, for heat insulation, 718 
Hamilton Smith discharge coefficients, 255 
Hamps'on-Lindc regenerative process 
(liquid air), 352 
Hand (unit of length; def.), 70 
Hangers, shaft, 873 
spacing of, 799 
Hard facing materials, 648 
Hardening, by precipitation, CIO 
cold work, 416 

of non-ferrous alloys, 607, CIO 
•Steel, 546 (def.), 554 
Hardness, Mohs scale of, 86 
of materials (def.), 430 
tests for, 430 

Hardwood bearings, 873, 1436 
Harmonic mean, 115 
motion, forces causing, 215 
Harvel varnishes (insulation), 706 
Hawsers, galvanized steel (table), 966 
Head, friction (fluids), 264 
&tla, Sow through, 256 
meters, 1802, (table) 17D9 [see also 
Meiers) 

potential (hydraulics), 251-252 
pressure (hydraulics), 257 
(hydrostatics). 247 
total (hydraulics). 253 
velocity (hydraulics), 267 
conversion (scale), 264 
Heat, 291-412 
available (def.), 307 
baiancQ (boilers), 1000 
of absorption refrigeration systems, 
1870 

capacity (def.), 299 

conduction. 384 (.«« Heat transfer; Heat 
transmission; Thermal ■ eondvc’ 
titily) 

basic law of, 388 
conversion table for, 82 
conductivity, 384, (tables), 387 [st! 

Thermal conduethity) 
conversion table for, 80 
developed by electric current, 1695 i 
cnqne cycles, 317-320 ■ 
engines (see ln(erna(~com6ush'on engines; 
Ollo-cyeie engines; Thermodynam- 
ics; Steam engines; etc.) 
expansion by, 296 
flow, conversion table for, 82 
insulation, conductivity of (tables), 393 
heat transmission through, 398 
insulators, 715 
latent, 303 

loss, for normal adult, 1624 
from bare pipe, 953 
in boilers, 998 
measurement of, 298 
mechanical equivalent of, 304 
of combustion (see Heat ralve offud in 
qvestion) 

of formation (def.) (tables), 306 
of fusion of materials, (table), 303 
of metals (table), 608 
of solution of ammonia (table), 1870 
of ■raporization of liquids (table), 303 
mumetals (table), 808 
apecifio, 299-303 (see also Specific heat) 
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oas 


Nichtorae (resistor alloy), 1766 
Nickel, 639 

^loys, 639 . • 

costincs, composition and prPptfoes 
0 / (tables), 638 • . 

bsa.Wt%itoent of, 640 , 

magnetic properties of, M2 
mechanical properties of (table), 6o9 
vfdding of, 1848 

cast, strength at high temperaturea t£ 
(table), 426 
-chioml’am attcyB, 641 
commercial, 639 ' 

properties of (tables), 638 
compcBition and piOpertifes ol (taMe), 
638 . . 

mechanical properties at high lemperai- 
tfUre (table), 641 
plating, 669 • 
production of, 639 
properties d (table), 639 
reauitor, 1766 

silver, 638, (table) 622, 630 
steel (see Steel, Michel) 
wrou^t alloya, composition and proper* 
ties ot (table), 638 

Nitralloy, ootaposiUon of (table), 666 
Nittidini (heatptT«!.tmcnt) , 5H 
steels lor (table). 656 
Nitroglycerin, 708 
dynamiw, 708 
Nodal drive, 1486 
Noise, 1588 (see alec Sound) 
coaUol, 1692 
by damfaPS, 1893 
by design Ganges, 1592 
by filtration, 1^3 
by isolation, 1592 
by quieting, 1594 
by ahicldingi 1893 
meoaurement of, 1689 
reduction (table), 1596 
coeffident (del.); 1W6, (table) 1594 
Nomograms, 179-186 (see AliTnmnl 
charlt) 

KcrDlwtoua taetaU, QW (see also ifloys; 
meial in ^estion) 
aging treatment of alloys of, 0)0 
cold working ol, 607 
effeet of tempmatvac on (talbfio), 690 
heat treatment of alloys of, 607, 6l0 
prices of (table), 655 , ' 
resistance welding of, 1837 
strength of, at low temperature (table), 
830 

yield point of (def.), 610 
Norbidc (abrasive), 696 
Normaliring (heat treatment; defj, 645 
Notch sensitivity in faticne ol metalB 
^ (d€/,),423, ,• 

Notches (see Feirs) ; 

Nozzle, aozzlea, ... '■ 

correction factors’ for velodty of ap- 

proa.ch, 258 

discharge coefficieata (« water, 288 
fire-hose, disclmrge from, 273 
now, of compressible fluids through. 

354-358, • 


Nozzle, nozzles (continusd) ' 

4^ stMin through, 354, 356 
rUvctgitvg, 356 

Velocily coefficients for, 358 , ) 
of water through, 257-258 
for steam flow, divergeace of, 367 . 
fud-iojection (diesel engines), 1332 > 
Kort,1457 , . 

meter flow, 1705 
steam, design of, 1184 
types ol, 257 
Numbeia, ptefctced, 973 
Nuts, force required to tighten or loosen, 
239 

lock. 771 
materials for, 774 
strength of (table), 775 
teats for, 775 

S.A.E. standard for (table), 772 
weighted (table). 768 
Nylon (syntbetio fiber), 7U 

Owist , volume of, 109 
OolMOn (construction), 103 
Octahedron, 100, 110 . 

Oersted (raagtveiic field intensity; del.), 
1686, 1761 
Ohm (dcf.), 1687 
Ohm’s Uw, 1690 

of magnetic, dreuits, 1701 . 

Oil, oils (see of'cInWcanls) " 
aridity of, tests for, 744 
-snimid, 744 . 

properties of (table), 745 
buinm, 1997 
china wood, 721 

coelT, of discharge through orifioea, 267 
compiessMllty ri, 634 
coolers, 1240 

eogioes (see Dissd tngints; Internal 
t^mbustion engines) , t 

cydea for, 1319 
lubrication of, 1500 
extreme pressure, 744 
flash and fire points of (de(.). 742, 1003 
flow of, in OTCs, 272 
fuels, ItftS, 1363 (see Diesel fveU; ?u(j 
oils,’ ftisfj, liquid; Petrofcuitv) 
groov'es, arrangement of, 869 • 
heat transfer coeffidents to or from, 391 
heaters, 1232 

insvdatjng, specifications for, 706 
linaecd, 674, 721 

loliricatiag, 7S9 (see also iuhritanjs) 
deautiing, 1303, 1903 . 
compounding of, 1899 , 

. fur apeclal mwlanes, 1%99 
gravity of, 742 
system, 1300 
^ta of, 743 

U.S, Navy specif, for (table), 1904 
noa*fluid, 747 
mlkesa of (dri.), 744 
dticica, 721 
wpmic, 744 

properties of (table), 74ft 
Pwnt. 721 
pwilla, 723 
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HEAT 


HOSE 


Heat (eon^tnued) 

traaafer coefflclaats (def.), 384 («« 
also Film cosj^rienfs) 
combined convection and radiation, 
397 

for building materials (table), ^398 
for commercial rape covennga 
(table), 953 

for insulation, 398, (ehnrt), 398 
for scale deposits (table), 396 
in dry-air condenser*, 1219 
in refrigerating plant (table), 1877 
in surface condensers, 399 
to or from air, 397 
to or from boiling b’quidB, 395 
to or from condeDsing vapore, 394 
to or from steam (cbort), 395 
to or from rvater, 395 
dimensional analyris of, 2S5 
in steam boilers, 1002 
rates through condenser tubes (chart), 
1218 

transmission («ea //*oJ tronsmiMton 
iefoic) 

treatment, of iron castings, 390 
of non-ferrous aliora, 607 
of *Ucl, 544 (J« fifed AeoWreofmenf) 
unita (defO, 74, 298 
value of carbohydrates (tabic), 364 
of fuels (dcf.), 303 
Dulong’e formula for. 1015 
high and ion- (def.), 366 
per unit of gaseous combustible 
(def.; table), 364 
of fuu c^i 1005 

Heat transfer rates, 1229. 1233. 1234 
regenerative, 1258 
Seat ttansmlssioa, 3S4 
betrveen fluids, 391 

between steam and boiling liquids, 395, 
(Cable), 393 
by conduction, 383 
and convection, 391 
basic laws of, 3SS 
by conreotion, 385, 391 
and conduction, 384 
and radiation, combined coeSdents of 
(table), 397 

economic velocity for, 394 
by natural convection, 394 
'sj ev!iA\’«ni,W5)|4fK5i,4f5&-At4.'iW.'il'n, 
fiadiafioA) 

coefficients of (def.), 384 
combined convection artd radiation, 397 
conversion table for, 81, 82 
film coefficients for (del.). 386. (charts) 
394, (tables) 393, 396 
formulas (or, 392 

heat transfer coefficients for (deL), 384 
(chart) 391, (table) 396 
in air-compressor niUrGooki (chart), 
1653 

jn condenser, 399 

in double-pipe ommonia condenser 
(table), 1865 
in evaporators, 346, 395 
in furnaces (calculations), 409 
in surface condensers, 1217 
mean temperature difference in, 391 
temperature gradient, 386 


Hesttraosmisdon (confinurd) 
through building material (table), 3' 
pipe insulation, 398, 952 


deaerating, 1251, 1256, 1258, 1251, 1275 
dectric, resistor materials for, 1765 
(table) 176S 

feed-water, 1228, 1230, 1255, 1275, 1276 
friction loss through, 1230, 1235, 1236 
fud <ril. 1232 

Heating, ventilating, and ^ condi- 
tioning, 1510 
air ebangca, 1512 
sir conditioning, 1521 
air friction drop, 1546 
air pressure measurement, 1565 
cargo ^ces, 1537 
debusudifieation, 1540 
deagn example. 1523, 1536, 1541, 1549 
duets, 1544, 1552 
equipment, 1542 
fan room, 1531 
fans, 1642 

heal transfer coefficients, 1524 
beating, 1518. 1535 
insulation, 1529 
living^ spaces, 1512 
macuneiv spaces, 1582 
noise, 1529, 15S8 
operation, 1563 

psychometric chart, 376, 377, 378, 1522 
testing, 1562 

ventilatioo. 1515, 1534, 1338 
Hectare (del,), 72 

Bebcal gears. 821 (see Oears, liriiesl} 
springs, 482, (table) 484 
Helix, 136 

Hdmholts free energy (theraod}'nam!ca)i 
308 

Hemp, 703 
friction of. 233 

Henry (inductance; def.), 1087, 1688, 1707 
Herbert hardness testa, 432 
Herringbone gears, 821 
Heterodyne receiver (diagram), 1779 
Heunn (construction), 103 
High beat value of fuels, 366 
High-speed steel, 665 
composition and uses of (tables), 569 
HiitfL-voUagp.., tjihij)j> hunat, bl77, f,t.nhli'.\ 
1578 

^debrand function, beat of vaporisation 
(chart), 302 

HDl friction clutch (table), 810 
Eindley worm geara, 819 
Hpernik (magnetic alloy), 576 
Hitches, rope. 970 
Hodograph (def.), 193 
Hook gage, for liquid level, 280 
Hooke's joint (coupling), SOS 
law, 4l4, 440 
Horsepower (def.), 73, 217 
d steam boilers (def.), 997 
Horses, work of, 1911. 1912 
Eoso, couplings, American National 
Standard (table), 955 
pressure loss in, 273 
pressure, 955 
rubber-lined, 955 



PABlPnN 


Oil, oils (eonlinve^ 

petroleum, 739 (see oJso fuels, ligtttd; 
Petroleum) 

cloud and pour points (del.), 742 
in paints. 674 
piping, 1307, 1316 
purification, 1303, 1310, 1928 
' ' iTi characteristics o/, 


Blushin&IV: 

soluble. 747 


171 


Bp gr and density of (table), 632 
Bpa-m' aarcutf, T-Af 

Btrainers. 1308, 1317 
■ i, 1300 


t’s. 


744 


a of (table), 746 
y of, 245, 739, 1237, 1906 (m 
uiso Viieost/!/) 
indeic of (def.), 741 
recommended (table), 741 
temperature variaUon of, 739, (chart) 
740 

Oildag (graphite). 716, 747 
Oiling systems, 1300, 1903 (see 
fton) 

Oilless bearings, 873 
Oilstones, 694 

Oitioica oil (waterproofing of paint), 674, 
721 

Onee'througb boilers, 987 
Opsa obumels, eroding velocities in, ^7 
flow of water in, 276 
hydraulio radii of (uble), 277 
measurement 0/ flow in. 277 
roughness coefficient of (table), 276 
Open*hearth furnace, operation of, 639 
st^ (def.), 63S 
castings, 602 

Optical gages, for testing matenals, 43fl 
indicator, 1813 

pyrometers, 1738, (table) 1784 
Ores, sp gr and density of (table), 532 
Orifice, orifices, discharge coefficients 
for, 254-256 

flow, of air through, 354 
coeff, of discharge, 355 
of compressible fluids through, 364- 
366 

of fluids through, 253-259 
of gas through, 354 
of liquids through, 263 
of st^m throu^, 856 
meters, 257, 1804 
ratio (fans; def,), 1670 
sharp'Cdgcd, flow of liqmda through, 

precision of, 265 

standard, discharge of liquids throo^, 

thin-plate meters, 1800, (table) 1799 
Oraat apparatus (flue gas analysis), 999 
1818 

Oscillation, aus of, 222 
center of (def.), 222 
Oscillator, vacuum tube power, 1778 
Otto cycle, 318 


OrereKpuision in turbine nozzles (table), 
1187 

Overfeed stokers, 1016 
Oxalic add (as stain remover), 703 
Oxidation tests for lubricating oils, 743 
Oxide coating of iron (corrosion protec- 
tion), 670 

Ozyacetylcno, flame euttieg, 1836, (table) 
1836 

temperature ol, 369 
welding, 1834 

Oxygen, corrosion in boilers, 1261 
lit water, removal of, 666 
Oxyhydrogen welding, 18S4 

T (pi), multiples of (tables), 28, 45 
PacidDg, packings, 896 
caxfaon, for steam turbines, 1198 
diaphragms to replace, 899 
for hydraulic cylinders, 861 
friction ol, 235 
labyrinth, 899, 1198 
for steam turbinH, 1198 
liquid seal. 898, 1200 
piston, 898 
plastic, 899 
plunger. 899 

ring, for steam turbines, 1198 
sbdt. 898 
sliding contact, 808 
classification of, 8D9 
steam turbine, 1)98 

Paint, pirinti (sa alio Painting; Var- 
nishei) 

agencies destructive of, G76 

and painting, 673 

carbon. 675 

driere for, 674 

for structural steel, C74 

for wooden surfaces, 673 

graphite, 676 

oils used in, 674, 721 

paste. 674 

pigments used in, 673 
prepared. 673 
rubber, 676 
eoap for clenning, 703 
special, 675 
spreading rates of, 673 
tbinnen for, 674 
Painting, cost of, 673 
preparing surfaces for, 673 
spray system of, 076 

Paoit^raph reducing motion (indicators), 
1814. 

Paper, 721 
boxes, glue for, 697 
grades of, 722 
imulatiag, 707 
testing 721 
Pappus, thetKcms of. 111 
Para, fine (rubber), 726 
Fuabola, area of, 107 
GonstnicUons of, 139 
properties of, J38 

Porabdic type of power function, graph 
of. 174 

Paiabolmd of revolution, volume of, 110 
Para^ insulation, 706 
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HOT-CATHODE LAMES 


IKDITEHMIHATE TOEMS 


Hot-cattode lamps, 1576 
HaBBeufcergeT ieMometw, 435 
Hull. 1379 

admiralty lormola, 1400 
~ ■ of form, 1382 
. 1382 
1419 

experiment, 1387 
1. 1391 
,1885 

formula. 1401 

tlirust deduction coefficient, 1406 
vibration, 1425, 1440 
wake, 1405 
Humidity, 373 
chart. 376 

low temperature, 377 
medium temperature, 378, 1522 
measurement of. 373 
molal (def,), 373 
relative (def.), 373 
speeiCc (def.), 373 

Hugens'a apptwiaatiou to kogtli <4 
circular arc. 106 

Hydraulic, hydjatHit*. 244-281 
cylinders, packings for, 851 
governors, 861 
hoists, friction oi. 235 
jacks, cffieieiwy oi, 2S7 
mean depth (def.), 276 
ccmpilngs. 1854 

EydTOCarbooa, air for combustion of 
(table), 365 
boiling points of, 296 
heats of combustion of (table), 304 
products of combustion of (table), 365 
Eydrogeo. air for combustion of (table), 
365 

embrittlement of boiler iolnts, 662 
explosion temperature and dissociation 
(table), 369 

heat value of (table), 364 
products of combustion o( (table), 365 
Hydrometers, 250 
scale for, 85 

Hydroplanes (sec Airplanes) 

Hydrostatic paradox, 247 
Hydrostatics, 247-2M 
Hygrometer, electric, 374 
hair, 373 
Hygrometry, 373 
SypBthoU, area of, 107 
oonj'ugate, 146 
constcuctioas for, 147 
equilateral, 146 
propeiUea of, 144-145 
Eyperbolic^functions (anh, cosh, tanh), 

graphs of, 175 
oi a complex variable, 127 
series for, 181 
tables oi, 68-82 
logarithms, base e, 114 
table of, 58-69 
spiral, 1S4 

type of power function, graph of, 174 
Hypocycioid, 152 
Hypoid gearing, 818 
Hypotrochoid, 163 


Hysteresis loop, 1703 
io» imnagneric metals (table), 1704 
Stelninetz's law of, 1703 
nntgneris, 1703 

Bytemeo (resistor alloy), 1766 

I, t (tma^nary numbere), properties of, 
125 

ICB (see Se/riceralton) 
beat of fusion of (in table), 303 
sp gr nnd density of (table), 533 
Ico^cdron. 100. 110 
Igoitron (voltage regulation for rcctiSeis), 
1753 

Hkdct method of motor speed control, 
1730 

mununation, 1570 (see cfeo ZiffJilinff') 
calculation of, I5S1 

coefficients of utilization of, 1583, 
(table), 1686 
color quality of, 1572 
distribution curve for, 1581 
^larein, 1573 
iDstrutDcnta, 1585 
inteasity. speci&cations for, 1573 
Lambert's taws of, 1582 
light distribution in, 1573 
reSecting materials for (table), 1580 
refleclois, 1579 

loom index values for, 1583, (table) 
1584 

selection of fixtures tor, 1551 
sparine and layout of ffictures, 1582, 
(table) 1583 

iransluccDt materials (table), 1580 
Oluuunometer, 1^7 
Imaginary quantities, 124-127 
of equations, 115 
Impact (def.), 222, 424 
coefficient of (def.), 223 
direct central, law of, 223 
failure, 420 
loading (def.), 442 
loss ot kincUc energy due to, 223 
of etaatk sad itwlss^ bodvea, 2,23 
of water jet against plate, 223 
on beams and bara, 442 
strength, 420 
of metals (table), 422 
tests, 420 

Impedance (electric circuits), 1710; (def.) 
1688 

synchronous, 1734 
Inaplirit functions. 159 
Impregnnting compounds (motor coils), 
70G 

Impulse (def.), 222 
turi)ines 1180, 1187 (see Sleam turiincs, 
wnpuise) 
units of, 73 

Incandescent arc lamps, 1578 
lamps, oircuita for, 1757 
Hich, circular (def.), 70 
miner’s (def.), 71, 257 
to deriraala of I ft. (converstan table), 

IncEned planes, laws of, 215 
Inclining experiment, 1387, 

Hidctenaiiiate forms (calculus), 163 



emiLElL CHARTS 


PIPES 


Parallel uhsrfs, 185 
circuits, 1693 

a-c, solution o! problems in, 1712 
operation of altematora, 1735 
Parallelogram, area ol, 108 
of motion, 192 

PaTallelopiped of molion, 103 
Parameter, differentiation with reapect 
to a, 170 

Parametric equitiona, 137 
of variowa cuivea (sec name of surec) 
Patkerleina (protection of iron), 670 
Pastes, etateh adhesive, 698 
Patent, patents, international conven- 
tion for, 1903 

laws, U. 8 . and foreign, 1906 
procedures, 1908 
requirements for, 1908 
sales or licensing of, 1907 
Patenting (heat treatment; def.), M 6 
Paving, asphalt for, 723 
brick, 701 
Pearlite (def.), 645 
Peck (dry measure; def,), 71 
Pendulum compound, time of oecillatfon 
01.222 
conical, 318 

dimensional analysis of, 283 
hardness tests, 433 
rimpie, 219 

Pentane (pctrol-cther) thermometers 
(table). 1784 

Pentode (electron tube), 1778 
Perch (unit of length; del.), 70 
of masonry (def,), 70 
Patcuasvon. cfttvte? of, 220-222 
Perfect Rsees. 310-320 (ue Gaut, Txrfuti 
Porgamyn (electrical ineula^n), 707 
Penlla oil (paint drier). 674, 721 
Period of roll (ship), 1389 
Permalloj;, 576 

magnetic propertteg of (table), 576 
Permanent set, 4IS 
Permeability curves, 1702 
magnetic (def.), 1687, 1701 
Permeance, magnetic (def.), 1687, 1701 
Perminvar, 676 

mapittlc ■pttjpcrtits of I'tsVle), &76 
PermiUivity (dielectric constant: dd.), 
1687 

Pennutaljons and combinalions, 110 
Peter’s formula for computing probable 
etioi, 121 

Peters telemeter, 525 
Petroleum, analyac* of, 1009 
A.P.I. and apecifie gravity of, 1364 
heat values of, 1006 
oils, 739 (sseOi!*, lubricating; huhrito’ita) 
products, fuels, 1005, 1365 (lee Piesel 
Judi) 

specific heat of, 1238 
sp gr and density (table), 633 
spirits (paint thinner), 074 
Pewter, 647 
pH value (def,), 1018 
Phase angle (def.), 192 
converter, 1746 

difference, alternating currenta I 7 O 8 
Phon (loudneas level of sound; def.), 1689 


^UMphate coatings (protection of iron), 
670 

Fhotomeb'ic units (def.), 1570 
Pi (t), multiples of (tables), 28, 45 
Piezometers ring, 259, 279 
wall, 279 

^iion (def.), 638 

A3.T.M. apecifioations for (table), 610 


Fluents (paints), 673 
P^t Vagram (fiow of fluids In pipes), 
265-266 

Kmon greases, 747 
Finiona (su Gears) 
nns, taper (table), 788 
Pipe, pipes {see Tubes; Tulfni;) 
aluminum, 922 

analysts of cast iron for (table), 687 
anchoring of, 950 

and pipe fittings, 000 {res Pi«tn;s; Pipe 

fiiliniis, bclovi) 

bends, 914. (table) 916 
expansion, formulas and table, 407- 
604 

types of, 915 
U«k tin (table), 922 
branching, compound, loopeng, plain, 
flow in, 269-270 
brass (table), 920 
capacity pet it. length (table), 914 
ca 8 t>iroQ, 9Q0 

allowancea for water-hammer, 814 
Am. Gas. Institute specif,, 902 
Am. Water Works Assee. specif., 902 
A.S.T.M. specihealioaB for steam 
(table). 912 

bell-and-apigot (tables), 901 
ends, 000 

lead require for (table), 902 
cement joints for, 003 
ccntrifugally cast, 906 
fire Une (table), 901 
fittings for. 004, 924 (see Pipe fittings, 
cost tVoa) 

flanged (table), 004 
high-preasure (table), 905 
flwibln jtant (table), 903 
for gas supply, 902 
for water supply, 900 
high-pressuro (Wblc), 901 
joints for, 902 
linings for, 666 
ami (table), 906 
fittings for (table), 906 
tests for, 903 
thickness of, 902, 508 
Hniveisal, 903; (table) 906 
cmis, 910 

center^ to oenter dimensions (table), 

copper. 920, (table) 920 
owTOaion of, 660 
coverings, 952 
eoaitnerdal (table), 953 
saving by, 953 

wms, reaistnncc of (hydraulics), 271 
distance between supports of, 962 
o^nsioa Joints loi, 940 
cast-iron, 941 
copper, 041 



DTDICATORS * r.lKVE^ONS 


Indicator, indicators, cards . lor icom- 
pound engines, 1026, 1065*' 
diaerams of Bteam cnijnes, 1022, 1026, 
1065 ' 

electric, 1813 • , 

high-speed, 1813 
haohs, 181S 

internal combustion engine, 1321, 181“ 
maximum pressure, 1814 
multicycle, 1814 , . 

optical, 1813 

precautions in use of, 1812 
reducing motions for, 1814 
springs for, 1812 
steam-engine, 1812 _ ^ - 

Inductance (electrical clrcwts), 1707 
unit* of (def.), 1687 
Induction (eleclrical-cucuits), 1707 - 
generator, 1745 
hardening cf steel, 571 
motors, 1741 (see Sleclrw fflolm, a-c 
induction) 
steam, 1271 
wattliour meter, 1717 
Inductive circuits, 1707 
reactance, 1709, (del.) 1688 
Inertia, axes of, 211 
ellipse of, 211 

force of reciprocating entpne parts, 1008, 
(tabic) 1010 
governors, SCO 

moment of, 209-213 (»e ilfoment »/ 
inerfio) 

principal axis of (del.), 211 
product of (def.), 210 
products of, 2U 
radius of (def.), 210 
Inflection, point of, 158, 160 
Infusorial earth (abrasive), 694. 717 
Ingettoii compressor valves. 1043 
Ingot Iron, 686, 638 

composition q( (table), 537 
effect of cold rolling on (diart), 639 
effect of temperature <xl (table), 538 
mechanical properties of, 638, (table) 
538 

physical constants of, 638 
uses of, 639 

molds, analysis of east iron for (table), 
587 

Ingots, steel, delects in, 640 
Ivectioo cojnpraesom, Sev diewl eoginn, 
regulation of, 1646 
Instantaneous axis, 195, 751 
centers, 195, 751 

Instruments, 1783 (sec Meters; instrwitetil 
171 5u«s(»on) 
electric, 1714 

Insulating materials, electrical, 705 

thermal conductivity oi (tables), 388- 
391 

paper, 707, 722 
teftactoriea, 728 
tape. 70S 

varnishes, 676, 705 
lasulatioti, electric, 1706 
classes of, 1749 
Fiberglas, 1773 
impregnated fabrics for, 705 
paraffin, 706 


losulation, electric (conltnucd) 
resistance, measurement of, 1719 
thermal, 715 , , , 

<rf pipes, 952 _ , 

economical thickness of (chart), 400 
heat transmission through (chart), 
399 

Insulators, electric, properties of, 1707 
(table). 1706 

Insulex (neat insulator), 715 
lategrd, intagrala, approx.' oomputa- 
, tioa of, 170 ' 
calculus, 167-172 
definite, 169--170 
double, 170 
dliptic, 170 

indefinite (table), 164-169 
Integiaph. mechanical, 170 
Integr&tois, circular-chart, 1798 
Intensty, field, unit of, 224 
level of sound (def.), 1789 
Inlercoodenscrs, 1222; 1273, 1274 
Interest, .compound, tables for, 64-66 
Interference (fits', def,). 790, (table) 7D3 
Intemnl brakes, SIS 
energy of gases, 813; (tables) 357 , 
moment beyond clastic limit (beams), 
362 

latemal combustioa engirtss, 1319 
{}« oijo Diad engines) 
air sjmtem, 1341 
auxiliaries. 1362 
clostificatioD, 1824 
cooling syslems. 1833 
couplings, 1352 
cross-head type, 1324 
cycles, 318,319, 1310 
cylinder nmmgements, 1331 
detign, 1376 
double acting, 1323 
economies of. 1358 
electric drive, 1357, 1492, 1602 
exhaust gas boiler, 1861 
fuel conailioning, 1370 
fuel systems, 1316, 1331 
fuels, 1363 

e t drives, 1351 

t cycles. 318,319,1319 
inieetion of fuel, 1332. 
lubricating oil consumption, 1340 
lubricating system, 1337 
fflaaufaeturers’ standards, 3374 
method of application, 1351 
method of operation, 1319 
oil consumption, 1358, 1359 
opposed, 1328 
tuston epecd, 1377 
reversing, 1345 
scavenging, 1329 
angle-aoting, 1326 - 
starting, 1343 - 
vibration and noise, 1871 
waste heat recovery, 1360 
Interaatioonl candle (unit of luminous 
intensity; def.), 1570 
Interpitiation, 115 

Intetpoles, in d-c generators and motors, 
< 1723 

Invar (low expansion alloy), 592 
Inventions, patents for, 1906 



FIFES 


FISTOKS 


Pipe, pipes, expansion joints for (eoit* 
(inucii) 
nihher, 941 
thermal; (table), 940 
fittings, 922 (see also Erpansien, jotnli,* 
Pipe, Jlanoes) 
ammonia, 944 
cast-iron, elbows, 927 
Banged, Am. Standard, 922 
bursting pressure of, 939 
drilling templates for (table), 923 
weights of (table), 928 
reducing (table), 927 
for cast-iron water pipe, 904 
for high-pressure and temperature 
steam, 913 

for welding, 949, (table) 950 
hydraulic, resistance of (table), 271 
railing, 943 

resistance to fluid flow, 360 
screwed, 941 
(brass), 942 

maileable-iron (table), 942 
steel. Am. Standard, 931 
bolting material for, 932 
flanged (table), 938 
presauro temperature ratings for 
(table), 932 
supports, 950 

flanged joints, 935, (table) 934 
flftogeB, out-lxon, Am. Staoderd, 922 
blind (Uble), 930 
bolting of, 924 

drilling templates for (tables), 923 
facing of, 922 
nuts for, 926 

screwed companion, 927, (table) 930 
spot faring of. 927 
steel. Am. Standard, 923 
.937 

for, 932. 935 

dimensions of (table), 934 
facing of. 939 
fitting dimensions of, 935 
ring joints for, 933, 935 
thickness of metal for, 933 
properties of, 931, (table) 933 
welded, 935 
wrench rises for, 931 
flow of compressible fluids in, 358-360 
(ete elfo Plow oj air, tic.) 
of fluid in, 2G4-276 
of steam in, 358 
of water in, 264-276 
general formulas for, 267, 270 
friction factor for (table), 267 
fuel oil, 1316 
insulation, 952 

economical tluckness of (chart), 399 
heat transmission through (chart), 398 
joints, expansion, 940 
flanged, gaskets for, 896 
_ unions, 939 

Ubss, A.F.I. speciScatioos for, 908, 
(table) 911 

deflection of (formulas), 498, 600, 502 
flexure, 497 - - . 

constants for (chart), 499, (tables) 


companion (table) 
drilling templates 
(tabTee) 923 


Pipe, pipes, lines (conftnued) 
stresses due to fiexure, 497 
for right-angle (chart), 603, (for- 
mulas] 504 

formalas for, 49S, 500, 502 
lubricating oil, 1307 
materials, corrorion of, 660 
strength of, A.S.A. specifications 
(tabic), 909 
orifices, 257 
plugs (table), 944 
riveted, 919 
screw threads for, 765 
AmericanNationol (table), 755 
Whitworth (table), 766 
apedficarions for steel (table) , 570 
spiral, 919 

steam, A.8X code for, 913 
A.S.T.M. specifications for steam 
(table), 912 

steel, w (see also Pipe, wrouoAl iron 
and sled) 

A.P.I. specifications for, 90S, (table) 
911 

A.S.A. code for steam, 913 
A.S.A. specifications for, 908, (table) 
909 

A.8.T.M. specifications for steam 
(table), 912 

double extra strong (table), 90S 
extra strong (table), 907 
higb-preasure steam, 913 
high-temperature, 913 
riveted, 919 
rises of, 906 
standa^ (table), 907 
thickness of, 908, (tables) 910, 911 
welded, 919 
supports, 950 
cast-iron rolls for, 051 
location of, 052 
stresses in line caused by, 497 
systems testing, 1917 
taps, drills for (table), 758 
uodergroiind, eorrorioa of, 664 
uuioDS, 930 
water hammer in, 274 
psinU for, G75 
wiping of, 945 

with bends, flow in water in, 272 
vrought-iroa, and steel, 906 
cisssas of, 905 

double extra strong (table), 908 
extra strong (table), 907 
A.S.A. sperificatioQS for, 908, (table) 
909 

A.S.T.M. specifications for steam 
(table), 912 
standard (table), 607 
thickness of, 908, (tables) 910 
Piping, ammonia, 1666 
for rooms, 1877 
bi^, for rooms, 1877 
insulation for, 1^2 
c<dd storage (table), 1884 
cotocs for identification of, 953 
Flstoo, pistons (see also jn/crnol-comb. 
siw'nes, pistons; Steam engine, 
pidons; etc.) 

balancing (reaction turbines), 1198 
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INVERSE 

Inverse hyperbolic functions, 136 • . 

graphs of. 176 _ 

.trigonometric functions, 132 
graphs of, 174 ' ' , ■ 

Inversion temperature (Joule-Thomson 
effect), 3Gi \ 

Involute gear teeth, -816 • .... ’ , 
of circle, 163 ' 

of curve (def.), 164 

Iron (see also Cast iron; Castingt; FrougW 
iron) i ■ . : 

alloys, corroBion-resiating, 659 .. . 

high chromium-nickel,- 674 ... , 

.mechanical properties .'of (Uiblc), 

575 

alpha (dcf.), 643 , 
and steel, 636 

classification of, 6357 ,■ i - 
Armcoingot, 638;,' - 
Bower-Barff process for protecting, 670 
cast (see Cost frou) 
castings, 686 («ee CasJtnpe, iron) 
chromium, welding of, 1844, 
corrosion of, 658, , • . . . 

protection against, C67 , 
creep rates for (table), 429 , . . . 

critical temperatures of (def.; chart), 
643 

delta (def.),543 , , 
double-refined (def.), 536 
electrolytic, composition of (table), 537 
properties and uses of, 639 
fluteetoid composition (dof.), 544 
foundry practice, 694 (sti alto Costings; 

foundry practice; Afofding) 
gamma (def.), 643.. ■ . . . 

heat resisting, anaiyua of cast uon.{oi 
(table), 687 

hypoeutectoid composition (def.), 544 
ingot (def.), 638 (tie Intjol iron) 
composition of (table), 637 > 

-iron-carbide equilibrium diagram, ,643 
m^leable, 696 (ecs Costings, mottos 
iron) • . , 

microscopic structure of, 543 
ore, sources of (in U.S.). 636 
-oxide paste {pmnt),'674 ; 

passivating ol, 671 
phase change of (def.), 543 . . 
pig, 694 (see Pig iron) 
puddled (def.), 636 . i 

refined bar (def.), 636 
Russia, 670 ■ • ■ . - i- 

scrap, 594 - • , 

spedfle heat, mean (table), 300 j-.’,.; 
stainless, 674 • ‘ 

mechanical properties of (table), ',573, 
676 . . 

uses of, 574: , 

strength at high temperature (table), 
426 

Isenlropio expansion, of gases, 316 , (■ 
of vapors, 325 , 

Isobutane, temperature-entropy ..obort, 
324 , . 

Isoobronism of governors; 862 ,, . , 

Isolantite (electrical insulation)', 708 ,■ 

Isolit (electrical, insulation), 707 . ,. 

Isothermal expansion; of gases,' 814 
of vapors, 324 


KINGSBURY THRUST' BEARINGS 

IT calorie (def.) , ',71 299 
meebamcal eqmvalent of, 75 , • 
Izodimpact test, 420 ' 


Jawclutebes, 809 . , -..i 

Jet condensers, ,1216 
pressure against, wall or vane. 279 ■. ■ 
water, impact against plate, 223 . 
Johtisnn's straight-line column formula 
(table). 492 - , . ' . , 

Joint, joints, cottcred, 7SS 
knuckle, 789 

method of (stress determinations), .206 
pin, friction in. 241 
pipe (see Pipe joints) 
rivetM (see Riveted joinU) 

.tingle, 757- 
umvei^i 808 . .. , 

Joists, and scantlings, board measure of 
(table), 685 .■ 

Joule (unit of work; def.), 73, 1689 . - 

cycle, 319 

Joule’s law (electric currents), 1696 
Joule-IbomsoQ coefElciont (dof.), 306 
for steam, 361 
effect (throttling), 351, 861 . 

Sow, 306 

Journal bearings, 863 (see Beoringe, 
jouma}) 

box oils, 747 , , , . > . 

friction, coefficients of, 240 ' ' 

Journsb (see Shafts) ■ 

Joy valve gear (engino), 1050 ' 

Junkers engine (diesel), 1329 < 

Jute fiber, 710 ' 

Kaolin (clay), 721 ' i 
use of, in firebrick, 729 . 

Kelvin absolute temperature scale, 296 
KonetBon transmission - ' dynamometer 
(table); 1808 ■. ■ 

Kmolroa rectifier, theory of, 2774 
Kem (def.), 489 
Key, keys, 786 
feather.786, (table) 787 ■■ 
flat.'787 

gib-head (table), 786 ' ' • ' 
saddle. 787 , ' ■ 

sunk, dimensionB'of, 785, (table) 787 
Woodniff, 786, (tabic),' 785 
Keyway dimensions (taljic),' 787 ' 
IG^guhr (abrasive), 694, 717 ' ' 
Kilocalorie (dei.), 74 
meobanical equivalent, 76 
IQlogram (dc!,) , 72, 73 ' ‘ 

Klovors (reactive current; def.), 1711 
Kilowatt (def.), 73, 1688, 1696 
Kflowalt-hour (def.), 1689, lG95 , ' '* 
Snematic.viscosityi 244', ' 

convetBibn factor for,' 246 ■ 
table, 1906, 

Snematics, I90-I96 (see else jUMfianism) 
Qnetiofriction-(def.}, 233 ‘ ,,, • 

Bjngsbury thrust . bearings, , 876, (table) 
1436, 1446i - . 

•.coefficient cj friction' of, 241 , ■ ' 

, plates, strength of, 403 



PISTONS 


PEESSPAHN 


Piston, pistons (conlintitd) 

•blowers, 1641 

conipresaors, 1641 (see Air ecMpnatart) 
liquid meters, 1801, (table) 1709 
packing, 898, 

■ positions for various crank an^ea 
(tabic), 863 

rin^ (steam-engine), 847 
rods (steam-engine), 848 
deflection of, 848 

ends for, dimensions of (table), 848 
speeds, for compreaaora, 1G43 
for pumps, 1623 ; 
for steam engines, 1024 
steain-cnpnc, 846, 1052 
valves (engine), 1046 
velocity and. acceleration of, 855 
(tables) 856 

Pitch, circular (gears; dcf.), 816 
diametrical (gears; def.), 816 
normal (gears; def.), 816 
sp gr and density of, 533 
Pitot tube, 257, 279, 1809 
traverses for (table), 1810 
Pitting of steam boilers, 661 
Plan, (ship , body. 1381 
balf-breaoth, lo8I 
proiilo, 1381 
ahesr, 1381 

Flane, area, moments cf inertia of, 210 
inclined, 215 
Planimeters, 170, 1800 
Plants storage battery, 1Q99 
Plastic bronze (bearing metal), 660 
packings, 8dd 

Plato, plates, boiler steel, A-S.T.M. 
specifications for (table), 678 
circular, strength of, 403, (c^rt) 404 
curved, attength of, 466 
fiat cover, 846 
strength of, 4Q3 
rectangular, strength of, 405 
steel, specifications for (table), 578 
Btrengtn of, 403 
tin, 647 

vibration of, 621 
Platform weighing scales, 1799 
Platinitc (low expansion alloy), 676 
Plug-cooks, 946 

Plumbago (foundry graphite), 716 
as a lubricant, 747 

Plumb-bob gage, for liqifid level, 280 , 
Plunger packing, 899 
Plywood, 679 

Point gage for liquid level, 280 
Poise (unit of viscosity; def.), 244 , 
Poiseuille'e formula, 264 . ,, 

Poisson’s ratio (def.), 437, values of, 437 
for metals (table), 418 , . - 

for stone and brick, 419 , , j 

Polar co-ordinates, 137, 178 ' 

moment of inertia (def,), 210 
triangles, 101 

Polarization, in batteries, 1696 • . 

in corrosion of metals, 657 ... 

Pole (unit of length; def,), 70 . . . 

Polygon, polygons,, 103 • , • 
area of, 106 • " , ' 

funicular, M3 . , ' • 

of forces, 202 . ; 


Polygon, polygons {conlinved) 
of motion, 192 
table 1^, 39 
PolyhcdiB, 100. 110 
Polynomial, 118 

Polyphase induction motors, 1741 
power, advantages of, 1714 
franaformation, 1739 
rectifiers, 1753 
squirrel-cage motors, 1742 
wattmeter, 1717 

Polytro|MO expansion, detormination of 
exponent, 316 
of goaca, 315, (chart) 314 
Poncclet (def.), 73 . 

Poppet indvcs (steam-engine), 1047 
Porc^in (insulation), 707 
Porter governor, 860 
Potash, carbonate of, 703 
cauatic, 703 

Potential difference, unit of (electric; dcf.), 
1687 

transformers (instruments), 1718 
Potentiometers, 1721, 1787 
Pound (def.). 70. 73 
Pouodal (def.), 73 

Pour point, of lubricating oils (U.S. Navy 
spedf.; table), 1904 
(petroleum oils; acf.), 742 
Powder raetaUurgy, 653 
motals, production of, 653 
Power (def.), 217 
conversion tables for, 80, 81 
distribution, electric, 1757 (see BUctne 
poiwr, (fj'«(n'6rjhbn) 
electric, formulas for, 1005 
units of (def.), 1688, 1695 
equivalents (table), 81 
factor, a-c, 1710. (def.) 1688 
memrement of, 1718 
ot induction motOTB (table), 1744 
of loads, approximate values of, 1761 
measurement of, 1807 
of I-, 2- and S-phasc, 1715 
muscular, 1911 
osdllator (radio), 1770 
polyphase, advantages of, 1714 - 

Test Codes, A.B,M.E„ 1910 
three-phase, 1713 
transformation, polyphase, 1739 
transmission, 
by chain drive, 835 s 
by gearing, efficiency of, 827 . 
by roller, 835, (tables) 837 
units of, 73 , 

Powers (mathematics) and roots, alge- 
bralCj 113 

arithmetrical, 90 , , . 

by logarithms, 93, 94 
by slide rule, 97 ■ 
of complex numbers, ,126 . ' , 

function, graplis of, 173 
of e (table), 57 

Prachc and Bouillon evaporation system. 

346 _ ■ . , 

Precision, relative, of observations, 121 
Preferred numbers, 973 ■ 

Press, 

fits, tortional holding of, 794 
Profflpahn (electrical insulation),' 707 ' ' 



EIBCEOFF'S LAWS 


LIQUIDS 


KirchbofF’s laws (electrical drouits}, 1693 
(radiation; def.), 400 
Knot (nautical unit; def.)i 70 
Knots, rope, 970 
Knuckle joints, 789 

Kopp’s approirirnation (epecifio heat), 299 
constants for, 300 

Kort nozzle system (ship piopuldon), 1427 
Korting exhauster, 1640 
steam-jet air compressor, 1640 
Kraft paper, 721 
Kryptol (papLite), 715 


Labyrinth paekingi 899 
for steam-turbines, 851, 1198 
Lacquers, 675 

composition and uses of, 718 
Lag screws, proportions of, 772, (table) 773 
Lambert's law (illumination), 1682 
Lamp's formula for cdlapse of thick tubes, 
446 

Lamps, electric, 1573 
arc, 1577 
filament, 1573 
bases for, 1575 
bulbs for, 1576 

characteristics d (chart), 1575 
cost of operating. 1575 
efficiency of, 15^. (table) 1574 
fflamenu for, 1574 
life of (table). 1574 
vapor, 1570 

Land measure, unite of, 70 
LangUy wire rope, 95G 
Lantern ring (packings). 896 
Lap and lead of engine valves, 1043 
Lard 745 
properties of (fable), 746 
Latent heats (def.l, 303 
of vaporisation (table). 303 
law of comparUoB, Froude’s, 1401 
propeller, 1418 

Layout (machinery space), 1294 
Lay cables, copper (table), 1692 
Lead, alloys. 043 

for bearings, 651, (table) G52 
antimony alloys, 642 
commercial, compositioo of (A,S.T.M. 
specificatioDs: table), 642 
production of, 642 
ni bearing ail'oysi d'd'? 
of engine valves, 1044 
pipe (table), 920 
strength of (table), 643 
plating. 553 

solders, melting points of (tabic), 650 
Leaded zincs (paints), 073 
Leaf springs, 479 
League (unit of length; def.), 70 
Leakage, between shaft and bushing, $51 
elimination of, 895, 1198 
in surface condensers, air, 1222 
snlt-water, 1235 

loss through steam turbines, 1190 
magnetic, 1703 

Least squares, method of, 121-122 
work, principle erf, 409 
Leather, leathers, 718 
belt couplings, fiexible, 805, (table) 806 


Leather, leathers (eontfni«d) 
belts, 699 
board, 718 

disk couplings, flexible, 804, (table) 805 
for hydraub'e packing (table), SS2 
friction of, 233 
glues for, 697 
8p gr and density of, 532 
substitutes, 718 
valve seats, 898 
Leatherine, 7i8 
Leatheroid, 718 
I^lanchfi cell, 1696 
Leaniscate, 155 

Le&gth, lengths, conversion table for, 
74, 75 

equivalents (table), 74 
inches and millimeters (conversion 
table). 76 

of plans figures, 105 
units of (def.), 70, 73, 73 
Lraies, 1909 

Leiris formulas for strength of gear teeth. 


823 


Id^t, intensity of, 1670 
meter, 1687 
velocity of, 1909 

Lighting, 1570 (s« aUo Jlluminalm) 
Ugaum vitae beariop, 874, 1436 
I^estcae. composition of, 720 
lands liquid-eir machine, performance of, 
352 

Line, lines, center of gravity of, 307 
equations of, 136 
geometric coostructions, 101 
offeree (def.), 224 
ditections of, 1704 

pipe, A.P.I. epccifioBtions for, 908, 
(table), 911 
shafting (sliip), 1432 
*shaft bearings, 873, 1432 
Linear, differential equations, 171 
equations, solution of, 117 
function, graph of, 174 
linen fiber, 710 

peers, steam-engine cylinder, 846, 1078 
Link (unit of length; aef.), 70 
.gear (engine), 1049 
linkages, 750 
ipoleum, 716 
Linotype metal (table), 643 
i^eed oil, bT4, T2L 
lionite (abrasive), 695 
Liquefaction of gases, 352-353 
by throttling, 361 
Liquid, liquids (del.), 244 
ait, 362-353 

boiling, bent transfer coefficients to or 
from (chart), 395 

coefficient of thermal expansion of 
(fable), 297 
compressibility of, 634 
flow of, 360-281 (see flow of liguids) 
dbnensional analysis, 284 
Pigott diagram, 265-266 
ttcezing points of, 29G 
gslvBiuzing. 675 
general properties of. 244-247 
neat transfer coefficients to or from 
(thermal), 392 



PRESSI?BES 


PYSOOEL 


Pressure, pressures 
between bodies with curved surfaces, 
449 

center of (hydrostatics), 248 
conversion table for, 79, 80, ft licad to 
lb per eq ft (chart), 248 
critical (Jiow of compreadbie fluids), 354 
for gases (dcf.). 321, (table) 321 
drop in pipes (fluid flow), 359 (see 
Flaw, ef air, of water, etc.) 
-entbalpy chart, for ammonia, 340 
for carbon dioxide, 351 
for Freon, 351 
use of, 324 

equivalents (table), 79 
-gun oils, 780 
hose, 954 

hydrostatic, laws of, 247-248 
intensity of (hydrostatic; de/.), 247 
liquid, 247 

due to dc'dated flow, 279 
measurements, 1565, 1790 (»«e(7ttite«J 
units of, 73 

vessels, unflred, permissible aUesses in 
(table), 632 

•volume diagram, desertpUon of, 316 
Frestone (antl^freeze), properties of. 
(table), 712 

Primary cells, 1696 (see Satferie*) 

Primer, steam'jet, 1640 
Printer’s type, sites of. 1909 
Priemoidal tormula. 111 
PrismB, surface and volume of, 107 
Probability integral, 170 
Probable error. 121-122, (table) 63 
Process snaenling (dcf.), 545 
Processes, automatic control of, 1821 (see 
Xufomnite control) 

Product of inertia, 210 
Products of combustion of gaseous fuels, 
362. (table) 865 
Profile (or sheer pJan), 13S1 
Progression, arithmetical, 114 
geometrical, 116 
Projectile, motion of, 219 
Prony brake (table). 1808 
Fron c^ chains, 8^ 

Propane, 

properties of (table), 1854 
Propeller fans, 1681 
cascade effect in, 16S2 
characteristic curves for, 1681 
design of, 1681 
guide vanes for, 1682 
multistage compressors, 1683 
pitch of, 1681 
velocity diagram for, 1681 
Propellers (screw), 140S 
backing, 1425, 1488 
basic ooeGicient, 1408 
blade streamlining, 1416, 1417 
blade thickness fra'^'ton, 1417 
cavititioo, 1420 
design examnb, 1431 
drafting, 1413 
Dyson form, 1414 
efficiency, 1409, 1411 
Kort norrles, 1427 
law of comparison, 1418 • 
mean width ratio, 1413 


Propellers (conitnvtd) 
nonienclattire, 1413 
slip ratio, 1409 
strength, 1423 
stress, 1423 

thrust deduction coefBcicnt, 1406, 1419 
Volth'Schneider, 1428 
Proportion (algebra), 113 
Proportional charts, IS5 
propuMon of ships, 1379 {see Ships) 
Propulsive coefficient (ship), 1400 
Protective coatings, 673 
for metals, 667 

proximate analysis (coals), 1014 
Fsychiloid (electrical insulation), 707 
Psychfometcr, wet-bu!b, 374 
Psychromctric chart, 376 
low temperature, 377 
medium temperafure, 378, 1522 
Fuddled iron or steel (def.), 636 
poUey, pulleys, 829 
arma. design of, 830 
block. 757 
effidency of, 237 

casUicon. standard sises of, 829, (table) 
830 

force to accelerate, 221 
friction of. 242 
rims, design of, 831 
steel, 830 
stresses in, 83D 
wood split, 830 
pulpstoncs, 694 

Pulsation welding (electric resistanoo), 
1840 

Pumice, 694 

Pump, pumps, 1253, 1597 {Set oleo Cn- 
trifugal pumps,' ilectprcMftng 
pampt) 

boiler-feed, 1282, 1616, 1621 

centrifugal, 1599 (see Centrifugal pumps) 

drculitine. 1280, 1282, 1027 

condensate. 1281, 1616 

corrosion of, 664 

diagram, 2600 

double-screw, 1629, 1631 

duplex, steam-valve motion of, 1621 

fire protection. 1620 

fuel injection for diceel engines, 1332 

fuel oil service, 1283, 1629 

gear, 1630 

lubricating oil service, 1234, 1629 
motors for, 1751 

piston, 1620, 1630 (seeaUoSceiproeottng 
pumps) 

packing for, 899 
plunger, 1630 
redprocaUng. 1620 
lot^, 1629 
dasMfication of, 1679 
eccentric piston, 103v 
screw, 1629 
steam-let, 1221 
vacuum, 1613 
valves, 1621 
Putty. 698 

Pyr^in (celluloid), 703 
pyramids, surface and volume of, 108 
Pinex^ses, 714 
I^ooel (heat insulator), 715 



UQUIDS 


MAaHESIUM 


LioTiid, liqxiid8'(e()nftftW^„ ,! • 

latent beat of,{tnble)t 303' _ ..J 

Zten'iloi, (tsblt) 1^98 (s.i JUrfm) 

pressure, laws of, 247-248 ^ 
seal (packings), 896 J 

sp gr and density of (table), 632 
spmfe beat d (table) , 300 
surface tension (table), 246 
" thermal conductivity (^“le), dB< 
expansion of (table), 298 , 

vapor pressure of (table), o04 ; 

liter (def.), 72 . .t, • v aca ' ' 

litharge (and glycerin; adhesive),. 6So 
(paint drier), 674 

Litholite (electrical insulation), 7u7 
Loaded governors, 860 . . 

Loading, static and dynamic (def.). 442 
'safely factors for, 442 
Lock nuta, 771 

washers, 3.A.E. standard (toble), 771 
shakeproof, 771, (table) 772 
Loeffler boiler, 989 ' ,-e 

Logirithinlc cross-section paper, 17o 
function, graph of, 174 
complex variable, 127 
series for, 100 

mean temperature .difference, 391 
scale (slide rule), 94 
spiral, 166 ,, it 

LogftrithoUi common, table of, 4<Hd 
conversion of (base lO and bue e), 63 
fundamental properties of, 92 
hyperbolic (table), 88 , , , 

natural base ol, multiples ^ log ol, fa 
powers of, 67 
value of, 67 
tables of common, 40 
Napierian, 68 
theory of, 113 

use in computation, 91-94 . , 

Logs, number of board feet in (formula). 
71 

Loop circuits, 1767 
Loudness level (del.), 1589 
numbers (def,). 1590 

Love’s formulas for collapse of tubes. 446 
l*vi belt d 

Lowry process (wood preservation), 683 
Lubncants, 739 (see alia OUi, lubrf. 
catinf) ' 

'cleansing of, 1903 

coefficients of friction for various, 241 
effect of temperature on, 1899 
extreme-pressure, 744 ' ■ 

film strength of, 1899 ' 

for special maebines, 1899 
oiliness of (dei.), 744 
properties of. 739 , 

recommended properties for steam cjd- 
inders (table), 1900 
special service, 746 
testa of, 743' '■ • 

U.S. Navy spec, for (table), 1904 
viscosity of, 245 " • ’ 

Lubrlcatiae, fata, 744 ' ■ 
properties of (table), 746 
greases, 747 ' 

oils, 739 ■' 

purifying of, 1310 ' 


IiUbrlcatiQg, oils (conltnued) ' 

service pumps for, 1284, 1308 ' 
storage of, 1303 
strmnera for, 1308 
, system for, 1300 • ' ■ 

systems. '1300 1903, 

Lubrication, 1899 
and lournai friction. 240 
boundary (def.), 232 
complete (def.), 232 
■factors'affecting, 1899 ' ' ' 

fluid. 863 
gretmy tdd.'), 232 
of air compressors, 1665 ' 
of bearings, 869 ' 

of internal combustion engines,' 1337. 
of journal bearings, 864 
of marine geared turbines, 1300, 1446 
of special machines. 1899 
cS thrust bearings, 876 
ml grooves for, 871 '■ 

semifluid, 665 
viacous (def.), 232 
LOdeis' lines (rolled steel), 567 
Lukicsb-Moss visibility meter, 1685 
Lumber, classiEcation of, 683 . 
grades and rises of, 683 
measure, unit of (def.), 683 
shipping weights of (table), 684 
. standards, American, 683 
Lumen (unit of luminous flux; def.], 1670 
methi^, of illumination calculation, 
1682 

Luminaires, selection of, 1581 
Luminescent arc lamps, 1578 
Luminosity curve, 1671 
Luminous intensity, (def.), 1670 
Lune, 110 

Lux (unit of illumination; def.), 1670 
Luxfcr prisms, 714 


Maebstb illuminometer, 1587 
Maebioe, maebines, design of, 760 
efficiencies of, 237 
elements, 768 
elfiaeneies of, 237 , ' 

loal-wor'k ratios lor simple, 237 
oils. 747 

screw heads, A.S,M.E. standards for 
(tables), 768 
threads, 758 

screws, Am. Screw Co. standards 
(table), 770 , , ■ ■ 

A.S.M.E. standard (table), 706 
standard threads for, 760 , . 

Machinery steel, 575-687 (see SleeZ aZlop; 

Steel, carbon; SfeeZ, tool) ■ i; 
Modatirin's series, IGl 
Magnaflux method (fatigue of metals), 424 
Mngneate (refractorjO, 730 - 
brick, 729 i 

USagnoaium, 635 
aUoya, 636 

castings, mechanical properties of 
. (table), 636 ' ' • 

die-oasting (table), 636 ■ .' 

'fabrication of, 638 ' ■ ■ 

properties of (tables), 635 ' 



PTBOMETZBS 


HfCZPSOCATISa BNGINSS 


Pyrometer, pyrometers, 292 
calibration of, 1789 
cone (table), 1789 
accuracy of (table), 1784 
optical, 1788, (table) 1784 
radiation, 1788, (table) 1784 
thermo-electric, 1785, (table) 1784 
Pyroxylin (lacquer), 718 

Quadratic equations, 117 
Quadrature, 170 
current (def.), 1711 
Quadrilateral, area of, 106 
Quality of wet vapor (def.), 320 
Quarter-phase a-c circuit, 1714 
Quartz glass, 714 
Quartzite, uses of, 719 
Quenching (heatptreatznent; def.), 544 
mediums, selection of, 660 
of steels (heat treatment), 550 
Quick-rcturn motion, 195 
Quieting (noise control), 1592 
Quintal (def.), 72 

Radian (def.), 71 
measure of angles, 128, (table) 44 
Radians-degress (conversioa tables), 44- 
46 

Radiant-heat transmission, 400 (see Aoii- 
aficn] 

Radiation, 400 

and convection, combined coe/Scieots, 

397 

between surfaces, shape factors for. 403 
(chsrU) 402. 403 
black body (def.), 400 
electrical energy, 1778 
emissivity constants of (table), 401 
from flames and gases. 406 
beam length for, 407, (table) 408 
heat transmission by, 885 
in boiler furnaces, 1002 
laws of, 400 . > 

mean temperature of, 408 
of non-black surfaces, 404 
pyrometer measurement of, 406 / 
pyrometers, 1788, (table) 1784 
shape factor for surfaces, 403 
for refractory surfaces, 403 
Stefan-Boltemann law of, 400 
Radiators, 

analysis of cast iron for (table), 587 
Radical axis of circles, 100, 137 
Radicals and eiponenta (algebra) H3 
Radio, 1773 
amplifier, 1775 
battery, 1696 
detector, 1777 
' power oscillator, 1776 
reception, 1778 
regeneration, 1777 
tubes, 1773 
waves, 1776 

Radioactivity, 629 — 

Ra^us, hydraulic (def.) 276, (table) 277 
of curvature, 163-164 ' ' ' 

of various curves (see name c/ eum) 

1993 


Radius (conlinued) 
of gyration, 222, (def.) 210 
for beam sections, 457 
of inertia (def.), 210 
Rails, friction on, 235 
BaiUdne absolute temperaturo scale, 295 
cycle efficiencies, 346, 347 
formula, for columns, 491 
Rapsead oil, 745 
properties of (table), 746 
Rapson slide, 1467, 1470 
Rateau accurntilator (steam), 348 
formula for steam flow, 356 
Bating, of electrical apparatus, 1749 
Ratio (algebra). 113 
to divide a line in extreme and mean, 
102 

Rawhide, 718 
gear material, 828 

Rayleigh's heat transfer problem, 285 
Rayon, fibers, 711 
Reactance, capacitive (def.), 1709 
inductive (def.). 1709 
Reaction turbines, 1189 (tee Steam tur- 
bines, reaetion) 

Reactions to forces (def.l, 197 
Reactive current (d^.), 1711 
factor (def.). 1687 
Receivers, compressor. 1654 
for compound engines, 1025 
Reciprocals, 90. (table) 24 
Reciprocating engine, engines, 1053 
air pumps, attached, 1140 
valves, 1143 

Aspinwall governor, 1146 
back pressure, eiTcct on thermal effi- 
ciency, lOGl 

balance, means of improviog, 1169 
balancing, 1158 
analytical method, 1158 

? apDicaI method, 1163 
arrow-Schlick-Tweedy system of, 
1170- 

backing power, 1176 
bearing, bearings, 1097, 1178 
boxes. 1097 
caps, 1098 

horseshoe thrust, 1161 
line sliaft, 1102 
muQ, 1097 
oil boxes, 1098 
pressure, allowable, 1098 
shoes, 1101 
spring, 1102 
steady, 1102 
stem, 1106, 1179 
thrust, llQl 

unbalanced load on, 1100 
white metal, 1097 
beds, 1083 
bedplates, 1085 
bull rings, 1092 
Card factor, 1065 
Caroot cycle, 1060 
center of gravity of, 1176 
clasrifioation of, 1053 
clsarancs, effect on expansion, 1058 
on steam consumption, 1059 
on work, 1059 
linear or piston, 1059 



lUAGNE&IUU 


JAELTIKO 


Magaeslum, alloys {eonlimi^ 
resistance to corrosion of, 637 
eand'casting of, G38, (table) 636 
welding of, 638 

chloride brine, properties (tables), 1880 
commercial, properties of (table), 635 
Magnetic circuit, 1701 
Ohm's law of, 1701 
clutches (table), 811 
coercive force (def.), 1703 
drag dynamometer, 1811, (table) 1808 
field intensity (def.), 1686, 1701 
flux (def,), 1686. 1701 
density (def.), 1686, 1701 
direction of, 1704 
hysteresis, 1703 
leakage, 1703 

permeability (def.J, 1680, 1701 
permeance (def.), 1086, 1701 
pole (def.), 1685. 1701 
potential (def.), 1686 
properties of st^ alloys (table), 676 
rductanec (def.), 1686, 1701 
reluctivity (def.), 1688, 1701 
remanance (def.), 1703 
symbols (table), 1701 
units, 1885, (table) 1701 
Magnetism^ 1701 
Magnetization curves, 1707 
Magnetomotive f«ce (def.). 1685, 1701 
Magnets, 1707 ofw BleHromtitct*) 
permanent, 1707 
wito. 1771, (table) 1772 
Magnifying power of leases, 1910 
Magno (resistor alloy), 1766 
Malhak vibrograph, 524 
Main feed pumps, 1282 
Malleability (dd.), 419 
Malleable east iron, 586 
castings [»et Cariinc*, molleoble) 
Manganese, bronze, 627 
dioxide (paint drier), 674 
steel, 577, (table) M2 
Manganln (resistor alloys), 1766 
Manila (fiber), 703 
hemp fiber, 711 

Manning formula, for Sow in open chao' 
nsls, 27s 

Manometers, inverted-bell, 1793 
liquids (tables), 17^ 
two-fluid, 1792 
0-tube, 1792 

Mantissa (of logarithm), 92 
Marble, compoatioi of, 720 
Marine boilere. 

forced draft for, 1012 
condensers, 1217 
beads for, 1218 
pumps for, 1616 

deaerating beaters, 1251, 1276, 1278 
drives, 1432, 1442 
engines. 1022, 1053, 1319 
feed-water circuits, 1250 
glue, 698 
surge tanks, 1251 
thrust bearing, 876, 1436 
turbines, 1280 (ess Slean (urbines, 
_ TTiarijve) 

auxiliaries for, 1267 
turboslectric drive, 1479 


Mart, composition of, 720 
Martensite (def.), 644 
Mass, masses (def.), 196 
cimversion table for, 77, 78 
equivalents (table), 78 
unite of (def.), 72 73 
Mastic cement, 698 
Materials, general properties of, 529 
strength of, 414 (see material in guesfton) 
Mathematical signs and symbols, xviii 
tables, 1-69 
Mathematics, 87-187 
Matrix alloy (table), 648 
Madma and minima, 159-160 
Marwell (magnetic Sux; def.), 1686, 1701 
Maxwell's relations (thermodynamics), 
808 

theorem (beam deflections), 469 
McAdams and Sherwood, coefficient of 
friction (fluid flow), 359 
MoQuoid-Shn toet (austenitic grain size), 
647 

Mean, arithmetical, 115 
effective pressures in steam engines, 
1022, 1065 

geometrical, 113, 115 
construction for. 102 
harmonic, 115 
proportional, 113, 115 
ooostruction of, 102 
epocifie bente (lee SpttUk hut) 
equnre error (def,), 122 
temperature difference, in boat trans- 
imssion, 896 

Measurements, oleotric, 1714 (toe EUt- 
tric meanirtments) 
msebanical, 1783 

ol power, 1807 (see Brakes; Dynomotn- 
elm: Indicators) 
d weighte, 1796 
Measures, end weights, U.S., 70 
metric, 72 

Measuring Instruments, 1783 (tee Meiers; 

instrument in question) 
Ueclunical draft, 1012 (see Draft, 
meekanical) 

efficiency etsam engines, 1028, 1059 
equivalent of beat (del.), 75, 804 
firing. 1016 (see Pulseriicd coal; Stokers) 
movements, 750 

refrigeration, 1851 (see Refriteratins, 
machines, pionij,- Re/riperotion) 
Mechanics, of materials, 437 
d rigid bodice, 190-224 
Meeboniem, 750 

Megger (measurement of insulation leeist- 
ance). 1720 

M^hmit (electrical insulation), 705 
Moeotalc (electrical insulation), 705 
Melting metals, processes for, 595 
points, of babbitt metal (table), 652 
of brazing solders (table), 650 
of fusible alloys (table), 648 
d metals (table), 608 
of non-metallic elements (table), 295 
of refractories (table), 731 
of resistor alloys (table), 1766 
of silver soldere (table), 650 
of soft solder (table), 649 
of various solids (table), 295 



KECIPBOCATIKa EKOINES 


BECIFBOCATING EKGINES 


Beciprocfttiiis engine, engines, desr- 
anc6(efini»nutd) ' 
volume, aelual. 1058 
volumetric, 1058 
compounding, 83 
connecting rode, 1097 
angularity of, 1117 
crania, arrangement of, 1153 
crosshead, 1093 
guides, 1084 
pins, 1094 
slippers, 1095 
cut-off in, 1060. U15 
cylinder, cylinders, 1073 
arrangement of. 1153 
assistant, Ixiveyn, 1127 
balance, 1126 
barrels, 1073 
tUcknesa of, 1075 
bolting, 1076 
by-pass valve, 1078 
clearance, 1178 
condensation in, 1061 
counterbore, 1077 
covers. 1081 . 
drains, 1078 
flanges, 2076 
H. P„ 1073 

indicator connections, 1078 
L F.i eiso of, 1064 
valve cheat, 1073 
lagging, 1070 
liners, 1073 
securing, 1076 
thickness of, 1075 
Lovekin assistant, 112/ 
ports, eteem, 1076 
velocities in, lOSQ 
ratio of, 1066 
relief valves, 1077 
stuffing boxes, 1079 
testing of, water, 1076 
thickness of, 1076 
walls, thickness of, 1076 
designs, 1153 
devAopment of, 1064 
dimensions, over -ail, 1177 
drafting room methods, 1153 
eccentric, eccentrica, 1132 
rods, 1132 

open and crossed, 1112 
straps, 1132 

economy, effect of superheat on. Il}$2 
Edwards air pumjM, attached, 1140 
efficiency, mechanical, 1063 
thermal, 1059 

effect of varying pressures on, 1061 
engine room for, length of, 1177 
e^&nsion, effect of clearance on, 1058 
in different typee of, 1058 
quadruple, 1163 
ratio of, 1057 
total in, 1057 
triple, 1153 
factors of safety, 1059 
feed pump, attached, 1143 
framing, i083 
frictional loss in, IOS3 
gages and gage board, 1151 


lUclprocating engine, engines (con- 
finued) 

govemors, 1146 
Aspinwall, 1146 

gratings and platforms, working, 1147 
JiandJing gear. 1147 
houxngs, loss 
jacketa, steam, 1062 
lap, steam and exhaust, fll5 
lajdng out the, 1163 
ffnk, links, 1130 
blocks, 1132 
of, 1113 

lubrication of, 1148 
ma^ioing and tolerances of, 1177 
mean effective pressure, 1065 
actual vs. theoretical, 1066 
rrferred pressure, 1064 
moments, rocking (balancing), 1163 
overload, steam consumption at, 1063 
packing, metallic, double, 1079 
for high pressure, 1079 
for low pressure, 1079 
for new engine, 1080 
for superheated steam, 1080 
iaUtehangeable sets, 1092 
performonce of different, 1068 
pipes, steam velocity in, 1080 
piping and fittings, 1144 
pUtos, pistons, 1089 

balance, 1126 
clearances, 1077. 1178 
rings, 1091, 1178 
rod stuffing box, 1079 
rods. 1092. 1178 
speed of different, 1064 
platform and gratings, working, 1147 
power of, effect on steam consumption, 
J063 

ptessuie, back, 1058 
drop in, 1056 
m cylindeia, 1056 
in valve chests, 1086 
limits in, 1056 
unbalanced steam in, 1061 
proportioning parte of, 1078 
pump, nttaobed, 1064, 1140 
feed, 2143 
gear, attached, 1143 
valves, U42 

quadruple expansion, 1152 
R, P. ji. of different, 1064 
lor different percentages of full 
power, 1176 

Rsmsbottom rings, 1D92 
Rankine or ideal cycle, 1059 
ratio (ff expansion in, 1057 
receivers, steam velocities in, 1080 
redpriHsating parts, 1039 
RHivaporatioa in, lOBl 
return connecting rod typo, 1054 
reverae shaft, 1132 
reveislDg eoglne arm, 1136 
sixe of, 1136 
gear, 1132 
all round type, 1133 
direct acUcg type, 1134 
load, 1135 

revolutions, criticai. and hull vibration, 
1171 
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MEMBftANIS 


MOBUITTS 


Membranes, vibration of, 520 
Menhaden oil (paints), 674 
Meniscus (def.) 246 
Mensuration, 99-111 
Mercury arc rectifier, 1762 
coeff. of discharge through orifices, 267 
thermometers, 1783 
vapor lamps, 1676 
properties of (table), 336 
Mershon diagram for a-o voltage .drop, 
1760 

Mesh connections, three-phase arcuit, 
1713 

Metacenter (def.), 249 
(ships; def.), 1385 _ , 

Metal, metals (sec also metal in question) 
antifriction, 6M 
atomic numbers of (table), 608 
weights of (table), 608 
bearing, 666-668 (see Bearing metals) 
boiling points of (table), 608 
calorizing of, 669 
chemical symbol of (table), 608 _ 
coefficient of thermal expansion of 
(tables), 298, 60S 
compresaibUity of (table), 608 
corrosion of, 650 (eee Corrosion) 
creep of (del.), 428, (Ubles) 429 
electrical resistivity of (table), 608 


beat of fusion of (tables), 303, C08 
of vaporization of (table), 608 
melting point of (table), 608 
modulus of elasticity of (table), 608 
non-ferrous, 607 (see AUeryt; i'7on-/erTOua 
metals; metal in yuMfion) 
physical constants of (table), 608 
powdered, production of, 663 
relaxation of (def.), 428 
resistivity of (table), G08, 1690 
resistor materials, 1766 
solution pressures of (def.), 656 
order of, 6S6 

sp gr and density of (table), 532, 608 
wjesiSa bae.t <5! 
spraying processes, 668 
standard teste of, 416 
strength of (table), 417 
at nigh temperatures, 425 
thermal conductivity (table), 387 
type, 643 

composition and properties of (table), 
643 

welded, physical properties of (table), 

strength of (tables), 1833 
welding of, 1829 (see Wddinp) 
Metallurgy (see Alloys; Cost iron; Iron: 
Melds; Sled; ^.) 
powder, 653 

Methane (see //j/droenrions) 

Meters, air, 1798 (see Meters, gas) 
classification of (table), 1799 
current (hydraulics), 278 
electric, 1714 
CO2, 1819 

fluid, 1798, (table) 1799 (see Metera, 
gas, liquid) 


Metera (eonlinued) 
gas, 1798 

area. 1800, :(t8ble) 1799 
rotary dry-gas meters (table), 1790 
thermal (table), 1799 
wet gas (table) , 1799 
head, 1802, (table) 1799 
. flow equation of, 1803 
location of, 1803 
orifices for, 1804 
liquid. ISOI. (table) 1799 
IMton, 1801, (table) 1799 
rotary, 1801, (table) 1799 
rotary-disk, 1801, (table) 1799 
orifice tbin-plate, 1804. (table) 1799 
probable error of, (table), 1799 
steam, 1801 
torsion, 1801 

velocity. 1800, 1802, (table) 1799 
Venturi 252, 269, 1806, (tables and 
chart) 1799, 1800 
water, loss of head in, 271 
weir, 1802, (table) 1799 
Methanol (wood alcohol), 698 
Method oi joints Utreases in structures), 
206, 227 

Methyl idconol, 698 
ns freezing preventive (table), 711 
chloride, as refrigerant, 1867 
therms] properties of, 344 
Metric, measures and weights,' 72 

conversion tables and equivaUnts, 
74-82 
astern, 71 

weights and measures, 72 
Meyer valve (engine), 1046 
Mho (conductance; def.), 1687 
Mica, 706 
schist, UBCS of, 719 
Mioanite (eketrical insulation}, 705 
bUoarla, gear material, 828 
Micbril bearing, 876, 1436, 1446 
Microfarad (capacitance; def.), 1687 
Mioromanometers, 1793 
Micron (def.), 72 
nszxAv: (iei.), 

-foot (def.), 1689 
Millivoltmeters, 1714 
Milletones, 694 
Mineral wool, 718 

Minerals, composition of (table), 720 
hardness and specific gravity (table), 
720 

sp gr and density of (table), 633 
Miner's inch (def.), 71, 257 
Minim (apothecaries’ liquid meas.; def.i, 

It&ote (circular measure; def.), 71 
Minutes to decimals of 1 deg. (tabic), 69 
Miter gears, 818 

Mixtures of gases and vapors, 373 
Models, theory of, 287-289 
Modulation (radio), 1777 
Modulus, of elasticity (def.), 416, 440 • 
of metals (tables), 4l8, 608 
of stone and brick (table), 419 
of i«ilience (def.), 440 
of riedjty (shearing) of metals (tables), 



KECIPKOCATING EKQIKES 


- &ED IJUD 


RedprocatSnB enfine',': en^nes (c«n* 

''tinved) 

rocking momenta (balancing), 1163 
ihalt, sbftlta, 1105' . 

arrangement of, 1105 ; 

brake, nil •' 

couplings. 1110, 1432" ' 
crank, 1105 ' '' 

pins, 2107 - ■ ' 

line, 1108, 1432 

moment, ratio of max. to mean, 1106, 
1433 

propellera, 1108, 1482 
sUem, 1109 '■ ■' ■ • - 

merse, 1135 ' 

stress in, 1106 • • ; 

stuffing bo-tea, 1104 .'--i. 

thrust, 1108 ■ 

collars, 1108 • ' ■' 

tunnel, 1105 ‘ ^ ■ 
webs, ll06 ■ •' 

for built-up, 1107 

side lover, 1055 ' 'i' 

sire of, determining, 1004 
sole plate, 1102 _ " ' ' 

ateam oonaiimption of, 1063 • ' ' 
e^ect of expansion on; 1059 ' 
jackets, 1063 

Stem tube, 1103 . ■ , • 

lubrication, 1104 
stuffing box, 1104 ' - 

etrcsacs in, 1067 
stroke of, length of, 1064 ' 
strut bearings, 1104' 

Btufflne boxes, 1079 
bulkhead, 1104 
for metallic packing, 1079 : - 
stern tube, 1103 

superheat, effect on economy of, 1062 
suspension rod (reversing eng.), 1138 
test dats, loss 
throttle valve, 1144 
thrust indicated and efTecfiv^ 1070”'' 
tolerances in machining, .ll?7i 
tools for, 1161 ' 

triple expansion, 1149 • 

trunk, 1064 ' •■■i' ’ •• 

turning effort, 1171 ■ ' : 

gear, 1138 

anangiaacneof, fJo# '■ ■ . 

ai*eof,lI38 

twisting moments, 1172 
unbalanced load on different nistom. 
1072 ■ 

vacuum in, 1068 
limits of, 1226 

valve, valves, action of. Ills 
angle of advance, lUC, lllS '■ 
butterfly, 1145 > i.- 

cbegti chests, 1073 ' 
covers, 2<?S1 ' , , <; • 

piston. 1073 • 

slide, 1073 

cut<iff.lll6 . 

' diagram data, 1119 ' • •• . 

oval, 1120 ■ 

Zeuncr, 1119 

double ported. 1122 ■ ' '• 

expansion, 1126' • ’>• 

functiohs, 1116 


Beciprocating engine, engines^ valve^' 
’valves-fconlinusd) ■ 
gear, 1110 >•' 

Joy, 1110,1114 
r-. •Marshall, 1113' 
radial, ,1113 _ ■ 

Btepbenson link, UlI, v 
lap, ateam and exhaust, 1116, . 

}e&^ 1116 ( 

liners, 1125 

link.llll ; . , 

load, 1128 

motions, 1111 . 

piston, 1124 ! 

stuffing box, 1079 
point of admission, 1121 . , .■ 

cornpression, 1115, 1118, 1121 
Talve, pumps, attached. lUO', ' 
valvf.'i^ease, Ills; 1121 
isKde, double, ported, 1122, 1178 .■ 
atoffinc box, 1079 

stem, 1129,1178 ■ , 

croashesds, 1129 - 
giudea, llSO ' 

ttttottle, 1144 
'rixe.of, 1080 

travel, iU6 ' ■ 

trick, nil, 1125 

' vibration, hut), and critical rcvolutioDS, 

water service for, 1148 
weights of, 1176 • ■' 

work, effect of clearance on, 1069 • ‘ 
Ileciprocating machines, balacoing of, 611, 
1168,1169 

Bedj>rocati&g pumps, 1621) 
air, 1626 

basic speeds for, 1623 ' 
clasriCeat)on,'1630 ' 

design, 1621 

direct acting, officicncica of, 1623 ' 
materials for, 1621 
mccbaiucal details, 1621 
mechanical efficiency of, 1623, 1027 
motors for, 1751 
- packing for, 899 
performance of, 1626 
pluager, 1630 
steam ends, 1621 
cafcuffiu'ons for, 1621 
valves for, 1821 
suction lift'Of, 1626 
types of, 1621 , . 

valves, 1621 (see Valrcs, reciprocatinp 
pump) . . 

' volumetrio efficiency of, 1623 . , 
Rectangles, area of, 106 ' i 
momenta ,(rf inertia of (table), 460 
Bectiflera (absorption refrigeration), 1867 
electric, 1761 . 
copper oxide, 1754; 
electrolytic, 1754 ' 

JuU'Wbvc, 1762 
half-wave, 1761 ' 

mercuiy-arc, 1752 
vdtage regulation of, 1753' ;• 
tieoryof, 1752 '■ ■ •” 

^ Tuagar, 1753 
Rector electric rectifier, 1754 ' 

Red lead (paste paint), 674 ■ ' ' 



MODTHiUS 


mCHOLSON'S H7DROKETER 


Modulus (eoniinttetl) - Motion, laotiom (eo'nltnuetJ) • . ' 

of rupture (def.)i 462 • . harmonic (simple), 191 

of stone and brick, 419 • ' forces necessary to cause, 215 

Young's (def.), 414 • - - • • of falling body, 214 

Mobs scale (hardness), 86, 430 •' - of projectile^ 215 ■ ■ 

Moisture, in air, 'measurement kit 373 of rigid bodies, 194 
(chartfl),'376 ' • periodic, 191 

in steam, Measurement of, 1816 ■' tecHUnear, 190 

Mol (def.), 301 ■ ' equation'for, 191 , !■ 

Molecule (def.), 529 • ■ general rule for, 217 • i 

MolHer diagram for steam, 324,'326-327 relatire, 104 'Ti 

use of, 323 . ' • -under constant force, formulae for, 214 

description of, 317 ' 'i • u uniform, 191 

Moment, momeEta, rotary, 194 

and shear, relation between: (beams), uniformly accelerated or retarded, 191, 
454 , 214 ' 

diagram for beams, 450, 464'- Motor, motors, 

method of (in trusses), 227 i '"i alternating-current, 1741 (s« Electric 

of a couple, lOfl-199 - ' molars, o-c) ! 

'• of devialicn (def.), 210 - • diieot-current, 1724 (sec K«(ric molors, 

of inertia, 209-214 , .' d-c). . . . ' ' 

about inclined axes, 210 deetrio, 1724 (see Electric motors) . 

about parallel az^ 210 i fractional load efficiency, 1279 

determined experimentally, 222. -generator balancer set, 1759 

of an area (def), 210 . MouUin stress recorder, 625 

of areas, calculatiim of, 211 Muekbar (def.), '636 

of beam seclioos (tables), 457 Muilite (eleotrical insulation), 708 , 

of built-up sestions, 212 (refractory), 730 

of circlca (table), 461 MulUple-cSect compreasioa (refrigera- 

of plane area, 210 ' tion), 1861 

by graphics. 213 evaporation, 345 

. . .of rectangles (table). 460 BHultaplicatlon, algebraic, 112 . ' 

of solid body (def.), 209 arithmctioal, 89 

of solids (table), 212-213 bylogaritlims, 93 

approx.', 213 by slide rule. 94 

polar (def.), 210 . of complex quantities, 124 

principal, 211 of Teetois, 187 

referred to any axis, 212 Multi-stage impulse turbines, 1187 

of resistance (beams; def.), 460 Munte metal (copper-zino alloy; table), 

static (def.), 207 620,' 638 

unit of rotation (def.), 199 Mnecular energy, 1911 

Momentum (def.j, 106, 222 Mutual inductance, unit of (def.), 1688, 

angular (def.), 222 1708 

moment of, 222 
units of, 73 

Monel metal, 640 iNalte, cut steel (tablo), 970 

castings, 042 wire (tables), 968 

oompoaition and properties of (table), Naphtha, solvent, 703 

638^ Napierian logari^ms, 114, (table) 68 

creep rate in (table), 641 Ntuiier's formula for steam flow) 856 

heat-trestment of, 646 Naliooal Standard screw threads (table), 

machining of, G40 ' 758 

mechanical properties of (table), 639 Natural base of logarithms, multiples of 

at high temperature (toWe), 641 • logarithm of, 62 

production of, 639 ' multiples of reciprocal of logarithm 

strength of, at high temperatures ' of, 62 

(table). 426 powers of, 57 

at various temperatuira (table), 633 logarithms, 114, (tabic) B8 
welding of, 1848 Nautical units, 70 

Monoplanes (»«« AirffaiiM) Navhl architecture, 1381 

Monotron hardness test, 432 Naval brass, 627, (table) 631 

Monotype petal (table), 643 Neatsfoot oil, 745 ' 

Mooring vnnch, 1463 properties of (table), 746 

testing, 1931 ; Neon lamps, 1677 

Morse silent chain, 841 ' ; tub* stroboscopes, 1796 

s^dard tsper'pin* (tsblri’, 788 ' ■ Neoprene (synthetic lub'ber), 727 
Motion, motions, cornbmed’-rotatioa Neutral axis (beams; def.), 466 

and translation,' 220 " ’ Neutnriuation number (lubricating oils), 

composition of, 194 ■' - .-. i •. 744 , ■ , , 

curvilinear, 193, 219 • Nicholson’s hydrometer, 260 

1986 



EBDirCINa MOTIONS 


KESISTANCSS 


Eeducing motions (indioB.tots)t 18I4_ ■ 
Reduction gearing for marine tuilnneat 
1442 

Redwood viscometer, 245 
viscosities, conversion table for, 1905 
Reflectors (illumination), 1579 
contours for, 1581 
materials for, 1579, (table) 1580 
Refractories, 728 (see aUoFireinek) 
coatings for, 735 
composition of (table), 730 
cost of, 738 

furnace, selection of, 737 
heat losses and beat^torage capacities 
of (table), 736 
insulating, 729 
mortars for, 732 

physical properties of (table), 731 
plastics and ramming mixtures for, 735 
shapes and sizes of, 732 (tables) 7^,734 
specific heats of (tables), 731 , 

types of, 728 

SsMferants, 1852 (tu alec Anmoitia) 
compression ratio of (table), 1854 
ideal performance of (table), 1853 ' - 

properties of (tables), 338-344, 1854 
eaturation pressure of (table), 1854 ' - 

Refrlgeratlog xnachlDOS, 1^1 («» otse 
Ammonta comprejjorj; Re/rigtr* 
oliiiff plant}, ' fl^rtjeralton) 
absorption, 1806 

advantages and disadvantages of, 
1874 

essential parte of, 1866 
heat balaneo in, 1870 
intermittent, 1872 
processes in, 1870 
resorption process in, 1872 
Sorvel, 1873 

surfaces required by, 1874 
two-stage, 1872 
adsorption, 1874 

coefficient of performanco of, SIS 
cold-air, 1851 

compression, 1858 (see also Ammonia 

compressors) 

ammonia, volume per ton of refrig- 
eration (table), 1859 
boosters for, 1861 
compound, 1861 
condenser pressure in, i860 
condensers for, 1864 
design of, 1862 
electric drives for, 1862 
horsepower, of engine driving, 1802 
household, 1863 

influence of bead temp on per- 
formance of (table), 1859 
per ton of refrigeration (am- 
monia; table), 1860 
unit, 1862 

valves and conneotione for, 1863 
volumetric efficiency of, 1^9 
liquids used in, 1852 
lubrication of, 1902 
rating of (def.), 1858 
unit of capacity of (def,), 1858 
vapor, 1862 


Refrigerating plants, (see dso Re/riger- 
aiing machines; Re/rigerants, elc.) 
brine, 1878 

circulation in, 1878 ^ 

ioe-making capacity of, 1858 
refrigerntion produced by brine in 
(chart). 1878 

Refrigeration, 1851 (sss also RejrigcT- 
ants; Refrigeraiing machines; Re- 
frigerating plants, etc.) 
air, 349 

brine sj^tem of, 1876 
cargo, 1882 
air cooling units, 1892 
cooling medium distribution, 1884 
cubic capacity, 1898 
general, 1882 
insulation, 1896 
temperatures required, 1894 
tonnage required, 1894 
tyra of cargo, l889 
centrifugal compressors, 1667 
direct expansion system, 1876 
equifjment tests (marine), 1928 
load in air-oonditioning, 1521 
raultipio effect system of, 1860 
power required for, 350 

S lit system of, 1861 
eery of. 

unit of (def.), 1868 

Tspor-eompicssion machines (theory). 
350 

water vapor, 1856 

Rsgsnsratlvs cycle (steam engine), 1040 
(turbines), 347, 1256 
feedwater heating, 847, 1255 
(turbines), 1256 
process, liquid air, 352 
Eampson-Linde, 352 
Repsterton (def,). 71 
Reg:uUtion of a-c generators, Toltage, 
1733 

Rchcatcrs, 1202 
ail-compressor, 1654 

Reheating, cycle for steam turbines, 347, 
1202 

for compound engines, 1037 
Rcbbock weir formula, 2G2 
Reluration of metals (def.), 432 
Reluctance, magnetic (def.), 1687, 1701 
Reluctivity (def.), 1687, 1701 
Remanence (magnetic hysteresis; def,), 
1703 

Replacement factor (steam), 1271 
Residuals (errors of observation), 121-222 
tables (A, 63 
RssUlsnce (def.), 440 
modulus of (def.), 140 
of beams and springs (table), 441 
per unit of volume (table) , 441 
ultimatG, 441 

Resinoid grinding wheels, 696 
Reaiim, synthetic, use of in varnishes, 675 
Boslatance, resistances, 
effective (electric circuits; def.), 1711 
slsctric, measurement of, 1719 
of conductors, specific, 1689 
of copper lay cables (table), 1692 
we (table), 1691 

of insulating materials (tabic), 1706 
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A further extension to equations of same form involving five or more 
vamHes is obvious. 

Exajifle (.Fig. 19)., Let f “ viVirt whence M teg « + H log® + logw =■ logf. 
Here/j(«) « log V, /i (0 « M log t. Mtt) •* log 10, and /<(!)= log t. 


Hetbod 2. Givenj ' an equation wliidt can bo 
thrown into the form 

fi(u) =/i(l>)./a(() 

where /i (u) is a function of u alone, /5(5) a function of t 
alone, etc. First, choose two ‘'moduli" un and ro* (to 
fit size of paper) exactly as in Method 1.' 

Secondly,' draw two parallel vertical axes, AX and 
Br, oppositely directed, the diagonal line AB being of 
any convenient length fe. With A and B os origins, 
lay off along these axes the distances 

z = m]/i(u) and y = ms/ift). 



Fro. 19., 


for successive values oi u and respectively, and label each point thus plotted 
with the corresponding valuoofufor*). Thounndsscalcsare thus completed. 

Thirdly, on BY select a point F at any convenient distance, I, from B; 
compute an auxiliary modulus, n, by the formula a » Imi/m?; and lay off 
along AX an aujdliaiy scale, s' » nftil) for successive values of t, marking 
each point (temporarily) with the corresponding value of t. Then transfer 
this auxiliary scale to the axis AB by means of projecting lines drawn through 
the points, marking each point (permanently) with the corresponding value 
of (. The {>6cale, along the axis AB, is thus completed, and tho c^ait is 
ready for use. 

As a check, note that along tho t-asis, the distance z from A to any point 
labeled I should be given by 

r = lvni/i(()/[mi/i(() +m:l. 

Indeed the points of the {-scale may be laid down 
independently by the use of this formula, if desired, 
etead of by the graphical method above described. 

This type of chart is known as a Z-chart. 
liXAitpu! '(i’ig, 20). "Let u where « ia to 

Wenge ftom 0 to 150.000 awi v ftoia 0 to 15, COO. The 
equation may be written u « O0r)(0.0196l‘). 

Here,/i(«) «= w, fits) = iOo, /i(0 = 0.0196 ft 



u.Q/S5,rV 


The theory underlying Methods land 2 depends 
only on simple properties of similartrian^es. The following methods are based 
on certain standard equations of the straight line in analytical geometry, and 


Notation. In each of tho equations which follow,' U stands for any 
function of u alone, V for any function of v alone, and Fi(0 , Fj(f) for any func- 
tions of i alone. Any of these functibna may reduce te a constant. The 
axes of X, y, and t/ which are mentioned are of merely temporary use in con- 
structing the diagram, and the'letUae », y, s' should not be written on the 
ohart.^ It is not necessary that the oxea be at right angles, provided the i of a. 
point is always measured parallel to the »-axia, and its y parallel to the y-axis. 

Method 3. Given, an equation which can he thrown into the form 

U-Ht) «.l. 

where, for the given range d vduea of u and.r, the larg^t variations in, If 
end V are less than a certain number n. 
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GBAPSICAL BSPBESEIfTATIOU OP FUNCTIONS 


Draw a pair of (temporary) x,y axes (Fig. 21), and through the point s = 1 
draw a third axis, which may bo called the nria of y', parallel to the axis of y. 
In ordinary oases, the unit of measurement along z should be ly .y* 

nearly equal to the full rridth of tiie paper. Now choose a unit j I 

for If and v' such that m times this unit -will about equal the height 

of the paper, and plot, in the usual way, the points (z,y) given by jj — -| ^ 

Ft(0 1 

“ f.(i) +f'i(i)' “ fi(i) +fi(i)' 21- 

labeling each point with the value of t to irfiich it corresponds. Connect 
these points by a smooth curve, which ^res tho ^seale of the diagram. [If 
Fi(0/Fj(0 = a constant, the t-ecalo will prove to be a Straight line parallel 
to the i/*aiia.l 

Then, using the same units as above, plot along y the points given by 
V ^ U, labeling each point •with tho corresponding value of u; and plot along 
y' the points pven by p' = T, labelii^ each of these points with the corro- 
aponding value of r. This pves the «- 
and v-soales of the diagram. The three 
scales being thus constructed, ihez^axis 
may now be erased, and the diagram is 
ready for use. Any three points f,«,o 
which lie in line correspond to three 
values of i, v, v, which satisfy the given 
equation. The numberingoneachscolc 
should be shown at sufficiently frequent 
intervals to permitof easy interpolation. 

BxAUPts (Fig. 22). Let « B u( -f 16 (% 
whioh reduces to the form (— «/I6)(l/t) + 

(*/16)(l/<») • 1. Here £f - - a/16. V - 
t/lC,Pi(0 = 1/t, Pj(f) - I/l» and * «. 

1/(1 + 0. V - iva + i). 

Note. If en = «, values ot a and « which give large values of V and 7 eaunot be 
shown within the limits of the paper. In such oases, the chart may be atpplemented 
by s second chart, made scconbog to Method 4, below. 

blethod 4. Given, an equation which can be thrown into the form 

MiM-i . 

If K ’ 

where, for the ^ven range of values of u and c, the largest variation in U is 
less than a certain number m. and the largest variation in 7 is less than a 
certain number n. 

Draw a pair of temporary x,y axes, and having chosen 
a unit for the z-axifl equal to about (l/m}tii of the width 
of the paper, and a unit for the p-azis equal to about 
(l/n)th of the height, plot tbe points {x^) given by 

* =Fi(0, y 

labeling each point of this curve with tbe value of t to 
which it corresponds. Coaneetthesepointsbyasmooth 
curve, which gives the t-scale of the diagram. [If 
Fi{t)/F:{l) = a constant, the f-3cale will be a straight line 
through the origin.] 

Then, using the same units as above, plot along z the 
values of U, labeling each point with tbe corresponding value of u; and plot 
^ong y the values of 7, labeling each point with the corresponding value of c. 
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BSSISTANCES 

Besist&nce, resistances, electric (eon> 

Itnued) . , , 

of parallel circuits, equivalent, 1693 • 
temperature coefficient of (dcf.), 1690, 
(table) 1690 
unit of (dcf.), 1687 
welding, 1829 («6« ol«o IFrfdtiw, 
eiccfn'c resistance) 
materials, 1765, (table) 1766 
of ships, 1391 ( 

Resistivity (electric), of metals itablea),' 
608, 1690 

of electric conductor, 607 
of resistor alloys (table), 1766 
materials, 1765, (table) 1706 
Resonance (electric circuits), 1711 
(vibration), 507 

Resorption process (refrigeration), 1872 
Restitution, coefficient of (dcf.), 223 
Reuleaux valve diagram, 1044 
Reversing gears for steam en^es, 1049, 
1132 

Reynolds number, 250, 265-267, 288 
chart for, 266 

RP lamps (fluorescent), 1577 
Rheostats, materials for, 1765, (table) 
1766 

Rhombus, area of, 105 
Ribbon, area of, 106 
Rigging, wire rope (tables), 966 
Blgld Bodies, dynamics of, 214-225 
forces supporting, 201 
instaataaeous axis of, 194 
mechanics of, 199*225 
motion of, 194 
statics of. 107-209 
Rigidity, coefficient of (def.), 440 
modulus of, for metals (table), 418 
Ring compression couplings, 802 ' 

fnorion clutches (table), 810 
Rings for chain slings (table), $44 
strength of, 495 
Rites inertia governor, 860 
Rivet, rivets, conventional signs for, 783 
fastenings, 778 

forms and proportions of, 778 
holes, 783 

lengths of, for various grips (table), 784 
pressure in driving, 784 
eteel, specLflcations for (table), 678 
weight of (button-head; tabic), 778 
Riveted joints, butt, diraensinis of, 
(tables). 781 
design of, 780 
efficiency of, 782 
forms of, 779 

frictional resistance of, 785 
lap, dimensions of (tables), 779 
punched vs. dniled plates, 783 
stresses in, 780 

tensile strength of, between holes, 784 
Roads, friction on, 237 
Ro<:ker (mechanism), 750 
Rockland trial course (ship), 1937 
Rockwell hardness test, 431 
Rod (unit of length; def.), 70 
Roebling wire gage (table), 683 
Roller bearings, 878 (tee Bearingi, rdUtr) 
chains, 836 (see C/iotnt, roller) • 
planimeter, 1801 


S.A.E. SPECIFICATIOITS 

RnlBn g friction, 230, 886, (table) 237 
motion, 221 

surface (mechanism), 756 
Rolling period (ship), 1387_ 

Room index values (illumination; table), 
1684 

Root-mean-square value of ^o wave, 1709 
^ots, and powers, algebraic, 113 
arithmetical, 90 
blower, 1638 
by logarithms, 93, 94 
by slide rule, 97 
(pnphslnvoMng, 173 
imn&oary, of equations, 118 
of an equation, 116 {lee Equation) 
of complex number, 125 
Bop«, ropes, 703 

brakes (dynamometers), 1809, (table) 
1608 

knots, hitches and bends, 070 
lay of (dcf.), 704 
manila, strength of (table), 1454 
U.S. specifications for (table), 704 
manufacture, 704 
tension in loaded moving, 216 
textile, strength of (table), 1454 
wire, 956 (ks Wirt, rove) 

Rosin oil (in paints), 674 
Rotsiy blowers, 1637 
enpnes, 1210 

liquid meters, 1601, (table) 1799 
pumps, 1629. 1924 

Rotating macliines, balancing of, 509 
Eototlos, and translation, combined, 220 
loss, in steam turbines, 1190 
- of solid bodies about axes, 219 
> speeds, measurement of, 1705 . 

'Rouge (abrasive), 697 
.Rubber, 724 
bells, 700 
cements, 698 
hard. 726 

on mds, friction of, 2S7 
paints. 076 
properties of, 725 
reclaimed. 726 

springs (vibration absorption), 613 
ep gr and. density (table), 532 
substitutes, 727 
eynlhetio, 727 
valve seats, 898 
Tulcanised, 725 

Rhping process (wood preservation), 683 
Rupture, modulus of (def,), 462 
-work. 441 
Russia iron, 670 
Ruths accumulator (steam), 348 

S (sigma) function for moist mr (table). 
380 

S.A.R., specifications for steel (tables), 
660 

standard screw-thread eeries (tables) , 764 
standards for screws and nuts (table), 
772 

TOCoeity number for crankcase oils, 73 9 
(table) 740 

• for transmission and axle lubricants 
(table), 740 
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THERMAL CONDUCTANCE 




Thermal eonduotance, 386 
conversion table for, 82 
conductivity (def.), 388 
coefficient of (def.), 389 
conversion table for, 81 ■' 
of ail (formula and table), 390 
of boiler, tubes, 1003 
of building tubes, 1003 
of building mateiials (tables), '389, 
- 1624 

of mea (table), 387 
of insulating materials (tables). 389- 
891 

of liquids (table), 387 
of metals (table), 387 
of refractories (tables), 388, 731 ' 
of steam (table), 390 
gas meters (table), 1709 
resistance (def.), 386 
. \imt,Btitisb(dtl.),74.,399 
. IT calorie (del,), 74, 299 
Thermit ivclding, 1842 . 

Thermocouplea, 1785 
accuracy and range Qf'(table). 1784 
lemperature'milUvolt relatioDs for 
(table), 1786 

Thermodyn&siies, 304 ' 

cycle (def.), 304 
efficiency of steam engines, 347 
first law of, 306 
flow process (def.), 306 
mixtures of gases and vapors, 373 
of gases, variable specific heat, 313 
of vapors, 820-348 
pcooess (def.), 304 

reversible and irreversible (def.), 305 
second law of, 300 

Thermometer, thermometers, 293, 
1783 

alcohol (table), 1784 
calibration of, 1789 
eleetrlcel-resiatance, 1788, (table) 1784 
hydrogen, 292 

mercury, 292, 1738, (table) 1784 
pentane (pctrol-etber; table), 1784 
probable accuracy of, 1789, (table) 1784 
ranges of .(table), 1784 
readinge.converaioQ of (tables), 293, 294 
recording, 1787 
scales for, 292, 295 
solid-espansion, 1784 
stem exposure correction for, 1784 
thermo-electric, 1786-1787, (table) 1784 
wells, 1784, (table) 1786 
Thermostats, 1827 
for heating systems, 1661 
Thin,-platc orifice meters, 1804 
Sow coefficienta for (chart), ISM ’ 
velocity of approach factor (table), 1804 
rtiioboJ (synthetic rubber), 727 
Thomson electric welding proeeag, 1837 
(see Welding, sleciric Tai$lance) - 
Threads, screw, 768 (see also Screw lAreais) 
Ihiee-halvea powers of numbois (taUe), 

Three-phase a-c circuits, 1713 ■ 

alternators, 1732 ■ ' 


Three-wire d-c generator, 1759 
<&tribvtion circuits, 1757 
Throttling, 361 
automatic control, 1824 
caJorimeter, 1816 
efficiency loss due to, 361 
use of, in refrigeration process, 362 
Tfanut bearings, 876, 1436, 1442 (sss 
Bearings, fhruri) 

Kiogsbury, 876 

Thruat deduction coefficient (propellers), 
1406, 1419 

Ttmber, timbers, 677 (sec olso Wood) 
clear, basic etresacB for, (table), 691 
ap gr and density of (table). 632 
standard commercial names for, 677 
Btcuctural. grading of, 698 
afies, strength of (table), 689 
strength ratios of, 693 
working stresses in, 692, Ciable of 
basic stresses) 691 
oorreotion factor’ for exposure of 
(table), 692 
Irtiraes (sec Trusses) 

Tisu, m^uce of, 83 
sidereal (def.), 82 
solar and apparent solar day, 82 
standard, 83 
soncs, 83-84 
Tin, 647 
alloys, 647 

for bearings, 661, (table) 652 
ooomttcial, pioducbw and grades ot, 
647 

pipe, block (table), 922 
plate, 647 ' 

plating, C68 

solders, melting points of (table), 649 
Tiimed surfaces, paints for, 676 
Tirreil reguiatora (a-c generators). 1735 
Tobin bronsc, 627, (tables) 621, 631 
Tocco process Oocal hardening of steel), 
656 

Toggle joint, 757 
Tolerance (def.), 790 

Tolerances, for accurate w'Drlc (table), 791 
for vatio\» typea of St, 790, (table) 752 
formulas for, 791 
Tod, assay (def.), 71 
metric (def,), 72 
shipping (def.^k 71 
standard (refiigsTatlon: def.), 1868 
Tonnage of ships (def.), 1382 
Tool, tods 

cutting, cobalt-alloy. 647 
bard carbide, design of, 655 
production of, 654 

steel 

chromium, chromium-vanadium 
(tables), 667, 668 
classification of, 563 
composition and uses of (tables), 667 
heat-treatment of high-apeed, 670 
high-carbon (table), 668 
and die (table), 567 
hi^ speed, 566, . (table), 569 ' 
non-deforming, 665, (table) 667 
od^ardening, 666, (tabic) 567 
plaiin»ibon,,665, (table) 667 
semi-high speed, 566 



SAL SODA ,, 


SHAFTS 


Saimomeler (def.), 1880 
Saiomeler (def.),-1880'.^r 
Salt, common, na freezing preventive, 711 
Salts, inorsanic, solubility of (table), 531 
Sandstone, composition of, 720 
Saponification number (organio <^), 745 
Sash cord, rvire (table), 967 , . " 

Saturated steam, properties of (tables), 
328-333, 33S 

vapors (def.), 320 ; 

c.vp/msion of, 324 

Saturation, of air in spray chamber, 380 
Saybolt-Furol viaeometer, 244 
Universal viscometer, 244 
wscositics, converson table for, 1905 
Scalar (dd.), 186 
product, 187 

Scale deposits, heat transfer, coeffidenls 
for (fable), 396 
Scales, automatic, 1796 
platform, 1796 

Sciienk vibrometer, 524 ' 

Schiele's antifriction ctm’e (traetris), 165 
Schoop spraying process (galvanitbc), 
668 

Selerosoope hardness test. 432 
Scotch boilers, 978 
Scott tap (tranafonnera), 1739 
Scrap iron and steel (foundry), 594 
Screw, screws, 758 {*« otio JlfacAine 
jcreuij) 

' coach, 772. (WjIc) 773 , ' 

coaise-thicad series (table), 701 
'fine-thread aeries (tabic). vCl 
maolilnes, A.S.hf.E. standard (table), 
706 V 

free cutting steel stock for (S.A.E.),; 

659 • 

standard threads for, 760 
materials for, 774 
propeilera (ship), 1408 
blade shapes for, 1413 
thickness, 1413. 1423 
cavitation in, 1420 
design of, 1430 
four-bladed, 1411 
slip ratio of, 1409 
three-bladcd, 1410 
pumps, 1607, 1617 
S.A.E. standard for (table), 772 
threads, Acme (tabic), 763 
American (National), coane (table), 
764 

fine, 765, (table) 764 
slnndsrd (t^le), 758 
British Association, 758, (table) 759 
buttress, 764 
-cutting, 770 

/ DaTde\elseli-loc)dLg,'764 
e:ctra-fiiie series, 765, (table) 764 
;fita for, standard, 760 
French (metric), 758, (table) 759 
intornational (metric) standard 
. (table), 763 , . , 
limiting dimensions of, 760 . 

I, . machine, 758 - • . . , • 

metric, 768j (table) 759 
. pipe, Amcritan (Brig8s; table), 765 
Whitworth (table), 766 


Screw, screw, threads (con/fnued) ^ 
power-transmission, 763 
•- S.A-E. standard (table), 764 
Scllors (tabic), 758 
standard square (table), 764 
square, 763, (table) 764 
friction of, 238-239 
tap drill sizes for (table), 77S 
toleranoes for, 761 
U.S. standard (table), 758 
. , Whitworth standard, 758, (table) 759 
uruoos, 939 

■y-tiiread, friction of, 239 
wood, 772 

Amcrienn National Standard (tabic), 
773 

Scruple (apothecaries’ weight, def.), 71 
S-curve (tempering of steel; def.), 545, 
(chart), 546 

Sea water, sp gr and density of (table), 533 
Sealed beam lamps, 1575 
Seam wtidmg, clcetric resistance, 1840 
Season .cracmg of brass, G25, 663 
Secant (trigonometry), 129 

S h, 174 
A 50-51 

Second (circular measure; def.), 71 
Section modulus (beams; def.), 456 
of beam sections, 467 
Sector of circle, area of. 106 
spherical, 109 

of spWe, center of gravito of, 209 
volume and area of, 109 
Seger cones (tabic), 1789 
Segmente, of a circle, 106, (table) 34-35 
center of gravity of, 208 
of spheres 109. (table), 38 
StisDuc principle (vibration measure- 
ments), 523 

Self-inductance, unit of (def.). 1687, 1707 
SeU-induction, coefficient o! (de!.), 1687 , 
emf of. 1707 

Sellers screw threads (table), 758 
Semigclatina, in explosives, 709 
SemHOg&rithmic cross-section paper, 177 
Semi-eteel (def.), 536 
Separating calorimeter, 1817 
Series circuits, 1693 
a*c solution of problems in, 1711 
expansion of functions in, IGO 
Fourier’s, 162 
generators, 1722 
motors, 1724 
reversing a, 162 
summation of, 116 
Taylor's and Maclaurin’s, 161 
Serpentine, composition of, 719 
Servel process oi refrigeration, 1873 
Setacrews, 771 . i 
holding power of, 771 
material for, 775 
Shaft, shafts (see also SfuifHni;) 

03^ loads oDrStresses due to,. 797 
bearings, spadng of, 799 ■ 
bending moments on, 794 
combined torque and bending in, 794 
eoupUags (see Couplfncs) 

^^critical speed of, 514, (tables) 516, 517 .• 
design of, rational method of, 797 , . 
failure due to fatigue, 797 . 
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TOOLS 


UNIT EEATEKS 


Tool, tools, steel (con!>nue^ 
aiUcoQ-manganeae (table), 568 
tungsten alloy (tables), 567 
Torque of cloctiic motor (def.), 1726 
Toisiographe, 624 
Torsion. 477 
balance, 1797 

dynamometor, 1811, (table) 1808 
of non-circular aectiona, 477, (table) 
478 

of shafts, 477, (table) 478 
Torsional atrengtb of metals and alloys 
at high temperatures (table), 427 
vibration of shafts, 5l3 
vibrations, measurement of, 524 
Torus, surface and volume of. 111 
Tracl^tes, composition of, 719 
Traetriic, 155 

Transformer, transformers, 1737 
compensator or balancing coil for, 1740 
tffidency of, 1738, 1741 
fundamental equations of, 1737 
instrument, 1718 
oils, 746 
polyphase, 1739 
regulation of, 1738 
Scott top for, 1739 
steel for, 676 
T-connectlon for, 1739 
testing of, 1738 
theory of, 1737 
three-phase power. 1739 
V-connection for, 1739 
Transmission dynamometers, 1811 
(table) 1808 

of heat. 384 («« Iltct, (ranammun) 
shafting, design of, A^-A. code for, 705 
Trapezoid, area of, 105 
tenter of gravity of, 207 
rule (areas), 1798 

Trapezoidal weir, Cippoletli, 261-262 
Trials (ship), 1913 
buiidera, 1935 
contract-acccptancc, 1935 
dock. 1936 
machinery, 1934 
standardization, 1926 
S.S. Rid Jacktt, 1942 

Mangles, plane, lengths and areas of, 
105. 134 
solution of, 132 
theorems on, 99 
polar, 101 

spherical, solution of, 134 
theorems on, 110, 1S4 
Triangular notch weirs, 261 
Trigonometric equations, solution of, 
118 

functions, 128 
graphs of, 174 
inverse, 132 

of a complex variable, 1Z7 
series for, 161 
tables, 46-56 
Trigonometry, 128-134 
solution of plane triaugles, 132-134 
spherical triangles, 134 
Trim of ships, 1390 
Trinidad asphalt, 722 
Triode (electron tube), 1774 


TripoU (abraave), 694 
Trochnd, 162 
Tkoostite (def.), 644 
Tioy weight, 71 
Trass, trusses, 

aosly^cal determination of stresses, 226 
Bow's notation for, 229 
graptucal determination of stresses, 229 
king-post, stresses in, 227 
stresses in, determination of, 226-231 
Tube, tubes, 918 (see also Boiler tubes; 
Condenser tubes; Pipes; Tubinp) 
boiler (see Boiler tubes) 
coodenser, 1210 
corrosion of, 663 
apcdal alloys for, 663 
electron, 1773 

film coefficients for (heat transmission), 
392 

radiation factors for rows of (chart), 403 
seamless, stainless steel alloys for. 574 
ateel, A.S.T.M. specifications for (table), 
578 

Btrength of, 445 

wtidug, electric resistance, 1840 

Tubing, 

aluminum, 922 (lu dso Pipes; Tubes) 
A.P.I. specifications for steel for, 918 
brass, 920 
copper, 920 

seamless steel, weight of (table), 917 
Btcci, sizes of. 906 

Tuckermac gage (material testing), 486 
Tung oil (waterproofing of paint), 674, 738 
Tungar TMlificrs, 1763 
TuzsgstBD, carbide alloys, 654 
properties of, 655 
steel (tables), 563. 567 
•Ulanium carbide for tools, 654 
Tunking fits, 790, (table) 793 
Turbins, turbines, gas, 1205 (see Goi 
furbines) 
tnls, 747 

steam, 1180 (see Btean turbfnes) 
Turbo-blowers, 1CD5 (see dso Centrf^iijal 
cempressers) 

Turboelectric drive (marine), 1479 
Turning-block linkage, 750 
Turpentine (paint thinner), 674 
TwaddclI’s hydrometer, 250 
Two-cycle engines, 1321 
Twos>hase a-c circuits, 1713 
alternators, 1732 
pow^ measurement, 1717 
Two-stage compression (refrigeration), 
1862 

Type H lamps (mercury-vapor), 1577 
Type metals (table), 643 
Tbr**! s'ses of (printer's), 1909 


Ultimate analysis (coal), 1014 
dOBgation of metals (table), 417 
Underwood trats (lubricating oils), 744 
Ungula, surface and volume of, 108 
UniDow engines, 1038, 1154 
Unions, pipe, 939 
Uoit heaters, 1561 



SHAFTS 


SiNaLE-PHASE AETEEKATOBS 


Sh^t, shahs (conltnueJ) . ' 

Eoveraors, 800 

Eangers for, 873 ; 

spooing of, 799 • 
hollow, strength of, 795 
keys ioi, 7^ 

maximuni bending moment oDj deter* 
nunation of, 797 
mill, rules for, 799 
packing, 899 
power-tranemifision, 799 
resilience of'ftable), 44:1 
solid, and hollow, relative strcRglhs M 
(tabic), 795 
strength of, 794 
splined, 787 

torque capacity o5 (table), 788 
standard diameters and tengtha of 
(table), 801 

steam-engine, proportions of, 801 
stiffness of, 798 , 

strength of (chatta),796, 797 
torsion of, 477. (table) 478 
combined witli other sticsaes, 493 
torsional -rtbratioa of, 51S 
vihration of, 518 
Shafting (sm also Shafts) 
hearings (ship propuiaon), 1436 
oold*roUed, strength of at high tempera* 
tures (table), 800 
marine propulsion, 1432 
nodal drive, 1436 
stienee, 1483 

torsion^ vibration, 1436 , , . ^ 
steel, power tranemitted by (table), 800 
strength of, 794 

transmissioa, A.S.A. code for design of 
796 

Shearing, 

sttengtn of metals (table), 418 
of stone and brick (table), 419 
stress (def.), 438 
for various cross-sections, 439 
Sheer (marine engineering), 1881 
Sheet-metal gages (table) , 683 
Shellac, 727 
grinding wheels, 696 . 
uses of, 670 


Shielding of sound, 1593 
Shingles, asbestos, 724 
si^cs and weights of, 684 . 

, . .wood, 723 ; ; 

Ship, ships, 1381 ■ 
mr resistance of, 1399 .. 

boiler data on typical (table), 1402-l4()3 
boilers for, 977 i ■ , 

-bottom paints, 675 
center of buoyancy of (def.), 1386 1 
data oa typical (table), 1402. 
depth of (def,), 1382 , ' 

diesel-eleotrio .drive ,for, 1357, 1491}, 
. . 1502 

. ; engines for, 1319, ' • 

.dimensions of (def.), 1382. 

, of typical (table), 1402 . , ; . 
displacement of (def.), 1382 • • . 

draft, of.(def.), 1382 .. . 

economisers for, 998 
effective horsepower of, 1399', 1419. 


Strip, ships (conlinued) . ■ 

cngpim data on typical (table), .1402 
form coefficients of (table), 1383 
lengths of (def.), 1382 
line shafts for, 1432 . 
loading and 'ialoidttiE, 1457 
metaoenter of, 1389 
;molded dimensions'of (def.), 1382 
power of, 1391, 1401 
of typical (table) , 1402 
required to propel. 1397 (res olso 
Scretr propdltTs) 
propdler shafts for, 1432 
propulsive coefficient (def.), 1400, 1419 
resistance of, 288, 1391 
screw propellers for, 1408 (tee Screw 
•, proprilers) , 
shallow water resi^noo of, 1399 
stalrility of, 1385 

structural steel for, A.S.T.M. specifica- 
tions for (table), 678 
toni^ trf (def.), 1382 
trim of, 1390 

turboeleetric drive for, 1479 
Vibrattonsin, U71, 1440 
wetted surface, 1364 
Shipping measure, 71 
tons, U.S. and British, (del.), 71 
Shore eeleroecope (hardness testing), 432 
Shrink fit^ 790 
comparison with force fits, 791 
standard (table). 793 
Shrinkage, oi uastlnM, 298 
, of refractories (table), 731 
rings on thick cylinders, 448 . 

Shunt generators, 1722 
motors, 1725 
Sidereal time, 82 

Sigma function for rhoist air (dof.), 375, 
(table), 375 

Significant figures, number of, 88.. . 

Silcrome, 674 

Silent cmrine. 841 

Silex (painte), 673 

Silica brick, 728 

diatomaoeous (beat insulator), 716 
_ eel, refrigeration system, 1858 
plicate of soda (adhesive), 698 
(grinding) whwla, 695 
Silicon curbide (abrasive), 696 ' 
(refractory), 730 
steel (ere sfftcon) 

^fibeT,709.. 

aUimanite. (electrical insulation), 708 
Sil-O-Cel (heat insulator), 717 
Silver-polders, 649, (table) 650 
Similar figures, 99 . '. 

Smplatevalvo (compressor), '1644 
ampsoo B rule for areas and volumes, 106. 

, .111,, 1797 „ 

Kmultaridous ,, equations, , contour-line 
.. . charts for, .179 , 
solution of, 119 
by determinaufs, 123 
Bum (tegonometiy), 129 , , ' 
graph, 174 . , 

tables, 46-47,' 62-66 ■ ' ■ 

Kngle-phaaealtemaibrs, 1732 'V. 
induction motors, 1745 ' 

power measurement, 1716 



UNITS 


VIBRATION 


Units, absolute and eravitational aya- 
tems of, 196-197, (table), 73 
c.g.s, system of, 73 
electrical and magnetic, 1686 
heat (def.j, 298 
magnetic (table), 1701 
systems of, 72 

Universal joints, 808 
motors, 1746 

U.S. standard gages for sheet metal 
(table), 683 

Utilisation coefficients (illumination), 
1586 

U-tube» (pressure gages), 1792 


Vacuum, augmenter, 1224 
evaporation, 346 

for steam entries and turbines, most 
economical, I22S 
gage, mercury, 1791 
corrections for (tables), 1790 
in surface condensors, 1224 
measurement of, 1791 
pumps, 1613 
tubes (radio), 1773 

Valence of chemical elements (table), 630 
V^70, 7&17SS, ammonia, 944 
analyses of east iron for (table), 687 
bodies, materials for, 946 
compressor, 1643 
cross (tables), 948 
cutoS, 1046 

diagrams for steam engines, 1044, 1119 
dimensions of (tables), 947 
disk (pump), 1621 
disks, 898 

D-type (steam ends of pumps), 1621 
flanged, cast-iron, drilling templates for 
(table). 932 
for pipes, 953 

for steam end of pumps, 1621 
gate, 945 

gcata, steam-enpne, 1043, 1110 
globe (tables), 948 
gridiron (engine), 1041 
high-pressure and -temperature steam, 
913 

inside screw, 946 

lap and lead of steam-engine, 1044 
leather-faced (pumps), 1621 
motion, duplex steam pump, 1621 
multlported (engine), 1046, 1122 
oils, 747 

outside screw, 945 
piston, 1046, 1124 
poppet, for steam-engines, 1047 
reciprocating pump, 1G21 
rubber disk (pumps), 1621 
selection of, 946 
slide, 1043, 1122 
steam-engine, 1043, UlS 
steam velocity through, 1051 
van der Waals equation, 311 
Vanes, curved, pressure of liquid stream 
against, 279 ^ 

Vapor, vapors, 320-348 
-compression machiiiea (refrigeratiem), 


V*por, vapors (continued) 
condensing, heat transfer coefficients of, 
394, (chart) 395 

flow of, 353 (see also FIoio, of steam) 
lamps, 1576 
pressures (def.), 303 
of liquids (table), 304 
of water, for low temperatures 
(table), 374 

properties of (tables), 325-344 
refrigeraijne machines, 1852 
saturated (oef.), 320 
and superheated, expansion of, 324 
superheated (dct.), 321 
temperntwe-entropy ebarfa for, 322 
thennodynamie equations for, 321 
Vaporization, Hildebrand function for 
enthalpy of, 302 
latent heats of (table), 303 
Vara (def.), 70 
Variation (algebra), 113 
Varnish, varnishes, 675 
asphalt, 675 
insulating, 675, 705 
oils used in, 721 
remover (benzol), 703 
shellac, 727 
use of resin in, 675 
VatB, (reactive current; def.), 1711 
Vector (def.), 186 
aBaiysis, 186-387 
velocity, 192 

Telocity, velocities (def.), 100 
angular (del.). 196 
coefficient (hydraulics), 253 
in turbine nozzles, 358 
composition of. 192 

conversion table for linear and angular, 
8D 

critical (turbulence), 264-266 
equivalents (table), 78 
bead (hydraulics), 251 
conversion scale for, 254 
lucicrs, 1^0, (table) 1799 
(vibration), 626 
of approach (hydraulics), 267 
correction factors for (flow meters; 
table), 1804 

of sound in various media (table), 1688 
ratios (mechanism), 752 
resolution of, 192 
units of, 73 
V^ox boiler, 989 
Veneere, glue for, 697 
Vent condenser, 1258, 1261, 1275 
Vent fans, 1542 

Ventilstion. lSlO (»ee dso flealiiiff, vefili- 
lotion ond oir-eondftioninp) 
Venturi meters, 261-263, 1806 
orifice, discharge coefficient of, 256 
tables and charts, 1799, 1806 
Vereed sine (trigonometry), 129 
graph, 174 

V-guides, friction in, 237 
Vibration, 605 
absorption of, 612 

coefficient of damping, 506, (def.) 607 
damped, 506 

difierential equation for, 172 



SINKING FTTND 


SPHERES 


Sinking fund, table for, 67 
Sphons, 271 
Sisal (fiber), 703 
hemp, 711 
Sizing, glue for, 697 
Skelp (steel: def.), 542 
Skim, coat (plastering), 701 
^in friction, resistance (ships), Sgg, 1391 
Slab (steel; def.), 542 
Slate for roofing, 724 
Sleds, friction of, 236 
Sleeve coupling, 920 
iSJI? 

Slide rule, types of, 97 
use d, 94-97 
valve, 1043 

Slider couplinge, double, 803, (t^ble) 804 
Sliding bearings, 876 
-block linkage, 750 

Sling chai^^saf e working loads for (table), 

hooka, dimensloiia of (table), 8|5 
paychrometer, 374 
Slip, ratio of screw ptop^ere, I409 
-nng inductiMi motors, 1743 
Sluj (def.), 73 

Sluice gates, flow through, 263 
Slushing oils, 687 
Soap, 702 
test (oils), 746 
Soda ash, 703 
caustic, 703 
sal. 703 

Sodium chloride brine, propsrUes «{ 
(tables), 1879 
hydrosuiphite, 703 
-rapor lamps, 1577 
Softsnera (foundry practice), 595 
&oldered<|omt fittings, A.Sj^. ataadard, 

Solders, 649 
brasiog, 649, (table), 660 
silver, 649, (table) 650 
soft (table), 649 
Solenoids, 17CS 
mmetie puli of (table), 1763 
Solids, buoyancy of, 249 
center of gravity of, 208 
melting points of, 296 
momenta of inertia of, 209, 212 
JVsyvBSK, Si? 

of revolution, c of g of, 209 
rotation about axes, 219 
ep gr, and density of (table), 5^2 
by ImmerBion, 260 
specific heats of, 299, (table) 3()0 
surface and volume of various, 107 
thermal conductivity of (tsblts), 387. 
388 

thermal expansion of (table), 29g 
volume of, by immersion, 260 
Bolubility, of gsaes in water (table), 531 
of salts in water (table), 631 
Soluble oils, 747 

Solution pressures of metals (def,), $50 
Solutions, specific heat of, 303 
Sorbite, (def.), 844 
Sound, 1688 (see also iViriie) 
absorption, 1696 
coefficient of (def.), 1595 


Sound (eonrinued) 
analyzer, 1504 
aurUble range of, 1688 
beat-frequency osciQntor, 1591 
intensity level of, 1589 
•level meter, 1590 
levels (table), 1591 
loudness level of (def.), 1689 
masking of, 1590 
quality of, 1589 
^nsmission loss, 1593 
in building partitions (table), 1593 
ffdaettf cl, ia sic, 1583 
in various media (table), 1588 
vibration pickup, 1501 
wave length of, 1588 
Soybean oil (paints), 674, 721 
Space-factor, in winding magnets, 1772 
Span (unit of length; del.). 70 
Specific gravity (def.), 84 
of brines (tables), 1879 
d calcium chloride solutions (tables), 
1879 

of liquids (conversion tables), A.P.I., 
85; 6aum6, 86 

of magnesium chloride solutions 
(tables), 1880 
of metals (table), 60S 
of sodium chloride solutions (table), 
1879 

of solids by immersion, 250 
of stone and brick (tsble), 419 
of various substances (table), 632 
d water at various temperatures 
(table), 534 

heat, 299-303, (del.), 299 
mean molal (chart). 302 
of dry and saturated au, 1636, (tables) 
1635, 1637 
gas mixtures, 313 
of gases, 800, (tables) 301, 310 
variable, changes of stato with, 316 
of iron, mean (table), 3QQ 
of liquids (table), 300 
of metals (table), 003 
of mixtures, 802 
of refractories (tables), 731 
of solids, 299, (table) 300 
of adutions, 303 
of water (table), 200 
d woods, STS 

6p(Kd, of centrifugal pumps (def.), 1605 
Speoifintions, (see name of makrial, 
machine, structure, etc.) 

Speed, control of d-c motors, 1728 
of d-o series motors, 1730 
of induction motors, 1743 
counters, 1795 
measurement of, 1795 
Spelter, 644 (see also Zinc) 

Bperm oil, 746 
properties of (table), 746 
Sphere, spheres, and flat plate, deforma- 
tion of, under compression, 449 
gaps {high voltage measurement), 1719 
htdlow, volume of, 109 
strength of, 446, 448 
sdid, deformation of, under compres- 
sion, 449 

surface and volume of, 109 



VIBEATIOK 


F1.7BS 


Vibration (con/ir.wi) ' ' 

forced, 50G 

ol roSatine JEsoidoes, B07 
free harmonic, 505 
in ships, 1171, 1440 
instruments, 523 
lateral, of bars, 518 
measurement of, 523 
by adjustable organ pipe, 523 
non-harmonic; 509 
of elastic body, 289 
of membranes, 620 
of plates and diaka, 521 
of shafte, 613 
of turbine blades, 620 
of turbine dieka, 522 
pickup (sound), 1591 
problems, solution of, 508 
torsional, of shafts, 613 
Vibrator (molding), 1614 
Vibrographs, 524 
Vibrometera, 623 
Vickers hardness test, 431 
Vmyon (synthetic fiber), 711 
Viscometers, 244, 1905 
Viscosity (def.), 244 
change with temperature, pressure, 245 
coefficient, of, 244 
convereiou table for, 244 
ind« (def.i chart), 741 
Idnsmatie, 244 
conversion factor for, 245 
formulas, 244-246 
table for, 1905 
of $asea (chart), 360 


of Souids (table). 245 
of lubrlcsdsB 


oils (U,S, Navy specif.; 
iBoi^, 1004 
test for, 739 

of oils, temperature variation of (table), 
740 

Visibility, 1571 
meters, 1585 

Vitrified grinding wheels, 695 
V-Dotches, flow of water through, 261 
meters, 1802 

Voith-Schnef Jer propulsion system (ships) , 
1428 

Volt (def.), 1687 
Volt-ampere (def.), 1689 
Voltage, 

regulation of a-c generators, 1733 
with synchronous converters, 1747 
regulator, Tirrill, 1735 
Voltmeters, 1714 

Volume, volumes, and capacity eqniro' 
lente (table), 70 
change under stress, 440 
conversioa tables for, 76, 77 
measures of, 70-71 
of similar figures, 99 
of solids by immersion, 250 
of various solids, 107 
units of (def.), 70-72 
Volumetric efficiency (compressor), 1646, 
1648 

Vulcanite, 726 
Vulcanised fiber 708 
rubber, 727 
wheels, 696 


W&ka and wake fraction, 1405, 1419 
Ward leonard method of speed control, 
1729 

Warping winch, 1463 
Washburn & Moen wire gage (table), 583 
Washita stone (abrasive), 694 
Waa(« gas temperature, 1360 
heat boilers. 1360 
wool and cotton, 711 
Watch oils, 747 

Water, boiler, 1017 (see Fttd mttr; Boiler 
tetUer) 

broke, 1810, (table) 1606 
compressibility of, 246, (tables) 297, 534 
deaeration of, 660, 1251 
flow, in open channels, 276 
in jnpes, 268-270 
in sniflil tubes. 272 
over weirs, 259-264 
through orifices, 253-256 
glass (a&esive), 608' 
nammer. in piM lines, 274 
allowances tor cast-iron pipe, 913 
relief devices for. 276 
heat transfer coefficients to or from, 
393 (see Heat iron»/er) 
jet exhauster, 1640 
impact, 223 
measure, 71 

of flow of, 1801 (sM Jlfeferj) 
meters, lffi)i {m Melen) 
lose of bead in, 271 
wrir, 1802 

pressure, coDvereioa factors for, 248 
conversion scale for (fig.). 248 
rates, of steam turbises, 1195, 1203 
seal (packing), 898 
aolubility, of gases in (table). 531 
of inorganic substances in (table), 631 
sp gr and density of (table). 533 
at various temperatures (table), 534 
specifle heat of (table), 299 
thermal conducuvity of (table), 387 
treatment, 1017 (res Boiler water; feed 
wafer) 

-tube bmlers, 978 
marine, 977 
vapor (see ofso ,S(eain) 
craissivity of, 407, (chart), 407 
in air (dmrta), 376 
pressure of, for low temperatures 
(table), 374 

refrigerating machine, 1852 
refrigeration, 1856 

saturated, for low temperatures 
(bdjle), 374 

pressuic-tcmperature relations of, 
374 

specific heat of, 301, 1635 
Watt (def.). 73. 1688, 1696 
governor, 860 

Wattless current (def.J, 1711 
Watthour (def.), 1089 
Wattmeters, 1715 ( 
jdyphass, 1717 
Wave, length of sound, 1588 
retiataBce (ships), 1391 
Waves, alternating current, 1709 
radio, 1776 


2610 



SPHERES . 


STBiH 


SplLQte, fipTierflS (coniinwcft 
theorems on, 100. 109 
volumes (table), 36-37 
Spherical degree (def.), 110 
excess, 134 

sector, surface and volume of, 109 
segments, areas of (formula), 38, 109 
volumes of (formula and table), 38 
triangles, area oi, 110, 134 
solution of, 134 

•wedge, surface and volume of, 110 
zone, surface and volume of, 109 
Spheroid, volume of, 110 
Sph^roidizing (heat treatment; dcf,), &46 
Spikes (tables], 968 
Spindle oils, 747 
Spindles (see Shafts) 

Spiral, Archimedean, 184 
gears, 821 
nyperbolio, 184 
logarithmic, 166 
pipe, 919 

Bplined shafts, 787 
torque capacity of (table), 788 
Bpoh-welding, electric resistance, .1838 
8ptay-o-fiako (heat insulator), 716 
Spread reflection (def.), 1579 
Spring, springs, 478 
balance, 1796 
coiled, 481 

compound (leaf or.laminated),4?9 
conical, 483 
cylindrlcahlielical, 482 
strength and deflection of (table), 483 
deflection of, 479 
work done In, 479 
elliptic, 481 
’flaMeat, 479 
helical, 483, (tables) 484 
'loaded governor, 830 
plate, fiat, 479 
resilience of (table), 441 
safe loads on, 479 
semi-elliptic, 481 
shaft-governor, 861 

singledeaf flat, strength and deflection 
of (tabic), 480 
spiral coiled, 482 
steel, 670 

composition ’and heat-treatment of 
(table), 570 
wire for, 670 
straight-bar torsion. 482 
time of vibration of, 479 
torsion, 482 

Sprocket wheels, chains for, 834, (table) 
835 

for chain drives, 835 
diameters for (formulas), 840 
teeth for, deeign of, 840 
link-chain (table), 843 
Spur gears, 816 (see Gears, spur) 

Square roots, 90, (table) 12 
Squares (table), 2 
summation of 'series of, 115 
Squirrel-cage motors, 1742 
StabUity, of floating bodies, 249 
of ships, 1385 
Stainless, alloys, 571 
iron, 674 


s (confinued) 

Bteel, 671 

corr<«ion resistance of, 669 
Standard industrial board (lumber; def.), 
684 

ton (refrigeration; def.), 1868 . 
wire rope, 956 

Star connections, three-phase circuits, 
1713. 

Starches, use in adhesives, 731 
Starting boxes for shunt motors, 1725 
compensator for a-o motor, 1742 
devices for n-o motors, 1742 
Static electricity (def.), 1705 
load (dei.), 442 
safety factors for, 442 
nnbalance (def.), 51D 
Statically determinate and indeterminate 
supports (def.), 202 
Statics, graphical, 202-206 
of trusses, 229 
of framed structures, 226 
of rigid bodies, 197-213 
Stayed aurfaces, flat, atrength of, 475 
Steam {set also Water sapor) 
accumulators, 348-349 
boilers, 977 (tec alto BoUtrt) 
caloiimetcrs, 1816 
conslaat pressure expansion of, 324 
volume expansion of, 825 
consumption, of engines, 1029, 1068 (ecc 
Steam enpine, economy) 
of turbines, 1195, 1203 
cycles, 34^48 
cylinders, lubrication of, 1899 
desuperheating of, 993 
dissociation of (table), 368 
emulsion test for lubricating oils, 743 
ends of pumps, 1621 (see fiocipraeatfng 
pumps) 

enpnes, 1022, 1053 (sec Steam enginet 
bdovi) 

enthalpy-entropy charts for, 324, 326- 
327 

flow, in pipes, 858 
effect of flttings on, 360 
throttling by, 361 
through diverging nozzles, 356 
through nozzles, 1184 
through orifices, 355 
velocity coefficients for, 368 
through turbine buckets, 1186 
wire-drawing from, 361 

E sgee. 1793 ^ 

eat transfer coefficients to or from. 
394. (chart) 395 
heating, 1510, 1526 

isentropio expansion of (table), 325 

isoOremal expansion of, 324 
jwkete, 1036, 1062 
•jet air pumps, 1222 
UowerB, 1639 
exhauster, 1639 
linra, expansion joints for, 940 
meters, 1801 (see ilfeiera) 
moisture ia. measurement of, 1816 
MoUier chart for. 324 
nozzles, design of, 366 
flow through, 1184 
ovwexpansion in (table), 1187 



WEDGE 


WISE 


Wedge, rectangular, volume of, 109 ' 

spherical, volume of, 110 
Wedges, friction of, 237 
Weii^ing scales, 1796 ■ 

Weighta, weight (ste moiertal, apporofiu 
in ^csiion; also 5peri^c grinUa! 
Density) 

and measures, metiio, 73, U,8., 70 • 
atomic (table), 630 ‘ ’ 

conversion table for, 77, 78 
equivalents (table), 78 
fundamental equation of, 196 
per cu ft of various materials (table), 
632 

Weir, weirs, Basin’s formula for, 2G2 
Cippolctti, 281-263 
closed feed-system (marine), 1251 
discharge scale for, 260 
flow of water over, 269-264 
Ftcley and Steam’s formula for, 262 
inverted-notch, 262 
meters, 1802, (table) 1799 
narrow, 262 

rectangular-notch, Francis formula for, 
259 

Rehbook formula for, 262 
elisrp-erestedi Francis formula for, 260 
Bubmerged, flow over, 2C3-2C4 
tilan^uiar-notch, 261 
velooity-of-approach effects. 262 
V-notch, 201 

Weiss universal joint, 808 
Welding, 1829 (sesuiso IFrids) 
aluminum and alloys, 1818 
atomie-bydrogen, speed of (table), 1833 
brass, 1834 
bronze, 1834, 1846 
cast iron, 1846, 1847 
drafting symbols for, 1841 
electric arc, 1829 
atomic-hydrogen, 1881 
automatic machines for, 1831 
' currents and speeds for (table). 
1832 

carbon arc, 1831 
coated electrodes for, 1830 
current, i« (tables), 1B32 
deoxidizers in, 1830 
electrodes for, 1832' 
metal grooves, proportions of, 1833 
of heavy sections, 1832 
reducing flame, 1831 
semiautomatic macUnes for, 1832 
shielded arc, 1830 
technique, 1832 
voltage for, 1829 
electric flash, 1836 ■' 
electric resistance. 1837 


data for (table), 1841 
of steel tubing, 1840 
' projection, 1839 
pulsation, 1840 
seam, 1840 
shot, 1839 ■ • 
spot, 1838 

electronic tornado, 1831 
facing by, 1843 . 


Welding (eonfsniMi) 
gas, 1833 . 

by machine, 1835 
fluxes for, 1835 ■ 
jmnts for, 1829 
malleable cost iron, 1847 
monel metal, 1848 
luckd alloys, 1848 
oxyacetylene, 1834 , 
oxyhydragen, 1834 
mpes, 947 

etol and steel alloys, 1844 
thermit, 1842 
mold for, 1842 
wTouehtiron, 1847 
Welds (see aleo Weldino) 
riectric resmtnnce, strength. of, 1838 
metal, physical properties of (table), 
1833 

strength of (tables), 1833, 1834 . 
thermit, strength of, 1843 
WeU mlB. 747 

Wcstii^hoQse dynamometer (table), 1808 
Leblanc rotary air pump, 1222 
Weston cell, 1697 
Wet-bulb psychroroetcr, 374 
Wetted surface (ships), 1384 
Whole oil. 745 
properties of (table), 746 
Wheatstone bridge, 1720 
■Wheeler flash-port vacuum pump, 1644, 
1645 

White-iron castings, analyses for (table), 
58? 

lead (paints), 673 - 
paint, factory, 676 

■Wiltworth pipe threads (table), 768 
quick-return motion, 751 
screw threads, 758, (table) 759 
tap drill sizes for (table), 778 
Willans ]ow_ of steam consumption in 
engines, 1032 

Winch, winohes, anchor, 1451 
cargo, 1457 
mooring, 1463 
testing of, 1931 . 

Ud3 

Windage loss in steam turbines, 1190 
Windlass, anchor, 1451 
Window gloss, 713 
Wire, 

copper, (see olso Copper wire) 
ampere ratings of (table), 1763 
A.S.T.M, Bpeoifications for (table). 
626 ' 
standard annealed (tabic), 1691 
drawing (throttling of fluid flow), 361 
gage, American, 1690 
gages (table), 583 
insulated, types of, 1762 
mtipet. 1772, (table) 1771 


ippe, 956 
castflteel. 957 
coarae-laid, standard, 959 
connections, 963 ■' 
drums for, 956 
-fittingB, 963 ■ 
fiat (table), 969 . 
drums and sbeaves for, 961 


2011 



STEAM 


Steam (conlinued) ' ■ 

pipes, {m dso Pipes; Piping) 

A.S.T.M. specifications for (table),. 
912" 

coverings,, cconomica] thickness of 
(chart), 399 

heat transmi^on through, 398 
piping, A.S.A. code for, 9J3 
pressures and^ temperatures (nuuine 
applications), 977 '' 

properties of, 320-335, (taUcs) 328-336 
pumps,' 1620 

quality of, 320 ' . . 

determination of, 1816 
reheating, 1202 

saturated (tables), 328-332, 336 
specific heat of, 301 
' superheat contrd of, 995 
superheated (tables), 333-334 
iecntropic expansion of, 325 
tables, 328-335 
saturated steam, 328-332 
for condenser calculations, 336 
superheated steam, 333-334 
temperature-entropy chart for, 322 
thermal conductivity of (table), 390 
thermodynamic properties of. 326-336 
turbines, 1180 (see Steam turbines bdw) 
wet, cScot of, on lubricants, 1899 
flow through nozzles, 358 
quality d, 1817, (del.) 320 
Steam engioes, 1022, 1053 (see alto 
Reeiproeotin; enptaes) 
and turbines, water rates of (tables), 
1042 

bearings for, 1061, 1097 
clearance in, 1024, 1077 
compound, 1025, 105? 
clearances for, 1027 
cylinders, site of, 1027 
diagram factors for, 1027 
efficiency of, 1028 
governing of, 1028 
mean effective pressures in, 1026 
receivers for, 1025 
superheated steam in. 1028 
terminal drop in, 102$ 
connecting rods, 849 
cover plates, fiat, 846 
crank shafts for. propcTtiona of, 801 
erossheads, 849 
guides for, 1051 
pins, 849 
shoes, 849 
cut-off (table), 1023 
cycles, efficiency of, 1029 
cylinders. 846 
head, 840 
materials for, 1051 
development of, 1041 
drive for compressors and pampa, 1043 
economy factors, 1029 
altitude, 1034 > 
back pressure, 1033 
clearance and compresnon. 1037 
cylinder condensation, 1036 ' 
expansion ratio, 1034 
friction, 1037 
multiple cxpaniuon, 1036 
leheaters, 1037 • 


STEAM TTlRBililES 

Steam engines, economy factors (con- 

ftnue(f)_ 

speed and size, 1037 
steam dryness, 1032 
jacket, 1036 
pressure, 1029 

superheat, 1032, (table) 1033 
economy of, 1029 (see aho Steam 
engines, economy /oefors) 
condensing and non-condensine 
. (table), 1035 , 

ideal (tables), 1029 
with saturated steam (table), 1037 < 
efficiency of, 347, 1028 (see 5(fdm 
engines, economy of ) . 
frames, 1051 
friction loss in, ,1037 
governing of, 1052 
governors, 8S9 * 

high back-pressure, 1042 
id^, cycle of, 1022 

economy of (tables), 1029 
heat consumption of (tables), 1029 
indicator diagrams of, 1022 
indicators, 1812 

link gears for, 1049 ' 

lubrication of cylinders of, 1899 
marine, 1053 

mechanical efficiency of, 1038 
multiple expaneion, 1036 
performance of, 1029 (see Steam engine, 
Konomy of) • , . 

pistons, 846 
and rods, 1052 
rings, 847, 1052 
rods, 848 

ends for, dimeorio&s of (table) , 846 
speeds of, 1024 

tjuadruple, regenerative cycle for, 1040 
radial 'mve gears for, 1050 
lUnkine cycle, effioleneles of (table), 
1031 

reversing gears for, 1049 
rotary, 3028 

rotational speeds of, 1024 
simple, 1022 
compression in, 1025 
cylinder dimensions of, 1024 
diagram factors for, 1023 
mean-effective iircssuro, 1022 
ratios of expansion for, 1022 
superheated steam, 1025 
steam consumption of, 1029 (see <Sieam 
enyine, economy of) 

Stuffing boxes, 851 
tangential effort curves, 856 
theory of, 346 
unifiow, 1038 
uses for, 1040 

vacuum for, most economical, 1226 
valve gears for, 1048 
valves, 1043 (see also Falses) 

Willans law for, 1032 
Steam turbines, 1180-1216 
advantages of, 1184 
BBtem operation, 1203 
balancing, 1197 
bearings, 1200 
blades, fastening of, 1198 
height of, 1214 



WIRE 


YOUNG’S MODULUS 


Wire, rope leonlinued) 

flattened strand (table), 961 
galvanized, 963, (tables) 963 
guy (tables), 966 
hawser (table), 965 
rigging (tables), 966 
running (table), 966 
special grades (table), 964 
steel (table), 964 
handling of, 957 
iron, 957, 980 
lubrication of, 1903 
materials for, 956 
plow-steel, 958, 960 
sash cords (table), 967 
sheaves for, 956 
Bteei-olad, 962 
strength of, 956 
tiller (tablej, 987 
working loads for, 956 
sizes for motor branch circuits (table), 
1760 

steel gage (table), 583 
strength and weight of (table), 582 
strand, galvanised, 963, 964 
tacks (table), 970 

Wiring calculations, for a<e circuits, 1760 
for d'C circuits, 1759 
diagrams, generator switchboard, 1766 
8ii\gle»phttseint«wr, 1760 
three-phase a-c circuits, 1761 

Wittonbauer’s analysis for flywheel per* 
(ormance, 859 

Wood, woods, 677 (see also Lumbtr; 
Timhtr) 
alcohol, 60S 
bark, 686 

board measure of, for joists and scant* 
lings (tabic), 635 
elaeslficatioQ of, 677 
cleavablUty of, 679 
commercial names for, 710 
decay of, 6SC 

defects in (definitions), 677 
density of (structural sizes; table), 689 
destruction by insects, 681 
by marine animals, 680 
drying of, 681 
?!.'«&(<». 

hardness of, 678, (tables) 678, 687 
test for, 432 
heat value of, 679 
knots in, types of (def.), 077 
life of, 680 

effect of treatment on. 683 
modulus of rupture vs. spgr (diart), 690 
moisture contents of, 686, (table) 687 
physical properties of, 678 
preservation of, 681 
preservatives, 682 
pulp, in paper manufacture, 722 
screws, 772 (see Screws, weed) 
seasoning of, 681 
shearing strength of, 688 
soapy, friction of, 237 
sp gr and density of (tables), 532, 687 
specific heat of, 079 
strength of, 686, (table) 687 


Wood, woods, strength of (conftnued) 
effect of knots on, 689 
of moisture content on, 690, 691, 
(table) 690 
idafion to sp gr, 686 
atruclural sizes (table), 689 
'Btniehiral grading of, 683 
tenale strength of, 688 
toughness of, 688 
heatment, processes of, 682 
cost cd, 683 
effect of, 663 

Tolumc shrinkage in drying, 688, (table) 
687 

weathering of, 680 

wdght of, 678, 680, (tables) S32, 687 
wool, 711 

wotl^ stresses in, 684, (table of basic 
stresses) 683 

correction factor for exposure of 
(table), 684 

Woodruff keys, 786, (table) 785 
Wool fibers, 709 
mincrat 718 
wasle, 711 
Work (def.). 216 
computation of, rule for, 216 
conversion tables for. 79, 80 
diamm, 216 
hardening, 416 
muscular, 1911 
of friction. 237 
units of (del.). 73, 216 
Worthington feather valve (compressor}, 
1644 

Wrench openings, aUndsrd (table), 767 
Wrenches, sizes for bolting up flanges, 931 
Wringing fils. 790 
standard (table), 793 
Wrought aluminum alloys, 014 
iron, (def.), 535 

and eted pipe, 906 (see ?ipe, wroupht 
troa and steel) 

Aston process, 536 

bars, round and souare, weight of 
(table), 584 

Byers process, new, 530 
compostion of (table), 537 
ftsA W , ’Kdg.hb ot (.'Ato.) , 585 
manufacture of, 536 
mechanical properties of (table), 537 
shapes of finished, 538 
uses of, 53S 
welding of, 1847 
magnesium alloys (table). 637 
Wuest herringbone gears, 822 


Y, gas funciioo (table), 315 
Yard (def.), 70 
boara (lumber; def.), 683 
Y-coaiusctiong, three-phase dtouit, 1713 
Year, definition of the, 82 
Yield, point (def.), 415 

of non-ferrous metals (def.), 610 
strength (def.), 416 
of metals (table), 417 
Youngs modulus (def.), 414, 440 
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STBAM T'tlEBINBS 


STEELS 


Steam turtines, Wades (canlinned) 
materials for, 1197 ■ , ' - 

vibrations of, 520 
bleeder, 1270 

Mse oi, ill legeiiestti’Tt ateitot, l«6 
bleeding cycle for, 347, 1251 
buckets, flow of eteam through, 1181. 
1196 

velocity diagrams,' 1181, 1183 ’ 
clearances in, 1198 
condition curve, 1193, n94, 1268 
design of, 1196, 1212 
diaphragm, strength of, 473 
disks, 'vibration of, 522 
economy of, 1196 
efficiency of, 1195 

engine efficiency of (def,), 1191, manne, 
1196 

estraction, 1270 
gland sealing, 1199 
governing. 1207 
impulse (def.), 1180 
advantagea of, 1182, 1184 
bucket-velocity diagram, 1181 ’ 
multi-stage, 1180, 1188 
lahyritih pactauM for, 851. 1198 
flow of eteam through, 1198 
leakage of steam through, 1198 
leaving loss, 1194 
losses, 1190 
lubricatioa of. 1200 

marine, 1180-1216 
astern, 1203 

efficiencies of, 1195, 1203 
reduotion gearing for, 1441 
efficiency of, 1443 

nonales, and bucket efficiency (def.), 
1182 

design of, 1184 
efficiency, 1184 
flow of steam through, 1184 
overexpansioE in (table), 1187 
oils, 747 

operating pressures and temperatures 
for, 1264 

packings for, 1198 
performance, 1196, 1204 
reaction, 1180, 1189 
advantages of, 1182 
buekeWeloehy diagram for, 1181 
dummy pistons for, 1198 
end tWust in, 1198 
re-entry, 1183, 1202 
regenerative cycle for, 1260 
reheat, 1192 

reheating cycle for, 347, 1202 
rotation loss in, 1188, 1190 
variation of, with steam Quality 
(table), 1189 
rotative speeds of, 1197 
steam rate of, 1196, 1203, 1267 
steam reheating, 1203 
vacuum, most economical, 1225 
velocity compounding, 1180, 1183, 
1196, 1202 

velocity ratio of, 1182, 1196 
effect on efficiency (chart), 1196 
Steel, ateals (def.), 636 (see also CostsTms, 
sted) 


Steel, steels {eonlinved) 

Aging of magnet, 1767 • 
methods of decreasing, 667' > 

Wloys, 647, (def.), 635 (seeolso Alloys, 
it/A) 

castings, 588, 598 
corrosion-resisting, 669_ 
corrosion- and heat-resisting, 571 
properties of (table), 604 
S.A.E. specifications for' (table), 
563 

forganse, A.S.T.M. specifications for 
(table). 580 

hardness of, influence of heat-treat- 
mcat on (table), 552 
influence of elements on properties of, 
547, (table) 548 

influence of heat-treatment on 
(tables), 664 

lafluence of specimen siae on (tables) , 
666 

low-alloy, composition and properties 
of (table). 558 
■, uses of, 557, 559 
magnetic properties of (table). 576 
S.A.E. specifications for (tables), 560 
welding of, 1844 
annealing of, 545 
A.S.T.M. specifications for, 577 
austenitic tnongancse, 577 
bare, round and square, weight of 
(Uble),'684 
Bessemer (dd.}, 535 
manufacture of, 540 
Wooming-miU, 542 

boiler, A.S.T.M. specif, for (table), 578 
capped (def.), 541 
carbon (def.), 535 
application of (table), 656 
castings, 588 

hardness of, influence of heat-treat- 
ment on (table), 552 
S.A.E. specifications for (table), 560 
welding of, 1844 
carburized, annealing of, 554 
hardening of, 554 
caiburizing oi, 553 
casehardening of, 553 
castings, 588, 598 {see Casttnys, steel) 
chromium (stamlcas), 872, (table) 573 
S.A.E. BpecifioQtioas for (table), 561 
chromium-nickel (stainless), 574, (table) 

welding of, 1844 

chromium-vanadium (tool), compos!- 
tion of (table). 657 
S.A.E. Bpecifioations for (table), 661 
classi&calion of, 535 
cold-bend tests for, 579 
cold-drawn, physical properties of 
(table), 506 
uses of, 563 
cold-rolling of, 556 
cold working of, effect of, 642 
edlamiw, 491 

commercial, applications of (table), 566 
concrete reinforcement bars (specifica- 
tions; table), 578 
constitution of, 643 



2SBSZ 


moffiix 


Zeraz (sstl/reeia), propcrb'ea of (table), 
712 


Zerone (anti*free*c; table), 712 
Zeuncr valve diagrama, 1046, 1119 
Zinc, alloys, 045 
aluminum alloys (tabic), diS 
chloride treatment (wood preaervation), 
682 

coatings for metals, 667 
commercial, composition of (A.S.T.M. 
ejKcifications; table), 644 
production of, 644 
uses of, 644 

oopper-magneeium alloys, 645 
corrosion preventive in boilers, 663 
'lesistanoe of, 646 


Zinc (continued) 
die mtingg, 645 
fl^ng of, 646 

composition and properties of (table), 
646 

dust (protective coating), 675 
eScet of temperature on, 647 
plating, 667 
roUed,644 
fabrication of, 645 
testing of, 645 

Blrcngtb of, e^cet of creep on measuring, 
645 

sulphate (paint drier), 674 
while (pmnts), 673 
Ziroonia (refractory), 730 
Zones of spheres, areas of (formula), 109 
Zylo&ite (celluloid), 702 



8TZELS 


STEELS 


Steel, steels (eoniinue^) 
corrosion of, 658_ 
protection against, 667 
corrosion-resistiog, 571 
for superheater tubes, 66! 
heat-treatment for, 57l, 574 
titanium snd cdtunbium in, 574 
creep rates for (chart), 428, (table) 429 
crucible, 540, (def.) 635 
cutlery, properties of (table), 673 
deep-hardening (dcf.), 650 
liquids for quenchhigi 551 
defects in, 650 
removal of, 652 
deoxidising of, 651 
electric, 560 
furnace (def.), 550 
electrical sheet, 576 
fiat har, weight m (table), 586 
for turbine blading, 1197 
forging, effect of, 639 
forgings, A.S.T.M. speeificallona for 
(table), 580 
loT bolts (table), 775 
foundry practice, 602 
hammering, effect of. 542 
bardenability of (del.) 646 
effect of alloys on, 647. (table) 648 
hardened, tempering cf, W2 
hardening of, M4, (def.) 545 
effect of surface condition on, 551 
factors effecting depth of, 551 
heawesisting, 571 
hs&t'trsattQSQt of, 544 
carbon,^ temperatures for (table), 549 
quenching mediums for, 650 
relation of design to, 552 
8.A.E., critical temperatures for 
(table). 560 

time of, and cooling rate for, 549 
bigb-carbon, composition and uses of 
(table), 568 
high-speed. 665 

composition and uses of (tables), 569 
heaC-treatmeot of, 570 
hot-rolling of. 556 
hot working, effect of, 542 
hysteresis loss in (table), 1704 
ingots, defects in, 540 
IdSed (dcf.), 540 V 
leaded, 660 
loW'CaiboQ, 556 
composition of (table), 537 
loss of ductility in welding, machin- 
ing, etc., 659 

low-aUoy, composition and properti'ea 
of (tabic), 558 
uses of, 557, 559 

mechanical properriee d (table), 557 
S.A.E. sperifications for (table), 560 
sheet and strip, 555, 557 
uses of, 566, 557 
S.A.E., 559 

machinery, influence of heat-treatment 
on (tables), 664 

influence of specimen aze on (tables), 
5GG 

magnet (permanent), 1767 
magnetic properties of alloys (table), 
576 


Steel, steels (continued) 
manganese, 577 

S.A.E. specifications for (table), 562 
welding of, 1845 
manufacture of, 639 
mechanical treatment of, 642 
ffiicrcscopic structure of, 543 
S.A.E. specifications for (table), 561 
nickel chromium, forgings, A.^T.M. 
specifications for (table), 580 
S.A.E. specifications for Uable), 662 
structural, A-S.T.M. speciDcations for 
(table), 67S 
nitralloys (table), 556 
non-magnetic, 577 
open-hearth, 639, (def.) 635 
pipe, 906 (see Pipe, steel, wrought iron 
and steel) 

pipings in (cavities), 541 
plate, specifications for (table), 578 
preesing, effect of, 542 
puddled (def,), 536 
punch, compeeatioR of (tables), 567 
aueoching of (heat-treatment), 550, 
(def.) 644 
rimmed (def.), 641 
rivet, specifications for (table), 578 
rolled, weight of (table), 585 
sheet, weight of (table), 5S2 



scabs in, 541 
scrap, 504 
scams in, 541 
segregation in, 541 
serai- (def.). 636 
semikilled (def.), 641 
ehallow-hardcmng (def.), 550 
liquids for queacfittig. S5l 
shapes, surface area of (painting), 674 
sheet and atrip, 556, (table) 567 
Udcrs’ lines In, 667 
silicon, 576 

•manganese, S.AJ). snecifications for 
(table), 563 

structural, A.S.T.M, specificatioos 
for (table), 578 
specifications for, 677 
spring, 570 

composition and beat-treatment of 
(table), 670 
wire, S7\! 

springs (vibration absorption), 512 
stainless, 571 _ 

corrosion resistance of, 572, €59 
creep of (tables), 575 
properties of (tables), 573, 576 
uses of, 672 

strength A.S.T.M. specifications of, 
677 

at high temperatures (table), 42G 
skip, mecbanical properties of (table), 
657 

temper rolling of, 657 
structural, for ships, A.S.T.M. specili- 
cstions for (table), 578 
paints for, 674 

specifications for (table), 578 
structure of, 643 
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GRAPHICAL RBPBBSENTATIOK OF FUNCTIONS 


Draw axes x, y, andY as in Metiiod 3, .and plot the network of curves Eiven 
by the equations 

. L_. 

^ Fi(r,5) +Fj(r,8), 

[To do this (Fig. 25), find the point (x,v) that cotrespondB to each given pair 
of values of r and s, by direct aubetitntion in the equations for z and y. Con- 
nect all the points for which r = 1 1^ a curve, and label it r = 1; connect 
all the points for which r ^ 2 by another curve, and labelitr =2;etc. This 
gives the family of r-eurves. Similarly, through all the points for which 
« = 1 draw a curve labeled « = 1; through all the points for which s = 2 
draw a curve labeled 4=2; etc. This ©ves the family of *-cuiwea, intersect: 
ing the family of r-eurves. Note, however, that if it is possible to eliminate 
e (or r) from the equations that ©ve z and y, the resulting equation in x,y, 
nnd T (or z, y, and s) can often be jdotted directly for ea(^ given value of r 
(orof«).l 

Next, construct the u- and v-acates along the axes of y and p' as in Method 3. 
[The tetters x, y, and y’, and the units used in plotting along these axes, should 
be omitted from the finished diagram, as should also the axis of *.] 

In the chart, as thus completed, any three points, (r.s), v, and v which lie 
in a straight line, correspond to values of r, s, v, v which satisfy the given 
equation. Hence, when any three of these four values are given, the fourth 
can be found from the chart. 



{r B' 1 5 V i T 

Fig. 25. Fig. 26. 


Method 4a. Given, an equation of the form 

Fi(r.s) . Pt{T.n) 

U V 

Draw axes of x and y as in Method 4, and plot the network of curves given by 
X = Pi{r,s), y = Ft(r,8). 

To do this, follow the plan outiined for a similar case under Method So, 
labeling each curve of ther-Iamily (Kg. 26) witii the corresponding value of f, 
and each curve of the s-famfly with the corresponding value of s. Next, 
construct the u- and v-scales along tiie x- and p-axes, precisely as in Method 4. 
Then any three points, (r,s), u, and n, which lie in a straight lino correspond 
to values of r, s, u, c which satisfy the pven equation. 

Method 5&. Given, an equation of tiie form 
P,(r.*) =7-Fi(r,8) -l-H. 

Draw axes of x and y, as in Method fi, and plot the network of curves given 
by X =Pi(r,8), y =F!(v), following the plan outlined for a similar case 
under Method 3o, and labtiing each curve of the r-fomily (or s-family) with 
the value of r (or e) to wlddi it corresponds. Next, construct the u-scole 



STSELS 


StrSTACES 


Steel, steels (eonJinwd) 

struoturee, corrosion d, 665 
surface area of (paintirig), 674 
temper, rolling of, 557 
tempering of, 646, (def.) ^ 
tires for locomotives, A-S.T.M. speci- 

tubes, dectric resistance welded, 1840 

tubing, sizes of, 906 

tungsten alloy, composition and uses oi 

S.A.il. specifications for (table), 663 
welding of, 1844 (sm also B'ddinp) 
wire gage (table), 684 
strength of (table) , 583 
weight of (table), 683 
Steering gear, 1466, 1933 
Stcfan-Boltzmann law (radiation), 400 
Steinmetz law of hysteresis. 1V(S 
Stellite {cohalt alloy tool material), 647- 
Stephenson link (entdne), 1049, Ull 
Steradian (def.), 110 
Steregon (def.), 110 
Stereotype metal (table), 643 
Stevens null formula, 1401 
Stewart's formulae for coli&P8S of tubes, 
446 

Stirling cycle, 818 

Stitch welding, electric resistance, 1840 
Stoke (unit of kinematic viscosity), 244 
Stokers, 1016 

Storage batteries, 1698 («» dto Bat- 

leria) 

capacity ol, 1690 

care of, 1700 

charging of, 1699 

effideocy of, 1700 

pasted type of, 1698 

rates of charging and discharging, 1690 

sp gr of electrolyte for, 1698 

stationary, 1700 

voltage of, 1899 

Straight line, equation of, 136 (see obo 
Lfne) 

Strain, (def,), 414 
gages (material testing), 436 
recorder (vibration), 626 
Strands, wire, 956 
Streamlining propeller blades, 1416 
Streams, flow measurement of, 277 
Strength, compressive (def.)i 416 
of materials, 413 (see nutiertoi, nuicfitns 
part, sfructure in giiMfvon) 
of metms (table), 417 
of stone and brick (table), 419 
tensile (def.), 416 
yield (def.), 416 
Stress, stresses (def.), 414 
allowable unit (working stress), 441 
apparent and true, 444 
combinations of, 498 
combined (compound), 493 
concentration, 420 
factor (def.), 420, (charts) 421 


diagrams for framed structures, 230 
in framed structures, 226-231 
in static plane structure, 205 
longitudiiiai, 438 


Stress, stresses (conftnued) 
method of joints, 206 
moment (def.), 456 
polygon, 205 

recorders (vibration), 526 
Rearing, 439 

-strain diagram, 414 
tangential, 439 

temperature, deformation by, 438 
volume change due to, 440 
String polygon, 203 

Stroboscope (speed measurements), 1796 
Strobotac (speed measurements), 179G 
Stubs gage for steel rods and sheets 
(table). 683 

sted wire gage (table), _ 683 
Studs, drilling and tapping cast iron for 
(table). 777 

Stuffing boxes, 851, 1079 
friotion of. 236 

Submerged bodies, loss of weight in, 250 
dams, fiow over, 263 
openings, fiow through, 256 . 
surfaces, pressure on, 248 
scale for, 248 
wdrs, fiow over, 263 
SubtractaoQ, algebraic, 112 
arithmetical, 88 
of complex quantities, 124 
of vectors, 186 

Suction lift of pumpsj (ebart) 1626 
eperifio speed (centrifugal pumps), 1605 
uiiloadeT (air compression), 16o2 

S of lead (paint drier), 674 

ur, air required for oombuetioii 
■ of, 365 

dioxide, in binary vapor engines, 1040 
properties of (tables), 842*^43 
refrigerant, 1856 

heal of combustion of (table), 364 

J iTodiicU of combustion of, 365 

phuric acid, freezing temperaturca of 
(table), 1699 

Sulphurous add (see Sulpliur dioxide) 
Suher two-oycle engines, 1321 
Summation, of senes by dilTcrcoecs, 115 
of squares and cubes, 115 
Supercharger, exhaust turbine, 1349 
Supercharging (engines), 13-17 
Superheated ammonia, properties of 
(table), 341 

ateam, (sec Steam, superheated) 
cSect on engine economy, 1032, 1062 
moompound cn^ca, 1028 
in simple en^nes, 1026 
properties of (tables), 333-334 
Bulphur dixoide (table), ^3 
vapors (def.), 321 
expansion ot^ 324. 

Superheaters, 993 
marine, 993 

Superheterodyne reception (radio), 1778 
Supersaturation, theory of, 367 
Bupprefflor grid (electron tube), 1776 
Surface, surfaces, combustion, 371 
condensers, 1216 (s«« Condenaers, lur- 
face) 

matte (illumination; def.), 1679 
of revolution, c of g of, 209 
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GRAPHICAL SEPRBSBNTATIOK OF FUNCTIONS 


Method C. Given, an equation of tiie form 


R-S 


V 

U 


In Fig. 30, take a pair of axes, x,y, and through the point a = 1 dravr a 
third axis, y', parallel to y. Also, take a second pair of axes, Xi,yi, parallel 
to (or coinciding with) the axes of x and y. Having chosen a euitable unit 
for X and ij, and a suitable unit for y, y', and jfe, lay off the values of R and 



S along y and y’, respectively, labeling each point with the value of r or « to 
which it coireaponds; and lay off the values of U and V along sj and yj, label- 
ing each point with the value of it or s to ■which it corresponde, Then if the 
line joining two points r and s is parallel to the Unc joining two points u and c, 
the four values r, s, ti, v will satisfy the given equation. 

For further examples, see R. C. Strachan, “ Nomographic Solutions for 
Formulas of Various Types,” Trana. Am. Soc. Civil Engineers, vol. 78, 1916. 


VECTOR ANALYSIS 

Many problems involving directed magnitudes can be advantageously 
treated by the methods of vector analysis. The following is a brief sum- 
mary of the principal definitions and fonnulte. 

'A set of arrows, each arrow having a given lengifi and pointing in a given 
SiTEdion, is called a set of vectors, provided they combine by addition ac- 
cording to the parallelogram law (see bdow). Notation: a or a for a vector; 
0 or j a I for its length. Two “free” ■vectors are equal if they have the same 
length and point in the same direction; two “sliding” vectors are equal if 
they have the same length and direction, and also lie in the same line. 

- A scalar is any real number, poative, negative, or zero. 

Addition of vectors.— If an arrow a is immediately followed, tip to tail, by 
a second arrow b, then the arrow which runs from the beginning of a to the end 
of b is called the sum of a and b, denoted by a -|- b Conversely, if a + 1 = 
b, then X ^ b — a. The laws of operation for -}- and — are the same as in 
ordinary algebra (pp. 112, 124). If m is a scalar, then ma means a vector 
hs^ving tbe same direction as a, and m times its length. 



SnSFACES 


TEZTOLITE 


Surface, surfaces (eonftnued) 
of various solids, 107 
specular (illumination; dcf.), 1579 
temperature measurement <rf, 1789 
tension (del.), 246 
of liquids (tabic), 246 
Surge tank, 1250 

Susceptance (electric drcuit), 1712 
(def.), 1688 

S.W.G. (wire gage; table), 583 
Swiaging-block linkage, 760 
Switcbboards, 1754 
bus bare for (table), 1755 
panels, 1754 

equipment for standard, 1766 
wiring diagrams for, 1756 
Switches, electric, 1766 
Syenite (rock), compoation of, 719 
Symbols, algebraic, 112 
and abbreviation's, liii-xviii 
chemical (table), 630 
for electrical and magnetic units (table), 

tor electrical apparatus, 1694 
welding, 1841 

SynchroDOUS condeneer, 1746 
converter. 1748 

switchboard equipment for, 1765 
impedance, 1734 
motors, 1746 

Taehometars, 1795 
Tacks, wire (table), 970 
Tallow, tallow oil. 745 
properties of (table), 748 
Tan bark, 686 

Tangent, tangents (irlgonometiy), 129 
graph, 174 
tables, 48-49, 62-56 
Tangenlial stress, 438 
Tanks, cylindrical, capadly of (table), 
914 

riveted joints for, 779 
time of emptying through orifices, 257 
Tantiron (corro.rion-rcaisting iron alloy), 
589, 060 
Tape, tapes, 150 
insulating, 706 
Taper keys, friction of, 238 
pins (table), 788 
Taps, pipe, drills for (toble), 76S 
sizes of drills for, 777, (table) 778 
Taylor's diagram forpropdlers, 1410, 1411 
parent hull form, 1394 
standard hull series, 1410 
stress method for propellers, 1423 
series, 161 

Tees, lose of head in (hydraulics), 271 
Telemotor (for steering contibl), 1476 
Tempaloy (aluininum-bronze), 628, 
(table) 623 

Temperature, temperatures, 

absolute scale, 295 , , . 

coefficient of lesistsDce (d^.; table), 
1090 

conversion tables for, 293, 294 
critical, of gaeca (def.; ^ie), 321 


temperature, temperatures (continued) 
entropy chert, for air, 323 
for steam, 822 
diagram, description of, 316 
explosion, with gaseous fuels (table), 
369 

fixed (for calibrations), 295 ' 
gradient (heat flow), 386 
ijiferred absolute zero, 2690 
inversion (Joule-Thomson effect), 361 
limits for electrical apparatus, 1749 
nieaauiements, 292, 1783 (see oJso TAer- 
mometers) 
accuracy of, 1790 
of surfaces, 1790 . . 

combustion, 366 
^ iron and steel by color, 296 
stresses, deformation by, 438 
pfct- and dry-bulb (def.), 373 
Ue^pering (def,), 645 (see also Heat 
treatment) 

of hardened steel, 552 
steel (dcf.), 544 

trtttnrgVti 'iM.'j, VA 
of alloys at high temperatures (table) , 
425 

of metals (table), 417 
at high temperatures (table), 425 
of stone and_ brick (table), 419, 
elongation and contraction due 
to, 417 

Terue plate, 643, 647, 668 
Test codes, power, A.S.M.B,, 1910 
specimens. 435 
impact, 436 
Testing machines, 432 
^ materials, forms of test speolmens in, 


grips for, 433 

machines and gages for, 482 
accuracy and calibration of, 434 
maximum speed permissible In, 434 
ship’s machinery, 1014 
an compressors, 1928 
anchor windlass, 1930 
boilers, 1919 
capstans, 1931 
cargo winch, 1081 
condensers, 1910 
diesel generator, 1923 
evaporating plant, 1934 
fans, 1927 

heating, ventilating, 1562 
installation, 1016 
insulation, 1918 
lifting gear, 1934 
oil purifisrs, 1928 
piping systems, 1917 
pumps, 1924 ( 
steering gear, 1933 
turbo-generators, 1922 
weighing Bystems for, 433 
Tests of metals, standard, 415 
effect of specimen size on, 419 
loading speeds of, 419 
Tetiuajer's formula for short columns, 492 
Tetrahedron, 100, 110 
Tetrode (electron lube), 1775 
Testolite, gear material. 328 , 
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This gives tlie u^and u-soales of the diagram. On the chart ae thus completed, 
any three points t, «, v which lie in line correspond to three values of I, u, » 
which satisfy the given equation. 

ExAMPUB (Fig. 23). Let («»)/(« +t), which may be written in the form 
{/« + {/5 - 1. Here =• u, V - - <• 

Note. If m =• « and n = eo , valttcs of « and « which &vo large values of U and 
F cannot bo ehown mthin the limits of tba paper. In euoh Bases the chart may be 
lupplemonted by a second chart, made aooording to Method 3, above. 

Method 6. Given, an equation which can ooovoniently bo thrown into 
the form 

Fi(t) » VM) +V, 

where, for the given range of values of t, tho lorgest variation in Pi(t) is less 
than a certain number m, and the largest variation in Fi(t) is leas than a certain 
tUitaW TV. 

Draw a pair of temporary a5,y axes, and, having tboson a unit for i equal 
to about (l/m)th of the width of the paper and a unit for y equal to about 
{l/n)th of ^0 height, plot the points (x,v) given by 


x - Flit), y -Fiit), 

labeling each point of the curve with the value of f to which it corresponda 
Connect these points by a smooth curve, which forms the f-scalo. Nest 
using the same unit for y as above, plot along the y-axis the values of If 
labeling each point with tho corresponding value of v. This gives tho U'Soale. 
Finally, with the origin as center, and any convenient radius, draw a circle 
cutting the x-asis in A. Along this circular arc, starting from A in the coun- 
terclockwise direction, lay off the an^es whose slopes are equal to V, 
labeling each point of the arc with tho value of r to which it corresponds. 
This gives the v*scale, which in this case, however, plays a peculiar role, since, 
in using this form of ohatt, two straight lines are required instead of one. 
Thus: 

In order to determine whetiier three valuw, (, «, r, 
satisfy the given equation, lay one straight line through 
the points t and u, and another etraight line through 
the point c and the origin; if these lines are parallel, 
the three values of t, u, v satisfy the equation. It 
will be noticed that the (unction of the r-scale here is 
to measure, in a certain sense, the slope of the line 
joining t and u. A chart of this type may bo called 
“ an alignment chart with a sliding scale for one of the 



variables. ■^nu-JlnefiM-aiSe’^asr 

Example, Let sin u " sis 60° sio < — cos 60* coa { cos r 24, 

(Fig, 2i), which may be put in tbs form 

(ein C0° sin () » ccs s (cob 60 ° cos 0 -f eia v. 

HerePift) a oos 60“ oos f,Fj (1) =» m6(P Bint, => sin u, V = cos % 

Alignment Charte for Pour Vaxiabha. The extenrion of mothods 3, 
4, and 5 to the case of four variables, aay r, s, «, p, consists essentially in 
replacing the t-scale of th'e eariier dizain by a network of two scales, one for 
r and one for «. The point where a curve r = n and a curve s = si intersect 
may be spoken of as the point (n,«i). lu the following equations, U denotes 
aa before any function of u alone, 7 any' function of t . alone; while PiCr.s) 
and F 2 {r,s) represent any functions of r and s. 

Method 3a, Given, an equation of iho form 

U‘Fiir,s) + 7-R(r,8) =1. 
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(Eefteed by J. 1^. San Hartoy and &. Haertleln} 


Motion In a Str^bt Line— RectiUnaar Motion 

The position of a moYing point at any instant may be stated by giving ita 
distance and diteotion from eome fixed point in its path '^viiich is taken as an 
orida- This distance 8 can be bdcen na a function oi the time t, giving the 
equation of porition 8 ** /(f). 

Velocity. The velodty ® of a movii^ point ia tie rate at ■which the dis- 
tance 8 changes with tes]:^ to the Ume f, and may be uniform or varjdng. 

9 B ds/<ff; 8 « jviL 

A apaca-tizao curve offers a convenient means for tie study of the motion 
of a pednt. The slope of the curve at any point will represent the velocity 
at tHt time. In Fig. 1(a) the elope is oosetont, as the graph is a straight 
line; the velocity ie therefore uniform. In Fig. 1(6) the slope of the curve 
varies from point to point, eo the velocity must vary also. At p and g the 
slope is zero, therefore tie velocity of the point at tie corresponding times 
must also be sera. 


US! 


The acceleration a of a moving point ie the rate at which its velocity v 
changes with respect to the time f, and may be uniform or varying, positive 
or negative. 

For rectilinear motion, a = Svjdl = <P8/dP; a = jjadfi = Jvdf. 

A Tolocity-timo curr® offm s coamuirat means for the study of accel- 
eration. The slope oi the curve at any point will represent the acceleration 
at that time. In Fig. 2(a) the is constant, so tie acceleration must bo 
constant. In tie case represented by the full lice, the acceleration ispositive, 
80 the velocity is increating. The dotted lino sho'WB a negative acederation 
and therefore a decreasing vdodty. In Fig. 2(5) the slope of the curve varies 
from point to point, so the acceleration must also vary. At p and q the slope 
is zero, therefore the acci^eration of the point at the corresponding times must 
also ho zero and the -vdotity uniform. The area under the velocity-time 
curve between any two ordinates such as Mr and HT will represent the dis- 
tance-moved in time interval AP. In the case of the uniformly accelerated 
motion shown by the fuliline in Fig. 2(a), the areaLlVfl!r is )^(M HT) X 
(OT ^ OL) = moan velotaty multiplied by tile time interval = space passed 
over during this time intard. la JSg. 2(5) the mean velocity can be obtained 
190 
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along the j/-asis, and tho o-scalo rfong a circular arc, precisely as in Method 5. 
Then any three points, (r,5), «, and v, which are so related that the lino 
through (r,s) and u is parall^ to the line ioining c with the origin, will corre- 
spond to values of r, s, u, t which satisfy tho given equation. 

Example for Method 6o (Fig. 27). I«ot cot u « cot r cos s + cso r sin s cot a, which 
maybewrittenCcoaroots) » oolofeiaresoe) -cotu. Hero O’ « - cot u, 7 ■= cots, 

f.(v) +“ -1. 

10 that the s-ourrea are ellipses and tho r-ourves hyperbolas. 


Parallel Charts, or Proportional Charts, for Four Variables. In tho 
following methods of representation there are four scales, one for each of tho 
four variables, and the method of using tho , 

diagram consists in connecting tn'o pairs of > ? ? « • 
points by parallel lines. 

Method Given, an equation of fheform 

j2 -s *= u - r 

where R, S, U, V are any functione of tho 
variables r, s, u, v, respectively. (It will be 
noted that any proportion .B/S « U/V can at 
once be thrown into this forai by taking tho ■ 
logarithm of both sides.) 

In Fig. 28, drawfour vertical axes, yi, yt, y't, 
y% such that the distance between yi aodt/i 
(which may be zero) is equal to the distance 
beween m and y't, and so that the four zero 
points lie in lino. Along these axes, using the 
saniflunitfQrallipIattEepointsgivoQbypi eB, ' 
n'l ■ S, 1/2 = U, y'i = V, and label each point 
with the value of r, s, u, or v to which it cor- 
responds. (The letters yi, yj, y'i, y't are tem- 
porary, and should not appear on the diagram.) 

Then if the line joining two points r and v ia 

parallel to the line joining two points « and t, , (irua^o^ . 

the four values ^ r, s.. u, v will satistv ibo given 
equation. In this and the following methods, ^iq, 27. 

a parallel ruler, or a pair of draftsman's tri- 
angles, will be useful in reading the chart. A “key" stating which points aro 
to be joined with which, should bo clearly given on the diagram. 

Example (Kg. 28). Let 32.2 w «• iijL or log p - 2 log « ■ log u - log (32,2 t). 
Here fi = log r, 5 = 2 log *,{/«• log «, F « log (32.2 *). 

Method B. Given, an equation of the form 





R V 

s" r 

In Fig. 29, draw a pair of axes, x,y, and parallel to them (or coinciding 
With them) a second pair of axes, Xi,yi, Using any convenient horizontal 
unit, plot along x and xi tho pointe given by a: = J?, ii = U, and using any 
coEvenientverticalunitjplotalongyandi/ithepoiatsgivenbyy =^S,yi -V. 
Label each point with the value of r, s, u, v, to which it corresponds. (Tho 
letters z, y, zi, y\ should not appear on tiie diagram.) Then if the line joining 
two points r and s is parallel to the line jedning two points u and v, the four 
values r, s, u, v will satisfy the givesn equation. 
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moves about 0 its projection moves from 0 to .Y, back. to 0, .then.to Y' and 
back to 0 again. This cydo of motion may be repeated indefinitely. It ost 
is the variable angle XOp, ibo displacement s of n from 

0 isrsinw(,Tvherer = Op. Velodtyn = da/dt , s = w 
cos at. Acceleration a = dv/dt, a = -tsV sin ut = 

— u^s. These equations asaume thatOp.starts from posi- 
tionOX. IfthereiBalesdanglcXOi/ =B,oranegativc x' 
angle known asalag.theczprossionvriU becomes = rsin' 

(ul jB) I * = wr cos (ut + B), o = — u*r sin (uC + B) = 

-u’s. When ojt has increased by 2 t, i.e., after the time 

1 == 2x/u has elapsed, a, s, and a regain tbdr original 
values, t is called the period of -tiie motion. The angle 
{<i)t -k B) is the phase angle. 



Fiq. 5, 


Composition aod fiosolution of ^olocitisB 

A velocity can bo represented by a vector, wHch is a straight line having an 
arrow representiag the ditecUon of the motion and a length representing its 
magnitude. 

Eesultaut. A velocity is said to be the resultant of two 
other velocities when itisrepresentedby avector that is the / 

geometrio sum of the vectors representing the other two vj 
velocities. This is the parallelogram of motion. In Fig, pig, g, 

0, Vr is the resultant of vi and vt and is represented by the 

diagonal of a parallelogram of which vi and vt are the sides; or it is the third 

side of B triangle of which vi and vt are the other two sides. 

Polygon of Motion. The parallelogram of motion may be extended to the 
polygon of motion. Let ®i, »j, ®j, (Fig. 7(a)l show the directions of four 
velocities imparted in the same plane 
to point 0. If the lines ti, vt. w, (Fig. 

7 (h)! are drawn parallel to and propor* 
tional to the velocities imparted to 
point 0, Vf will represent the resultant 
velocity imparted to 0. It will make 
no diSorcncs in what order the veloci- 
ties are taken in construeting the mo- 
tion polygon. As long as the arrows 
showing the direction of the morion 
follow each other in order about the polygon, the resultant velocity of the point 
will be represented in magnitude by the closing side of the polygon, but oppo- 
site in direction. 

Besolutlon of Velocities. Vdociries may be resolved into component 
velocities in the same plane, as shown by Fig. 8, Let the velocity of point 
Obevr. In Fig. 8(a) thisvelodtyia 
resolved into two components in the 
same plane as Cp and at right an^es 
to each other. 

Vr = V (®i)‘ + 

In Fig. 8(f>) the components are in 
same plane as ®r< but are not at 
right angles to each other. In this ease, 

Vr = V (*i)* + W* + 2nri COB B 


a fo) e Q 
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Multiplication of Tectora ia of two Idnda, as follows: 

The BCaiar product, or dot product, of two vectors a and b, denoted by 
a-b— or sometimes by Sab, or by (ab) in round parentheses— is defined os the 
scalar quantity ab coa 0, where 0 is the angje between a and b. 

ExAUPtE. If P is a force -whoac point of applicftUon moves along a vector distance *, 
then F-i = tnork done by T during this displacement. 

Feculmiiws of scalar prodwefs; (1) Since ft’b is not a vector, expressions 
like (a-b)-c will not occur; (2) from a-x « a-y we cannot infer that s = y, 
hence, quotients wiU not occur; (3) from a-b = 0, it follows that a is per- 
pendicular to b (unless a or b is zero). 

On the other hand, scalar products arc like ordinary products in the follow- 
ing respects; a-b « b-a, and (a -f b)-(c + d) = a-c -f- a-d b-C -}- b d; 
also, m(a-b) = (ma-b) = a-(mb), where m is any scalar. 

The vector product, or cross product, of two vectors f nd b, denoted by 
axb— or Ecmetimes by Vab, or by (abl in square btoctoil is defined aa the 
DWlof whose length is ab sin 0, where 0 is the angle betweer and b, and whose 
direction is perpendicular to the piano of a and b (in such t sense that a rightr 
handed screw advancing along axb would turn a toward b). 

ExoiptB. It F ia ft force acting on a parUcIo whose radius vector is r, then rxf 
a the lorgua of F about tho otigin. 

PecuKariJtcs of vector products: (1) axb «• - bxa, so that tho order of tho 
factors is always important; (2) axa = 0; (3) it is not true that ax(bxc) » 
(axb)xo; (4) from a>a = axy it does not follow that i » y; hence, quo- 
tients will not occur; (5) from a;<b « 0, it follows that a and b are parallel 
(unless a or b is zero). 

On the other hand, as in ordinary algebra 

(a + b)x(c -(■ d) » axe + axd + bxc + bxd, 
provided the order of factors in each product is preserved; also, 
flt(axb) = (wa)xb * ax(7nb), where m Is any scalar. Purthor laws are: 
a-(bxc) = b-(cxa) = C‘(axb); andax(bxc) = (a-c)b - (a'b)c. 

Vector DiSerentiation, If r » f(f) gives a vector r as a function of a 
scalar i, then (fir/dt = lim{lf(f + AO *■ f(0]Mf! os Af approaches zero. 

2(a -V b) = da db, d(wta) = mtda) + (d7ji)a, 

fl(a-b) = ((la)-b + a'(db), d(axb) = ((fa)xb + ax(db). 

ExAitTLE, If t = f(fl gives the podtaon-veetor of a moviog particle as a fuuoUon of 
the time t, then dr/dt =■ its vector vdodty, v, and dv/dt = its vector Bcceleration, a. 
If m and n are unit vectors in the direction of tho tangent and normal to the path at tho 
time t, then v ® tm, where s = difdl =■ the (scalar) path-vdocity, and dm = I(ds/iJ))n, 
where Jt = the (acalat) ra{tius of curvature of the path. Then 


d(cin) dr dm d« 

s — ~ ta — m 4- * — a — m 4 — n. 
dt dt it dt 


Here dv/dt and x^R are the familiar expresrione for the oomponenta of acceleration along 
the tangent and normal. 
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Motion of a Particle in a Circular Path, If a point moves in a circle 
of radius r, its angular velocity bong a, angular acceleration Ua, and linear 
velocity d, v = ojt, = Caf, Ob = ii*/r =* to*. 

Uniform Rotary Motion. the case of uniform rotary motion, equal 
circular paths are traveled in equal intervals of time. .', Angular accelera-" 
tion Qe = 0 and oi = «ar = 0. On = Ji*/r. The angular velocity is usually 
expressed in radians per sec, and when the number {N) of revolutions 
per min (rpm) is known, the angular vdodty is a =* 2irN/Q\) = 0.10472iV; 
linear velocity b = wr. 


Compositions of Motions 

A point may have soveral motions imparted to it at the samo time by differ- 
ent means, in which case its motion is the resultant of the different component 
motions. Each of these components, by wbat fs known as the principle of 
independence, exerts its full influence. The polygon or par^elopiped of 
motion may be used for the composition of motions. 

Many examples of combined motion occur, e.g., velocity given by 
gravity to a body having a horizontal motion; combined rotation and recti* 
linear motion of a point on a rolling wheel; a point whose motion is governed 
by the action of two or more cams; the movement of persons or machinery 
on board trains or boats; movement of a projectOe. 

Relative Motions, In order that a motion shall be fully determined, it 
is necessary that the base to which it is referred be carefully stated. The 
majority of ea^neering problems assume the earth as the referonco base. 

Motion of Rigid Bodies 

A body is said to be rigid when the distances between ail of its particles 
are invariable. Theoretically, rigid bodies do not exist, but materials used 
in en^neering are practically rigid under tbeir working stresses. 

Elementary Motion. If a body moves so that a straight line connecting 
any two of its particles remains fixed in direction, it is said to have a motion 
of translation. If the motion is indcfinitdy Email— distance *= (is and 
time = dt— it may be considered to have elementary translation; dsfdt = 
velocity of translation. The elementary translation is fully determined by a 
line drawn from any point in the rigid body, representing the velocity in 
magnitude and Erection. 

If a body moves so that all its particles describe circles whose planes are at 
right angles to a straight line XX which contmns simultaneously the centers 
of all the circles, it is said to have a rotary motion about the axis XX. If 
the motion is indefinitely small — angle of rotation = dl? and time = dt — it is 
called elementary rotation. The path ds of a point distant r from the 
axis of rotation is ds = rd9, and dS/dt = elementary angular velocity of 
rotation. Elementary rotation is completely determined by a straight line 
whose length is equal to o drawn on the axis of rotation with an arrow so 
placed that when looking in the direction of the arrow rotation takes place 
in a plane at right angles to that line and in the direction of the hands of a 
clock. 

The motion of a body in space is determined by the motion of three 
points of the body which do not lie in tiie same straight line. The instan- 
taneous axis is the axis about which a body is revolving at a given instant. 
If a body is being translated at a ^ven instant, the instantaneous axis is at an 
infinite distance. 
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center. See Fig. 15, in which tho whod toUb along the track XX. Point A 
has a linear velocity of s ft por 0 is the instantaneous center. v/AO = 
angular velocity of wheel. .U vi is the velodty of point B, the angular velocity 
of wheel == vi/BO = v/AO. 

For linkages, see p. 750. 

FH7SZCAI MECHANICS 
General Laws 

Every particle of matter remains cither at rest or moves 
uniformly in a straight line unless acted upon by somo ex- 
ternal influence. All variations of velocity, cither in magnitude or direction, 
require tho action of force, 

Laws of Gravity. A body faUing in a vacuum moves with a uniformly 
accelerated motion, the acceleration of tho fall being tho same for all bodies at 
the same place. Common values taken for this acceleration {usually desig- 
nated as g) are 32.16 it per sec per see or 0.81 meters per see per sec. 

S B 32.1721 — 0.08211 oosSa — 0.000003A, where a is the latitude is defrcee, and 
h the height ia feet above sea level. 

If a body is suspended by an elastic cord, the latter is elongated by tho 
action of what is known as a force, in this case by the force of gravity. The 
suspended body is not only acted upon by gravity, but by a force exerted 
upon it by the cord, which imparts to it tho same acceleration upward as 
gravity does downward, thereby maintaining the body at rest. The two 
forces arc equal in magnitude. 

Actioa is Equal to Roaotion. The forces exerted by two bodies upon 
each other act in the same straight line are equal in magnitude and are 
opposite in direction. 

Relations between Mass, Acceleration and Force. When acted upon 
by a eonetant unbalanced force, a body will move with a uniformly acceler- 
ated motion. The accelerations produced in any body by difierent 
forces are proportional to the forces, so that ai/pi » o«/p, « constant = 
1/m, where pi, pa are the forces applied and oi, On are the resulting acceler- 
ations. The constant ratio m ie known as the mass of the body, 

Fundamental Equation: Force » mass X acceleration. 

Mass = U)/o,whci6-u> “weightandp = falling accBleration due W gravity. 

F = {tfl/p)o =ma = mdv/dl = mdh/dtK 

In the case of two bodies at tho same place, Wi = mig, «2 = Tmo and 
mi/ms = m/vif, i.e., the masses of the two bodies are proportional to 
their weights. 

Example. If on unbalanced force of 6 lb nets upon a body weighing 10 lb, what 
will be the flcoeleration of the body? 5 = lOa/p; o 6ff/10 « ff/2. 

Forces, like velocities and accelerations, are quantities in which direction 
is a factor, i.e., their complete determination requires not only a statement 
of their magnitude, but also of their line of action and direction. 

Law of the Conservation of Maas. The mass of a body remains 
unchanged by any ordinary physical or chemical change to which it may bo 
subjected. 

Technical Systems of Measurement 

In absolute systems, see p. 72, the units of .length, mass, and time are 
arbitrarily taken; all other units, intruding that of force, arc derived. 
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from the equation of the curve by means of the calculus, 
or graphically by use of instruments. 

An. acceleration-time curve (Kg. 3) may be con- 
stiuoted by plotting accelerations na ordinates, and ticnes 
as abBoisBffi. The area under this curve between any two 
ordinates will represent the total increase in vdocity during 
the time interval. The area ASCli represents the total 
increase in velocity between time h and time U. 

General Expressions Showing the Belations between Space, Time, 
Velocity and Acceleration, for Rectilinear Motion 
Given 8 = isjdi, and a = dv/dl = d*s/df*. 

Given p = /(t) ; 8 = flo + J ® “ ivfdL 
Given c = /(s) ; J dsft, and o = ede/ds. 

Given a = /(Ol o ** m + Jo^* « = 8o + 

Given fl =/(8); « = V to^ + andf = J*, ds/v,\ 

Given a = /(p)j a = ea + * " Jw 


lY 

01 



Y 
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Special Motions 

Uniform Motion. If the velocity is constant the acceleration must 
bo serO) and the point has uniform motion. The space^time curve becomes a 
straight line inclined toward the time axis IFig. l{o)]. The velocity-time 
curve becomes a straight line parallel to the time axis. For this motion 
0 = 0, « = constant, and s *= a# + rt. 

Uniformly Accelerated or Retarded Motion. If the velocity is not 
uniform but the acceleration is constant, the point has uniformly acceler- 
ated motion; the acceleration may ho either positive or 'negative. The 
space-time curve becomes a parabola and the vclocity-time curve becomes 
a straight lino inclined toward the lime axis, Fig. 2(o). The 
acceleration-time curve bccomesnfllraightlino parallel to the' j 
time aria. For this motion a - constant, v « vo + of, 8 » ^ , 

80 + !)ot + I ''1 

If the point starts from rest, v# « 0. Caro should be 
taken concerning the sign -b or — for acceleration. • $>*7*' 

Example. Starting motion of a street car or hauling engine — see \ i 

%. 4. During the period of time 0 to ti, the acceleration increases loi | time j-, 
from 0 to a maximum approximately in a strai^t line, tho velocity- 5 h"*!— f,— i->< 
time curve is a parabola and the spnec-time curve one of the third ^ — ~ — ‘ ' 

degree. Prom (i to it the acceleration is constant, Uw velocity m- S [/ i , 

creases uniformly, and the space-time curve is a parabola. Fromfi ■‘of Iume | ( 
to <3 the acceleration decreases from its maximum to Oapprorimatoly j-jq 
in a straight line, and the space-time and velocity-timcouryca arc like ’ 

those from 0 to h. This concludes the start and & condition of equilibrium follows, 
■with the acceleration scio, tho velocity oonstani, and tho apaco ineieasing uniSoTmly. 


Periodic Motion (Simple Hannonic Motion). If a point trffvcls uni- 
formly in a circle, the motion of its projection upon any diameter is a simple 
harmonic one. In Kg. 5, the line Op revolves. about 0 with a uniform an- 
gular velocity co; n is the projection of point p .upon diameter YY'. As p 
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A force R may be resohed Into two component forces intoraeotiag 
anywhere on B and acting in the same plane as R, by the reverse of the 
operation shown by Figs. 16 and 17; and by repeating the operation with the 
components, R may be resolved into any 
number of component forces intersecting JJ 
at the same point and in the same plane. 

Resultant of Any Number of Forces 
Applied to a Rigid Body at the Same 
Point. Resolve each of the ^ven forces F 
into components along three rectangular 
coordinate axes. If A, B and C are the angles made with XX, YY, and ZZ, 
respectively, by any force F, the components will be F cos A along XX, F 
cos B along YY, F cos C along ZZ; add the components of all the forces along 
each axis algebraically and obtiun SF cos A = SX along XX, SF cos B = SF, 
along yy, and 2F cos C = 2Z along ZZ. 

The resultant B = V (SX)* + (SF)* + {ZZ)\ The angles made by the 
resultant with the three axes are Ar with XX, B, with YY, Cr with ZZ, where 
cosA, »2X/B, wsBr^'ZY/R, cos Cr^XZ IB. 

The direction of the resultant can be determined by plotting the algebialo 
sums of the components. 

If the forces are all in the same plane the components of each of the 
foreca along one of the three axes (eay, ZZ) will be 0, that is, angle Or « 90^ 
and J! - VW’ + (SW «s A, - 1.XIR. and cos B, = XB IR. 

For equilibrium, it is necessary that B » 0; that is to say, 2X, SF, 
and 2Z must each be equal to zero. 

General Law. In order that a number of forces acting at the same point 
shall be in equilibrium, the algebraic sum of their components along any three 
co-ordinate axes must each be equal to zero. 'When the forces all act in the 
same plane, the algebraic sum of their components along any tm co-ordinate 
axes must each equal zero. 

When the Forces Form a System in Equilibrium. Three unknown 
forces can be determined if the lines of action of the forces are all known and 
are in diSerent planes. If the forces are all in the same plane, the lines of 
action being known, only two unknown forces can be determined. If the 
lines of action of the unknown forces are not known, only one unknown force 
can be determined in either case. 

Couples and Moments 

Couple, Two forces of equal magnitude. Fig. IS, which act in opposite and 
parallel directions form a couple. A couple cannot be reduced to a single 
force. 

Displacement and Change of a Couple. The forces forming a couple 
may be moved about and their magnitude and direction changed, provided 
that they always remain paralM to each other, remain either in the original 
plane or one parallel to it, and provided that the i^oduct of one of the forces 
and the perpendicular distance between the two is constant and the direc- 
tion of rotation remains the eame. 

Moment of a Couple. The moment of a couple is the product of the 
magnitude of one of the forces and the perpendicular distance between the 
lines of action of the forces. Fa = moment of couple; a = arm of couple. 
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If'tlie components Hi and 112 and angle 5:are known, tke direction of 't,, can be 
determined. sin'bOc = (Di/Vf) einB.. rincOo = (tu/t)r),sinP. Wberenand 
®3 are at right angles to each other, rin 5 = 1. 

. Composition, and Resolution of Accelerations. Accelerations may bo 
• combined and resolved in the same manner aa velocities, but in this case the 
' lines or vectors represent accelerationB instead of velocities. Vclocitiea 
and accelerations may be resolved into- components tioi.in the same plane by 
what is known as the parallelepiped of motion. In this case the resultant 
of three motions not in the same plane is the diagonal 
of a parallelopiped whoso sides are lines whose length and 
direction represent 'the motions. See Fig. 9. Oa, Oc and 
0& represent three velocities or aecdorarions; then Od repre- 
sents the resultant velocity or acceleration. When tho 
velocities or accelerations are at right angles to each other, 
the angles that the resultant Od makes with these axes are 
i, B and C, respectively. ThencosA =Oo/Od,,cosB = ^ 

Oh/Od, COB Q s=. Oc/Od, and . Fio. S. 

Od - t/Oa' Ob' +Oc\ 

Curvilinear Motion 



The linear velocity 0 ^ d$/dl is 
its direction is tangent to the path ( 
be, the path of amoving point, and 
!> 2 , represent'its velocity at points 
pi, ps, ps, respectively. If 0 be taken 
as a polo [Fig. 10(6)] and voctors Vi, 
vj, ts tepresentiug tho velocities of tho 
point at pi, pj, and pj be drawn, the 
curve connecting the terminal points 
of these vectors is known os the 
hodograph of the motion. This 
velocity iagram is applicable only to 
motions all in the same plane. 


tbe same as for rectilinear motion, and 
tho point. In Fig. 10(<i), lot pipsps 



Acceleration. Tangents to the curve, Fig. 10(6), indicate tho directions 
of the jnomentflj'y accelarstions. The dixpction of tho tangante does not. 
as a rule, coincide with the direction of tbe velocities as represented by tan- 
gents to the path. If the acceleration 0 at, some point in the path is resolved 


by means of a parallelogram into components tangent and normal to the path, 
the normal acceleration a« =, j)®/r, where r * , • , ' 

radius of curvature of the path at the poml in „ 

Question, and the tangential acceleration at. - Y ^ 

dr/it, where V velocity tangent to the path ■ 1 Vi ■ 

at the same point. 0 = + 0 ^. The / / \ 

normal acceleration is constantly Erected L/T / J'SsA • 
toward the center of the path. 0 *^- 'p i — ^ 


Example. Findthe'acoelerationof apraifcmov- Fiq., 11. Flo. 12. 

ing in a circle with uniform velocity. In Rg. 11, 

Pi Pii PJ, pj is the circular path of a pirat.. », »i, tt, «j repreaent the uniform velocities at 
-Pi Pi, JK. pj. Construct the hodograjA rf the motion, as in Fig. 12., At point pi the 
acceleration is in the direction of the tangent to the hodograph at B, shown'by line oi. 
Letpjn = s,AB =» siandOp = r; then */«••=«/»• ' si = OT/rl dsi/di=» (ds/d<) '(r/r)'= 
tyr and as ds:/dl = On, an tVr and is in a Erection toward tho center of the circle, 
ai = 0, 
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left of it (shown dotted) , making the moment of tho icsultant about miy point 
onF positive. 

To-efiect a parallel displacement of a single force F over a dis- 
tance a, a couple whose moment is Pa must be added to- tho system, Tho 
sense of tho couple will depend upon which way it is desired to displace 
force F. 

The moment of a force with respect to a point is the product of the 
force F and the perpendicular distance from the point to the line of aetdon of 
the force. 

The Moment of a Force with Respect to a Straight Line. If the 
force is resolved into components parallel and perpendicular to the given line, 
^be moment of the force with respect to the li^ is the product of tho magni- 
tude of the perpendicular component and the distance from its line of action 
to the given line. 

Forces with DtSerent Points of Application 

Composition of Forces. It each forceF is resolved into components par- 
allel to three rectangul ar coordinate axes XX. F F and ZZ, the magnitude of 
the resultant is B » V(SX)* -|- (S7)» -I- (S2)*, and its line of action makes 
angles At, B, and Cr with axes XX, YY and ZZ, where cos At " SZ/S, 
cos B, m "LY/R, and cos Cr ~ ZZ/R] and there are three couples which 
may be combined by their moment vectors into a sin gle resultant couple hav- 
ing tho moment Mr - V whose moment vector 
makes angles of Am, Bn snd Cm with axes XX, FT and ZZ, such that 
cos An " MgjMr, cos £m and cos Cm » MilMf. If this single 

resulting couple is in the same plane os the single resulting force at the origin 
or a plane parallel to it, the system may be reduced to a single force R acting 
at a distance from R >■ Mr/B. If the couple and force are not in the same or 
parallel planes, it is impossible to reduce tbe system to a single force. If 
F = 0, that is, if SX, 2F and ZZ all equal sero, the system will reduce to a 
single couple whoso moment is Mr. If Mr “ 0, that is, if Mt, My and Mt all 
equal zero, tho resultant will he a angle force R, 

When the forces are all in the same plane, cosine of one of the angles 
A „ Br or C r = 0, say, Cr = 90“. Then R = V(SX)» + (27)’, Mr = 
Vat** + and the final resultant is a torco equal and parallel to R, 
acting at a distance from R equal to Mr/R. 

A system of forces in the same plane can always be replaced by either a 
couple or a single force. If J? = 0 and Mr > 0, the resultant is a couple. 
If Afr = 0 and JJ > 0, the resultimt is a angle force. 

A rigid body is in equilibrium when acted upon by a system of forces 
whenever^ =0nndilfr = 0,t.e., when thefollowingsix conditions bold true: 
2X = 0, SF = 0, SZ =■ 0, Af, = 0, Jlf, « 0 and M, = 0. When the system 
of forces is in the same plane, equilibrium prevails when the following three 
conditions hold true: SX = 0, SF = 0, ZM = 0. 

Forces Applied to Support Rigid Bodies 

The external forces in equilibrium aoting upon a body may be statically 
determinate or indeterminate according to the number of unknown forces 
existing. When tbe forces are all in tiie same plane and act at a common 
point, two unknown forces may be determined if their llnea of action are 
known, one if unknown. 
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Motion in a Pl&no 

A plane motion is one in which idl poinfa of the moving body remain at 
constant distances from a fixed plane. 

Angular Displacement. The angular displacement of any body moving 
in a plane is the angle described by any line drawn in the body parallel to the 
plane of the motion. 

Angular velocity is the rate at which the angular displacement 6 varies 
with respect to the time t. Angular velocity u = d8/di. 

Angular acceleration la the rate at which the angular velocity u varies 
with respect to the time t. Angular acceleration Cj » du/dl - dW/dl-. 

Instantaneous Axis. When the axis about which any body may be con- 
sidered to rotate changes its position, any one position is known as an instan- 
taneous axis, and the line through all positions of the instantaneous axis as 
the centrode. 

When the motion of two points in the same plane of a rigid body having 
plane motion is known, the inalantaucoua axis for the body wid be at tho 
intersection of the lines dran-n from each point and 
perpendicular to its line of motion. See Fig. 13, in 
which A and B aro two points on the rod AB, ti and r; 
representing their velocities. 0 is the instantaneous 
axis for AB ; point C will move as shown in a line 
perpendicular to 0(7. 

Linear velocities of points in a body rotating about 
an instantaneous axis arc proportional to their dis- 
tances from this axis. InFig. 13, «AO:OB: 

OC. 11 tho motions of A and B were parallel, the 
lines OA and OB would also be parallel and there would be no instantaneous 
axis. The motion of tho rod would be translation, and all points would bo 
moving with the same velocity in parallel straight lines. 

If a body has plane motion, the components of the velocities of any 
two points in the body along the straight line joining them must be 
equal. Ax must be equal to By and Cz 
in Fig. 13. 

Centrode. If the path of the instan- 
taneous center bo plotted, the centrode 
for the motion oi the body is obtained. 

See Fig. 14. Consider A^o to be fixed 
and let CoDo rotate about it. Itsmotion 
being determined by the links AD and 
B(7, the path of the instantaneous center 
for CD can be plotted as the curve xy. 

CD con be considered to be fixed and U»6 
centrode for AB found at CO. If the bars 
AB and CD are fixed to these centrodes 
and they are rolled upon each other, the 
relative motion oi the two bars AeBoand CeDovnil be the same asii they were 
connected by the links AD andBC. This prindple is made use of in the design, 
of elliptic gears for quick-retum motions. If a wheel rolls along a track, 
the centrode is the surface of the track. 

_ The angular velocity of 'a body at any time can be found by dividing tho 
linear velocity of any point by the distance of the point from the instantaneous 
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on the member or by the member at thrae two points must be along a line 
connecting the pins. 

If the external forces acting opmi a rigid body in equilibrium are all in the 
eame plane, the equations SZ = 0, SF = 0, and SM = 0 must bo satisfied. 
When trusses, frames and other structureB are under discussion, these equa- 
tions are usually used as 27 =0, 2ff = 0, 2M = 0, 'where V and H repre- 
eent vertical and horizontal components, respectively. 

The supports ore said to be determiiiate statically when the lavrs 
of equilibrium are sufficient for their determination. When the conditions 
are not sufficient for the delennination of the supports or other forces, the 
structure is said to be Statically indeterminate; the unknown forces can 
then be determined from consideratione involving the deformation of the 
material. 

When several bodies are so connected to one another as to make up a rigid 
structure, the forces at the points of connection must be considered as internal ■ 
forces and arc not taken into consideration in the determination of the sup- 
porting forces for the structure as a whole. 

The distortion of any practically rigid etructure under its working loads is 
so email as to be negligible when determining supporting forces. When the 
forces acting at the di^erent joints in a built-up structure cannot be deter- 
mined by dividing the structure up into parts, the structure is said to be 
Statically indeterminate internally. A structure may be statioslly 
indeterminate internally and sttU be statically determinate esternally. 


Fundamental Froblems in Graphical Statics 

A force may be represented by a straight line in a determined position, sad 
its magnitude by the length of the elrtight line. The direction in which it 
acts may be indicated by an arrow. 

Polygon of Forces. The parallelogram of two forces inter- 
secting each other (see Fig. S) leads directly to the graphic com- 
position by means of the triangle of forces. In Fig. 25, B is 
called the closing side, andrepresentstheresultantof thcforces 
F\ and Fi in magnitude and direction. Its position is given by Fis. 25. 
the point of application 0. By meane of repeated use of the 
triangle of forces and by omitting the closii^ sides of the individual triangles, 
the magnitude and direction of theresuItMit fiof any number of forces in the 
same plane and intersecting at a tingle point can be found. In Fig. 26 the 
lines representing the forces start 
from point 0, and in the force poly- 
gon, Fig. 27, they are joined in any 
order, the arrows showing their 
directions following around the 
polygon in the same direction. 

The magnitude of the resultant at 
the point of application of the forces 
is represented by the dosing sideS 
of the force polygon; its direction, 
as shown by the arro'w, is counter to 
that in the other sides of the polygon. 

If the forces are in equilibrium, E must equal zero, i 
polygon must close. 

If in a closed polygon one of the forces is reversed in direction, this force 
becomes the resultant of all the others. 



, the force 
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In gra^itfl-tional systems, iio unit of length, force, and time are arbi- 
trarily taken, the other unite, indui^ng that of mose, being derived. The 
force' unit is defined as the wei^t of a certain piece of metal, or of a prescribed 
volume of water, aad thus this force unit depends on g and varies slightly with 
altitude and location. 

STATICS OP MGID BODIES 
Generid Considerations 

If the forces acting on a ripd body do not produce any acceleration, they 
must neutralize each other, that is, form a systom of forces in equi- 
librium. Equilibrium is said to bo Stable when the body with the forces 
acting upon it returns to its original position after being displaced a very small 
amount from that position; unstable when the body tends to move still 
further from its original position than the very small displacement; and 
neutral when the forces retain their equUibrium when the body is in ita now 
position. 

External and Internal Forces. The forces by which the individual 
particles of a body act on each other are known as internal forces. All other 
forces are called external forces. If a body is supported by other bodies 
while subject to the action of forces, deformations and forces will be produced 
at the points of support or contact and these internal forces will be distrib- 
uted throughout the body until equilibrium exists and the body is said to be 
in a state of tension, compression or shear. The forces exerted by the body 
on the supports arc known as reactions. They are equal in magnitude and 
opposite in direction to the forces with which ^o supports act on the body, 
known as supporting forces. The supporting forces are external forced 
applied to the body. 

In considering a body at a definite section, it will bo found that idl tho 
internal forces act in pairs, the two forces being equal and opposite. The 
external forces act singly. 

General Law. When a body is at rest, tbe forces acting externally 
to it must form an equilibrium system. This law will hold for any part 
of the body, in which case the form acting at any section of the body become 
external forces when the part on either sido of the sectiori is considered alone. 
In tho case of a rigid body, any two forces of the same magnitude but acting 
in opposite directions in any straight line, may be added or removed without 
change in the action of the forces acting on the body, providing tho strength 
of the body is not affected. 

Composition, Besolution and Equilibrium of Forces 

{Tor graphical methods, see p. 202} 

The resultant of several forces acting at a point is a force which will pro- 
duce the same effect as all the individual forces acting together. 

Forces Acting on a Body at tho Same Point. Tho resultant R of two 
forces Fi and F: applied to a ri&d body at tho same point is represented in 
magnitude and direction, by the diagonal of the parallelogram formed by 

andF;. See Figs. 1C and 17. 

■R “ +Fj* + 2 FiPiC 0 Bo;tinoi « (F'j8ino)/B;Bina! = (PiBino)/Jt 

When 0 = 90 deg, R = +F^, an ai « Ft/R and siniaj = Fi/R\ 

Whena = 0 deg, E =Fj \ • , • t, ,• 

Wleu 0 = 180 dee, S - A - F,l “““ ■ 
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straiglit line AtAn parsJlel to OOi , TUs line is the polar axis of both funic- 
ular polygons. 

Let the starting point of -Qie force polygon be taken as a pole; then the sides 
of the funicular polygon will always give the line of action of the resultants 
of all the forces preceding. 

The last side will coincide 
with the resultant of aU the 
forces. 

To determine the sup- 
porting forces for a rigid 
body when the external 
forces are all in the same 
plane and are statically 
determinate, see Fig. 32. 

Let ab and be be two iareea acting on beam which is supported at Af by a 
roller and at by a pin. Construct a force polygon, Fig. 32(&), using any 
convenient point 0 for a pole, and the funicular polygon shown in Fig. 
82(a). This latter must start at N, as tbie ie the only point on the line 
of action of the unknown force at N that is known. Draw the strings 
parallel to the corresponding rays of tho force polygon and find ,that the 
last string intersects the line of action of the left-hand support at P. If 
the forces are in equilibrium, both force and funicular polygons must close. 
Tho closing side of the funicular polygon is PN. OD, Fig. 32(b), is drawn 
parallel to PN until it meets a line drawn from A parallel to the supporting 
force at M. The line CD closes tho force polygon and gives the magnitude 
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Fig. 32. 



and direction of the supporting force at N. It is necessary that either the 
lines of action of both unknown supports, or the line of action of one and the 
point of application of the other, be known in order to use this construction. 

To draw a funicular polygon through three points, see Fig. 33. Given 
the forces o6, he, cd, and de, Fig. 33(a), let it be required to draw a funicular 
polygon 80 that any three given strings shall pass through any three givoa 
points, not on a straight line; for example, string oa through M, oc through 
N, and oc through Q.- Construct a force polygon, Fig. 33(6), using 0 as a 
pole, ,and a corresponding funicular polygon, oa, oh, oc, ad, oe Fig. 33(a). 
Consider the forces between points .K «id N; if they are to be balanced by 
two forces each parallel to their resultant and acting through M and N, 
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If the forces are measured in pounds and tibe distance a in feet, the unit oi 
rotation moment is the foo1>pound. If the force is measurod in kilogrania 
and the distance in meters, the unit is the meter-kilogram. In the egs system 
the unit of rotation moment is 1 ent-dyne. 

Rotation moments of couples noting in the same plane are considered 
to be positive or negative, according to whether they appear to rotate in the 
direction of the hands of a clock or in the reverso direction. The couple 
shown in Fig. 18 is positive. The ma^tude, direction and sense - ' 

of rotation of a couple are completely determined by its moment , 
axis, or moment vector, which is aline drawn perpendicular to the * "* 

plane in which the couple acts, with an arrow indicating the direc- 
tion from which the couple will appear to have rigjitrhanded rota- 
tion ; the length of the line represents the magnitude of the moment « , c. 

of the couple. See Fig. 19, in which AB represents the magnitude ’ * 

of the moment of the couple. Looking along the line in the 

direction of the arrow, tho couple wUI have right-handed t- - p 

rotation in any plane perpendicular to tho lino. ^ 

Composition of Couples. Couples may be combined 1 ^ 5 . 10 , 
by adding their moment vectors geometrically, in accord- 
ance with the parallelogram rule, in tho same manner in which forces are 
combined. 


Couples lying in the same or parallel planes are added algebrai- 
cally. Let +40, -60, and +100 ft-lb bo tho moments of three couples in 
the same or parallel planes; their resultant is a single couple lying in the 
same or in a parallel plane, whose moment is £M » +40 - 60 + 100 ^ 
+80 ft-lb. 

If the polygon formed by the moment vectors of several couples 
closes Itself, the couples form an equilibrium system. Two couples 
will balance each other when they lie in the eame or parallel planes, and 
have the same momont in magnitude, but opposite in sign. 


Combination of a Couple and a Single Force in the Same Plane. 
{See Fig. 20.) Given a force F = 20 lb acting as shown distant z from 77, 
and a couple whose moment is -60 ft-lb in the same or a 
parallel plane, to find the resultant A couple be changed 
to any other couple in the same or a parallel plane having the 
same moment and same sign. Let tho couple consist of two 
forces of 20 lb each and let the arm be 3 ft Place the couple 
in such a manner that one of its forces is opposed to the given 
force at p. This force of the couple and the given force being 
of the same magnitude and oppoatc in direction, will neutral- 
ize each other, leaving the other force of the couple acting at a distance of 3 
ft from p and parallel and equal to tiie pveu force F = 20 . 



General Rule. The resultant of a couple and a single force Ijdng in the 
same or parallel planes is a single force, equal in magnitude, in the same 
direction and parallel to the sin^e force, and acting at a distance from the 
line of action of the single force equtd to tiie moment of the couple divided by 
the single force. The moment of the resultant force about any point on tho 
line of action of tho given single force must be of the same sense as that of 
the couple, positive if the moment of tho coujde is positive, and negative if 
moment of couple is negative. If the moment of the couple in Fig. 20 had 
been +60 instead of -60, the resultant would have been a force of 20 lb 
acting in the same direction mid paralld to F, but at a distance of 3 ft to the 
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Equilibrium. In order tb&t Qie vbolc steocturc Bbould be in equilibrium, 
it is necessary that the esternal forces ^oada and supports) shall form a 
balanced system. Graphical and anabdical methods are both of service. 

Supporting Porcea. When the sapporting forces are to be determined, 
it is not necessary to pay aity attention to the make-up of the structure under 
consideration so long as it is practically ri©d; the loads may bo taken as they 
occur, or the resultant of the loads may be UBcd instead. When the stresses 
in the members of the structure are being detennined, tio loads must be 
distributed at the joints where they belong. 


Method of Joints. When all the external forces have been determined, 
any joint at which there are not more than two unknown forces may be taken 
and these unknown forces determined tur tho methods of the stress polygon, 
resolution or moments. In Fig. 36, let 0 be the joint of a struoture 
andf he the only known force; but letOl and 02 be two members aS. 
of the structure joined at 0. Then the lines of action of the un- 
known forces are known and tidr mi^nitude may be deterrobed 
(o) by a stress polygon which, for equilibrium, must dose; (h) fio, 35, 
by resolution into S and V componente, usmg the condition of 
equilibrium Sff » 0, SF « 0; or (c) by moments, using any convement point 
on the line oi action 0? 01 or 02 and the condition of equilibrium ZM = 0. 
hfo more than two unknown forces can be deterroii^d. In this manner, pro- 
ceedmg from joint to joint, the sircsecs in all the members of the truss can 
usually bo detennined if the structure is statically detsrmbate internally. 
The structuie nay be divided into two parts by passbg a section through it 
cutting some of its members; one part may then be treated as a rigid body 
and the external forces acting upon it determined. Some of 
these forces will be tho stresses in the members themselves. 

For example, let £x (Fig. 37) be a aection taken through a 
truss loaded atPi, Ft, andPt, and supported on rollers at S. 

As the whole truss is in equilibrium, any part of it must be * 
also, and consequently the part shown to tiie left of ** must 
be in equilibrium under the action of the forces acting ex- 
ternally to it. Three of these forces are the stresses in the 
members aa, hb, and he, and are the unknown forces to be determined. They 



Fig. 37. 


the same plane butnotaithcsamepoiiit. S£f »= 0, 2K = 0, Silf = 0. The 
three imknown forces can be determined only if they arc not parallel or do not 
pass through the same point; if, however, the forces are parallel or meet in a 
point, two unknown forces only can be detenmned. The conditions of equilib- 
rium when using the funicular polygon construction are that both the 
funicular and force polygons must dose. Sections may be passed through a 
structure cutting members in any convenient manner; as a rule, however, 
cutting not more than three members. 

For the determination of stresses in framed structures, see p. 226. 


Center of a Set of Parsdlol Forces; Center of Gravity 
The center of a set of parallel forcesis the point through which the resultant 
of the forces always passes, no matter how the forces are turned, providing 
that they always remain parallel mid tbdr points of application remain in 
the same relation to each other. 

Tho resultant R of the two pardld forces Fi and P2 (Fig. 38) divides the 
line connecting the points of application Ai, Aj into two segments ot and a: 
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When th0 forces arc all in the same piano and are parallel, two unknown 
forces may bo determined if the lines of action arc known, one if unknown. 

When the forces are anywhere in the same plane, three unknown forces 
may be determined if their lines of action are known, if they are not parallel or 
do not pass through a common pdnt; if the lines of action are unknown, only- 
one unknown force can be determined. 

If the forces all act at a common point but ore in difierent planes, three 
unknown forces can be determined if tho lines of action are known, one 
if unknown. 

If the forces act in different planes but are parallel, three unknown forces 
can be determined if their lines of action are known, one if unknown. 

The first stop in the solution of problems in statics is the determination of 
the supporting forces. The following data are requited for tho complete 
knowledge of supporting forces: magnitude, direction, and point of applica- 
tion. According to tho nature of tho problem, none, one, or two of 
these quantities are known. ^ A 

One Fixed Support. The point of application, direction, and 
magnitude of the load are known. See Fig. 21. As the body on 
which the forces act is in equilibrium, the supporting force? must Jp 
he equal in magnitude and opposite in direction to the resultant pig, 21. 
of the loads L. 

In the case of a rolling surface, the point of application of the support 
is obtained from the center of tho connecting bolt A (Fig. 22), both tho direc- 
tion and magnitude being unknown. The point of application and line of 
action of the support at B are known, being determined by tho loUers. 

When three forces acting in the eame plane on the sarno rigid body are in 
oquilibrium, their lines of action must pass through the same point 0. The 
loadir is known in magnitude and direction. The line of action of tho support 
at B is known on account of the rollws. Tho point of application of tho sup- 
port at A is known. The throo forces nro in equilibrium and are in the same 
plane, and therefore tho linos ot action must meat at tho point 0^ 



Fio. 22. Fiq. 23. Fiq. 24, 


In the case of the rolling surfaces shown in Fig. 23, the direction of tho sup- 
port at A is known, the magnitude and point of application unknown. The 
line of action and point of application of the supporting force at B are known, 
its magnitude unknown. The lines of action of the three forces must meet 
in a point, and the supporting force at A must be perpendicular to the piano 
In the case shown in Fig. 24, the directions and points of application of 
the supporting forces are known, and the m^nitudes unknown. The lines of 
action of rosultant of supports A and?, the support at C and loadL must meet 
at a point. Resolve tho resultant of aupporta at A and B into components at 
A and B, their direction being determined by the rollers. 

If a member of a truss or -frame in equilibrium is pinned at two points 
and loaded at these two points only, the line of action of the forces exerted 
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Trapezoid,' Fig, 42. Cg :li<J 3 on tho line joining the middle points m and 
n of the parallel sides. The distances its and ^ are . . 

' ftfl =A(a+26)/3{a + &); - = /t(2<i + &)/3'(a + , 

Drawls = a and CF = 6 ;£F'sriIl then intersect mn at cg 
Any Quadrilateral. THe’cg of any quadrilateral'may be determined 
by the general rule for areas, or 'graplucally' by dividing it'into two sets of 
triangles by means of the diagonals. -'Find the cg of each of the four triangles 
and connect the cg's of the triangles belota^ug to the same set. The intei- 
section of these lines will be eg of area. Thus, in Fig. 43, 0, Oj, O 2 and 
O 5 are respectively the -eenterB of gravity of the triangles ABD, ABC, BBC, 
and ACD. The intersection of OiOi with OOi gives cg. , 



Fro. 42. Flo. 43. Fio. 44. Fio. 45. 


of a. Circle, Fig. 44:2 b « ^rsin’e/fradc - cos a sine). Aseg< 
meat may bo considered to be a sector from which a triangle is subtracted, 
and the general rule applied. 

Sector of a Circle, Fig. 45: x« » sin e/rad c; yo ^ sin’ ^c/iod 0 . 
Semi-circle, lo ®» ^r/r - 0.4244r; K» - 0. 

Quadrant (90 deg sector): !♦= j;» •= Jfr/T »0.4244r. ' 

Parabolic Half Segment, Rg. 4C, Area ABO: » « Jfsi; iro » 5|j/i. 
Parabolic Spandrel, Fig. 46, Area AOC: x'a «* Kosi; !/'t ■ Jis/i- 
Quadrant of an Ellipse, Fig.47,AreaOAB:io = >^(a/Tr);!/D = 



Fig. 46. Fra. 47. Pig. 48. 


The center of gravity 01 a figure such as that sho-wn in Fig. 48 may bo 
determined as follows: Divide the arm OABC into a number of parts by 
lines drawn perpendicular to the axis XX, e.g., 11, 22, 33, etc. These parts 
■will be approximately either triangles, roctan^cB or trapezoids. The area 
of each division- may be obtmned by takii^ the product of its mean height 
and its base. The center of gra'vity of each area may be obtained as pre- 
viously shown. The sum of the moments of all the areas about XX and FF, 
respectively, divided by the sum of the areas vrill give approximately the 
distances from the center of gravity of the whole area to the axes XX and 
FF. The greater the number of nreaa taken 'the more nearly exact the result. 

Centess of Gkavitt of SoUD3 

prism or Cylinder 'with Parallel Bases. Cg lies in the center of the lins 
connecting the centers of gravity of the baera. 
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Tiq. 28. 


li the forces do not all lie in the same plane, the diagram becomes a 
polygon in space. If the projections of tiie forces be drawm on any two planet., 
any horizontal and vertical, the doang lines of the projected polygons are the 
projections of the closing line of the force diagram in space. 

Funicular Polygon 

Composition of Forces in a Plane. In Fig. 28, to dctermino the 
resultant R of the forces a6, be, cd, and de all in the same plane, construct 
the force polygon shown at (h). 

S will represent the magnitude 
and direction of the resultant 
force, and its location in (a) 
may he determined as follows: 

In Fig. 2S(ti) assume any con- 
veident point 0 as a pole, draw 
the straight lines OA, OB, OC, 

OD and OE which are compo* 
nents of the pven forces and in 
Fig. 28{a) draw the lines a®, oh, 

OC, od, oe parallel to the similarly 
letteredlinesinFig.aSfJ). The 
location of oa in Fig. 28 (o) is optional, so long as it intersects the line of action 
of ab. R must pass through the intersection of oa and oc and be parallel to 
AE in Fig, 28(6). The figure 
OABCDE is called the polygon 
of forces or force polygon, the ®' 
lines OA, OB, OC, OD, OE in 
Fig. 28(6) are rays, and tho 
series of lines oa, o6, oc, od, oe in '•i...© ' 

Fig. 28(a) is called a String '**'*• 
polygon or funicular poly- 
gon, oa, o6, 00 , od, oe in (a) being 
known as strings. The follow- , 
ing three cases may be met; 

(o) The general case, where the starting point of tho'polygon of forces 
does not coincide ndth the terminal point. The resultant is a sin^c iorce, as 
shown by Fig. 28. (6) The polygon of forces doses and the end strings of 
the funicular polygon are 
parallel. In this case (Fig. 

29), the resultant is a couple 
whosemomentisOi Xm = 

OE X m. (c) The polygon 
offerees closes and the funic- 
ular polygon also closes, the 
result being equilibrium. 

See Fig. 30. The Wo coin- 
ciding termintd sides of the 
funicular polygon are called 
the closing sides or strings. 

Let a polygon of forces and a funicular polygon be drawn for the sys- 
tem of forces shown in Pig. 31 with poles at both 0 and Oi. The intersec- 
tions of the corresponding strinp of the funicular polygons all lie in the same 



Fiq. 29. 
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The moment of inertia may be c^re^d in weight unita.fJui *= 
in -which case the moment of inertia in -wei^t nnits, Iv, is equal to the moment 
of inertia in mass units, /, mtiltipUed by g. 

If 7 = the quantity h is called tiic radius of gyration or the radius 
of inertia. 

If a body is considered to be composed of a number of parts, its moment 
of inertia about an asis is equal to the sum of the moments of inertia of 
the several parts about the same axis, or J = 7i 4" + 7i + • • • 7„. 

The moment of inertia of an area with respect to a given axis is the 
limit of the sum of the products of the dementary areas into which the area 
may be conceived to be di-vided and the square of their distance {y) from 
the axis in question. 1 = Jy’dd = jfc*d., where k = radius of gyration. 

Formulae for moments of inertia and radii of gyration of various areas are 
given on pp. 457 to 460. 

Relation between the Moments of Inertia of an Area and a Solid. 
The moment of inertia of a solid of elementary thickneoa about an axis is 
equal to the moment of inertia of the area of one face of the solid about the 
same axis multiplied by tiie masa per unit volume of the solid times the 
elementary thioImeBS of the solid. 



Fiq. 52, Fig. 53. Fis. 54. 


Momenta of Inertia about Parallel Axes. The moment of inertia of 
an area or solid about any given axis is equal to the moment of inertia about 
a parallel axis through the center of gravity plus the square of the distance 
between the two axes times the area or mass. 

In Fig. 52(a), the moment of inertia of the area ABCD about axis YY 
is equal to h (or the moment of inertia about FjFo through the center of 
gravity of the area and pardlel to YY) plus xifA, where A » area of ABCD. 
In Fig. 52(6), the moment of inertia of the mass m about YY >= 7o + xo’m. 
FoFo passes through the eg of tiie mass and is parallel to YY. 

Polar Moment of Inertia. The polar moment of inertia, Fig. 63, is 
taken about an axis perpendicular to the plane of the area. Referring to 
Fig. 63, if and J* be the moments of inertia of the area A about FF and 
XX, respectively, then the polar moment of inertia of area about 7p = 7* + 
Jk, or the polar moment of inertia is equal to -the sum of the moments of 
inertia about any two axes at right angles to each other in the plane of the 
area and intersDcting at the pole. 

Moment of Deviation, or Product of Inertia. This quantity will be 
represented by Zjy and is ffxydydx, where x and y are the ccHjrdinates of 
any elementary part into -which the area may be conceived to be di-rided. 7^ 
may be positive or negative, depending upon the position of the area with 
respect to the co-ordinate axes XX and XF. 

Relation between Momenta of Inertia about Axes Inclined to Each 
Other. Referring to Fig. 54, let I, mid 7* be the moments of inertia of the 
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iteae foitiea fjati be detenoiTiQd by dtawlng Imea parallel to AC, Fig. 
33 (b), through U and iV Fig. 33(a). Tho pointe Tfhere thess linea are inter- 
sected by the funicular polygon are r and «, tho closing side of a funicular 
polygon for these two forces is ra and the magniUide of the balancing forces 
can be dcterniined as CX and XA, Kg.' 33(6), by drawing from 0 a line 
parallel 'to rs and intersecting AC wliich in partdiel to the forces at r and a. 
If the funicular polygon had passed through Jlf and K, the same balancing 
forces for o6 and be parallel to AC ipnst be found so that the locus of the poles 
of all the funicular polygons for a6 and 6c' that will pass through ilf and N 
must lie on a line drawn from * and parallel to In tho same manner, the 
locus of the poles' of all the funicular' polygons for cd and de cau be determined, 
and the iutersoctioa of these two loci will bo tho pole Oi' required. 


• Momentof Any System of Forces in a Plano. The resultant moment 
ilf of the forces ob, be, ed (Fig. 34) with reference to point Q can be determined 
as Mows: Fig. 34(6) is aforcepoly 7 
gon for ah, he, cd, using any conven- 
ient point 0 as a pole. Fig. 34(a) 
shows a corresponding fimicular 
polygon. Through points Q and? of 
(a) draw lines parallel to the resultant 
of the forces B in (b) ; point P is the 
intersection of the end strings of tho 
funicular polygon, and n and g are ' 
the points where the line drawn 
through point Q intersects tho end 
etiings. Consider the shaded trian- 
gles; the homologous sides are paral- 
lel, tho triangles are therefore similar, 
and mi/x “B/p. (mg)p « Bz; 
butfiiisthemoircntofthorosullantoItheforceswilhrespecttoQ: (mg)p 
must also be the same moment, mg ie known as tho intercept and p is known 
ssthepole distance. Inthocaseofparalldforcesithepolodiatancewillbea 
constant; therefore, the moment at (Afferent points will vary as the intercept. 
Resolution of Forces. Forces may be reeolvod into components in the 



Fio. 34. 


- Sftft , 

Fig. 35. 

The fuidcular polygon is of great service ii 
solution of atone arch, and dam problems, 
determining tho lino of resistance at the jointa. g- 

Bendingmomentsandshearingforccsforbcamsand , ' 

other structures may also bo determined graphically by its use. 


».n , 0 

ice in tho , * X 

Jlems, in \f'’ \j 


Determination of Stresses in Members of a Statically Determinate 
Plane Structure with Loads at Rest 
It will be assumed that the loads are applied at the joints of tho structure, 
‘i-e., at the points where. the different membcrs'are connected, and that the 
connections are pins with no friction. The stresses in the members must 
then be along lines conneoling the pins, unless any member is loaded at more 
than two points by pin connections. If the membera are straight, the forces 
exerted on them or by them mnst coincide with the axes of the members. In 
other words, there shall be no bending stress in any of the meihbers of .the 
structure. ■ i . 
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rectangle edkg, and triangles mfg and AW, from vliiclj tlie rectangle opn 
is .to be subtracted. Eeferring to asis JJ, 

In = TT^VS for semi-dtele otic; = (2 X ll’l/S for rectangle cdkg; ' 

~ 2[(5 X 3>)/36 + 10*(5 X 3)/2] for the two ti'isngles mfg and hU. 
From the sum of these there is to be subtracted Jii =1(2 X3V12 +4H2 X 
3)] for the rectangle oprs. 

If the moment of inertia of the i^ole area fa required about an axis parallel 
to XX, hut passing throng the center of gravity of the whole area, Jo = 
Ixs - where xq = distance from XX to center of gravity. The 
moments of inertia of built-up seotioas used in structural work may be 
found in the same manner, the moments of inertia of the different rolled 
sections being given in steel uianufacturei’s handbooks. 

Hftonients of Inertia of Solids. For moments of inertia of solids about 
paraOel axes, Ji = Jo + XiM, see p. 210. 

Moment of Inertia with Iteference to Any Axis. Let a mass particle dm of a 
body have x, a and t as co-ordiitatea, XX. I'i'. and ZZ being the co-ordinate axes sod 
0 the origin. Lot X'X' be any axis paasins throogh the origin and making angles of 
A, E and (7 with XX, YY and ZZ, respectively. The moment of inertia wth respect 
to this axis then becomes = 

Is! « coa> A/(v’ + *’)djn + cos* B/(r* + x^dm + cos*C/(j> -I- if*)dnt 

-2 cos BccsC/jttrfm - 2 cos C cos A/atrfm - 2 cos X cos 
Let the moment of inertia about XX = J, = /(y* + about TV - Jy = 
/(** + z*)dm, and about 22 - 7, ■ /(** + yi)dm. 

.Let the products of inertia about the tbreo co-ordinates ues be 

f»i •= /yrdm, 7«» » ftsdm, and I»v “ Jiydm; 
then the moment of inertia Jt' becomes equal to 

7i cos* A + If eos»B -f- 7, coa^C 2lr,eosBtosC - 27„ cos Ceos 

cos A cos £ 

The moment of inertia of any eolid may be considu’ed to be made up of the sum or 
difference of the moments of inertia of rimple solids <d which the moments of inertia are 
known. 


Moments of Inertia of Important Solids (Homogeneous) 
m = ic/p » mass per uiiH of volamo of the body. 

M ~Wfg total mass of body, 
r = radius. / = momcat of inertia (mass units). 

Ju * I X ff = moment of inertia (weight units). 

Solid circular cylinder about its axis: 

I « Tr*maf2 = A7r*/2. (a = length of axis of cylinder.) 

Solid circular cylinder about an axis rtirou^ the center of graidty and 
perpendicular to axis of cylinder: I ~ llf(r* + (a*/3)]/4. 

Hollow circular cylinder about Its aids; 

I = rma(n* — T 2 *)f 2 , (nsndrs * outer and inner radii; a « length.) 
Thin hollow circular cylinder about its axis; I ~ Mt\ 

Solid sphere about a diameter: 7 = SimrrVlS = 2Afr*/5 
Thin hollow sphere about a ^ameter: I ~ 2ilfr-/3. 

Thick hollow sphere about a diameter: 

7 = 8m7r(n‘ - ri*)/15. (n and rs are outer and inner radii.) 
Rectangvilar prism about an axia'throi^ center of gravity and perpendic- 
ular to a face whose dimensions are a mid A: 7 = A/(o* -|- fi*)/12. < 
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at the point 5. Pioi = Fjaj. The point S is independent of the direction 
of the parallel forces, provided they always remain parallel and applied at 
and Ai. The point S, through which the resultant always passca is 
called the center of the parallel forces Fi and Pi. 

The static moment of a lino, surface or solid with 
respect to an axis is the length of the Une, the area of 
the surface or the weight of the eolid multiplied by the 
distance from the axis to tho center of gravity of the 
line, surfaco or solid. 

Centers of Gravity of Iiines. To find the center of gravity of a line, 
di'dde it into an indefinitely largo number of indefinitely short lengths, to bo 
known as elementary divisions. Multiply tho length of each elementary 
diviaon by its perpendicular distance from some reference axis in a piano 
containing tho line. When the line is all on one side of tho axis, add these 
products (or momenta, as they are usually designated), but when the line is 
on both sides of the axis, subtjact the moments of the part on one side from 
the moments of the part on the other. Divide tWa sum or difference by tho 
total length of the line, and the quotient will be the perpendicular distance 
from the axis to the center of gravity of the line and should be measured on 
the dde of the axis that has tbo greater moment if tho lino is on both sides 
of the axis. ■ 

Centers of Gravity of Plane Areas. Proceed in tho same manner as for 
lines, dividing tho area into elementary areas. If the piano area has an axis of 
symmetry, the center of gravity lies on this axis. 

Centers of Gravity of Technically Important Lines, Areas, and Solids 

Centers op Ghavity of Lines 

Straight Line. The center of gravity is at its middle point. 

Circular Arc AB, Pig. 39(o): *# = r sin c/rad c; yo ~ 2r sin* Kc/rad c. 
(rad e angle c measured in radians; see p. 44.) 



Fig. 38. 



Tig. 39. Tho. 40, Pro. 41. 


Circular Arc AC, Fig. 39(&): x# = r an c/rad c; yo = 0. 

Quadrant, AB, Fig. 40; w = ye = 2r/ir = 0.6366 r. 
Semi-circumference, AC, Rg. 40: ye = 2r/a- = 0.6366r: x, = 0 . 
Combination of Area and Straight Line, Fig. 41: AD and BC arc two 
quadrants of radius r, y« == {(AB)r + 2l0.5aT(r - O.G366r)]) [AB -j- 


CeNTEBS of GRAVTTt OP PLANE AuBAS 
Center of gravity eg lies at the intersection of the lines joining 
the vertices with the mid-points of the ades, and at a distance from any side 
equal to one-third of the correspombEg altitude. 

Parallelogram. Cg lies at the point of intersection of the diagonals. 
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from XX to the center of graTity of MNP = area M'N'P' X d/area MNP. 
Also, area M"N"P” X d* = moment of inertia of MNP about XX. The 
areas M'N'P' and M"N"P" can best be obtained by use of a planimcter. 

DYKAmes OF EIGID BODIES 
Motion Under Unbalanced Forces 

If a body is acted upon by a system of forces forming a balanced system, it 
will either remain at rest or move uniformly in a straight line. Only unbal- 
anced forces change the motion of a body. 

Uniformly accelerated or retarded motion requires the action of a 
constant unbalanced force. A common example of uniformly accelerated 
motion is the action of gravity on a falling body. If the action of gravity 
is ■wholly unresisted, the velocity ® at the end of time t {in sec), starting 
from rest, 'will be ® = gf, 'where g - acceleration due to gravity. If the body 
has an initial velocity v = v# + gt. An example of uniformly retarded 
motion io that of a body projected into the air vertically with a velocity lo; 
its velocity after any time t will be v = »» — gf. If « = space passed through, 
i •* for falling body starting from rest, and s *= ro( 4* if start- 
ing with an initial velocity ng. For a body projected vertically upward, 
s = tot - HgtK 

General Formulas for the Motion of a Body Under the Action of a 
Constant Unbalanced Force 

i a apace In ft, a » acceleration in ft per sec per sec; v » velocity in ft per 
sec, to » initial velocity in ft per sec, h = height in ft, F “ force; m = 
mass, tc = weight, g - acceleration due to gravity, 

Initial velocity = 0: Initial velocity » to! 

F - ffia “ {«/g)o. F = jna = {n>/g)a. 

t “ at. » = » -bat. 

t » Hoi" = }ivl. « » tot + Mat* = ViVti + Mtt- 

t = (falling freely from rest). 

If a body is to be moved in a strai^t line by a force, the line of action of this 
force must pass through its center of gravity. 

G'WiWiJ. "SjoJa I'M tfcft *0ia TMWa isi 

Constant in Magnitude and Direction. Resolve all the forces acting on 
the body into two components, one in the direction of the body's motion and 
one at right angles to it. Add the components in the direction of the body’s 
motion algebraically and find tire unbalanced force, if any exists. 

Examples, (a) The body in Fig. 63 wa'etis tW) lb, is subjected to external forces F 
end Fi, and the coefficient of friction between the body and the inclined plane is 0.1. 
Hequiicd, the velocity of the body at the end of five (5) sec if it starts 
from rest. 

First, determine all of the forces aetios externally to the body. 

TheseareF = 401b,Fi = 801b, IT =■ lOOlb.andthcforce ■with which 
the plane reacts upon the body. Besolve the forces into components 
along the plane and normal to it The components along the plane 
are 32 lb and 60 lb acting down, 60 lb acting up, and that component 
of the plane's resistance which acts against motion. This com- 
ponent of the plane's resistonce b tiie nannal component of the FiO. 63. 
pressure between the surfaces mnItipUed by 0.1, which is the coeffi- 
cient of friction. The componeDte normal to the plane are 24 lb aeting away and 80 !b 
acting toward the plane. The normal pressure is 80 — 21 a 50 lb, and the friction is 
56 X 0.1 = 5.6 lb. The unbalanced force acting on the body along the plane is 
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Oblique Frustum of a Right Circular Cylinder, Fig. 49. Let 12 3 4 
be 'the plane of ’ symmetry. ‘The distance from the base to the eg is y^h. + 
(r^ tan’ c) /8?i, where c is the angle of inclination' of the oblique 
'seitionto'the base.' 'The distance of the eg from the axis of the 
cylinder is f- tan’ c/4A. 

Pyramid or Cone. Cg lies in .the hne connecting the eg o! 
base with the vertex and at a chstance of one-fourtiiof the altitude 
above the b^e. 

Truncated Pyramid. If h is the height of the truncated 
pyramid and A and 5 the aieasofitabaBea, the distance of its cg 
from, the surface of A is 

h{A + 2\AS + 3B)/4W + VB + W. 

Truncated Circular Cone. If h is the height of the frustum and 12 
and r the radii of the bases, the distance from the surface of the base whose 
radius is i2 to the center of gravity ia h(R^ + 2Br + 3r’)/4y2* + J2r + r’). 

Segment of a sphere, Fig. 50, volume ABC', xt = 

3C2r - /i)’/4(3r - A). ■ 

Hemisphere, xo ^ 3r/S. 

Hollow Hemisphere. x» » 3(12* - r‘)/8(ff® - r®), 
where J2 and r are respectively the outer and inner radii. 

Sector of a sphere, Fig. 50, volume OABCO: x'o « 

«(2r - h). 

KWipeoid, with eemLaxes a, b and c. For each octant, 
distance from center of gravity to each of the bounding 
planes « H X length of semi-axis perpendicular to the Fio. 50. 
plane considered. 

The formulas given for the determination of the centers of gravity of lines 
and areas can bo used to determine the areas and volumes of surfaces and 
solids of revolution, reapeeUvely, by employing the theorctnsof Pappus, p. Ul, 

Determination of Center of Gravity of a Body by Experiment. The 
center of gra'vity may he determined by hanging the body up from different 
points and plumbing down; the point of intersec- 
tion of the plumb lines will give .the center of 
gravity. The eg may also be determined as shown 
a Fig. 51. The body is placed on knife edges 
ivhich rest on platform cedes. Tho sum of the 
freights registered oii tho two scales (isi + wi) must 
2 qual the weight (w) of the body. Taldng a mo- 
ment axis at either end (say, 0), hoiA/w = xo -= 
fistanoe from 0 to plane conttuning tho'center of gra^dty. 

Graphical Detefmirui.ttoa of the Oentets of Gravity of Plane Areas. 
See p. 213 and Fig, 62. 

Moment of Inertia , ' 

_nioment of inertia of a solid bo(ty with respect to a given axis is 
the limit of the sum of the products of the masses of each of tho elementary 
particles into which the body may be conceived to be divided and the square 
of thdr distance Itom tho given axis. 

If dm =,da)/g represents. ;^e maas qf.au elementary particle and y its 
distance from an axis, the moment-of inertia I of the body about this axis 
Will be I = jyrdm = jy^dm/g. ' 



■ Fis. 51. 




Fig. 49. 
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let a be tie angular velodfy oI pcwt A. Consider that it starts from Z' 
aad moves to A in time i; then the ao^e B =ui. If CA = r, X'P =r- 
CP = r — r cos = s. The velodly v of the point P 1701 equal ds/dt = 
bir sin wi, and tho'accelerataon o = dt/dt = — cos ut. The unbalanced 
force acting on the body P at any time =F = mo =i7iuVcosci){ ®= (u>/{f)wV 
cos <i>t = fljtij-CP, showing that the force varies as tho distance 
of the body from. the centerofitspath, being 0 at the center 
and {w/s) u-r at the ends of the path. The velocity is 0 at 
tho ends andamarimumatthemiddle.wheren <=wr. 

When a body is acted upon by varying forces, methods 
similar to those adopted for constant forces are used, but, in 
general, more simple solutions can he found by using the 
principles of work and energy. 

Work aad, Eaergy 
■Work. "When a body is displaced agwnst resistance or accelerated, work 
must be done upon it. The work deme by a constant force is the force P 
multiplied by the distance through which the force moves, or work » Fs. 
The work done by a force that varies = jPd$ when the forceP is expressed 
as a function of the space s. In the work diagram, Tig. C7, the ordinates are 
forces at different times and the abscissas are spaces passed over. The area 
under the curve represents the work done, which is equal to jPds. 

Units of Work. When the force of 1 lb acts through the distance of 
1 ft 1 ft-lb of work is done. Tho foot-ton unit is sometimes used. In 
countries using the metric system the unit employed is the Caeter-kilogram. 

Energy, A body Is said to possess energy when it can do work. A body 
may possess this capacity through its position or condition. When a 
body is so held that it can do work, if released, it is said to possess energy 
of position or potential energy. When a body is moving with some 
A'elocity, it is said to possess energy of motion or kinetic energy. An 
example of potential energy is a body held suspended by a rope; the position of 
tho body is such that if the rope be removed work can be done by the body. 

Energy is expressed in the same units as work. Tho kinetio energy of a 
body is expressed by the formula B = Hmfi = ^ {v)/g)vK 
If a force which varies acts through a space on a body of mass m, the work 
doneisJ'jjTcis, and if the work is dl used in giving kinetic energy to the body 
it is equal to — Vr) » change in kinetic energy, where rs and ti 

are the velocities at distances si and st respectively. For the kinetic energy 
of rotation, see p. 220. 

If a force which varies acts for a certiun time on a 
bodyofmasswii the quantity = »n(i)i — v().= 

the change in momentum of the body. 

Certain problema.inwhichthevdodto'ofa body at 
any point in its straigbtiinc path whtni acted upon by 
vatjnng forces is required, can be eaaly solved by the 
use of a work diagram. 

In Fig. 67, let a body wd^og 100 Ib start from rest at A and bo acted 
upon by a force that varies in accordance with the diagram AFGBA. Let 
the resistance to motion be_ a constant force = x. Find the velocity of the 
body at point B. The area AFGBA represents the work done upon the body 
and the area AEI>BA'(= force x X distance AB) represents the work that 



Fig. 67. 
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area A about ?? and XX, respeotivdy, V and tie momenta about Y'Y' 
and X'X', and hy and hy' the products of inertia for XX and YY, and X'X' 
and Y'Y', respectively. Also, let c be the angle between the respective 
pairs of axes, as shown. Then, 


ly = Jy co^ c + an* c + Ixy sin 2c 
It = lx cos* c + Ty sin* (5 - hy sin 2c 


» COS 2c 



Pig, 66. 


Principal Moments of Inertia. In every plane area, ft given point 
being taken as the origin, there is at least one pair of rectangular axes in the 
plane of the area about one of which the moment of inertia is a maximum, 
and a minimum about the otiier. These moments of inertia are called the 
principal moments of inertia, and the axes about which they are taken 
arc the principal axes of inertia. One of the conditions for principal 
moments of inertia is that the product of inertia hy shall 
cqu^ zero. Axes of symmetry of an area arc always 
principal axes of inertia. 

Relation between Products of Inertia for Parallel 
Axes, In Tig. 55, A’oA'o and FoT» pass through the center of J 
gravityofthearea parallel tothegivcnaiesA'A'andFF. If 
1*1, be the product of inertia for XX and VF, and that 
for loTo and ycFo, then Ixy = + obA. 

Ellipse of Inertia. In Fig. 56, let ly - and h = JlAJA ho the 
moments of inertia about the principal XX and FF. The moment 
of inertia about axis AA = ly sin* c + Z* cos* c, as Isy * 0. The polar 
equation of an ellipse constructed on the eemiaxes o and I will he o* sin* e + 
5* cos* c = (a*b*) /r*, r being the radius vector of any 
point on the ellipse and c the angle that it makes with 
AX. Layoffa « V^andb « then the moment 
of inertia about AA = (a*&*) (r- - IdyM. 

The moment of inertia of the area about any axis in 
the piano and passing through 0 will be loverly pro- 
portional to the square of the semi-diameter cut by that 
axis from an ellipse constructed with a = ■\/Tf and 
& = V^iOandb being thesemi-majorandeemi-minor 
axca, respectively. 

The following coQCluaioM may ba draw. If the principal moments 
of inertia are equal, the ellipse of inertia becomes a circle and tho moments of 
inertia about all axes in the plane and passing through 0 are the samo. If the 
moments of inertia about more than two axes in the plane 

^d passing through 0 are equal, the momenta of inertia 

about ail axes in the plane and pasang throu^ 0 are the j. 
same. ^ There are two axes in the plane making equd and 
opposite angles with a principal axis and pasting through 
0, about which the moments of inertia are equal. 

• 14 inertia, ei any wea may be con- 

adered to be made up of the sum or difference of .tho 

nown moments of inertia of simple figures. For cx- 



Fio, 56. 


Fig. 57. 


diinensioned figure shown in Fig. 57 represents the section of a 
rolled shape with hole oprs, and may^be divided into the semi-circle aic. 
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the body to the connection is called a centrifugal force. The acceleration 
tovfaid the asia necessary to keep aparUcle moving in a circle about that asis 
is T^/r; therefore the force necessary is ma = mtr/r => m’/gr = ic;r-A>/900ij, 
where N = rpm. This force is constantly directed toward the axis. 

The centrifugal force of a solid body revolving about an axis is the 
same as if the whole mass of the body were concentrated at its center 
of gravity. Centrifugal force = vnr-/gr = mv‘!r = tne-r/u, whore « and m 
arc the weight and mass of the whole body, r is the distance from the axis 
about which the body is rotating to the center of g^a^^ty of the body, w the 
angular velocity of the body about the axis in radiana, and s the linear 
velocity of the center of gravity of the body. 

Examples CCnifomi angular vdoaty). (1) In Fig. 69 a homogeneoua rod of length 
I revolves about XX at a speed of S rpm: find the pressure oa the axis XX due to cen- 
trifugal force (C. F.). M the whole bodj' is deviated toward XX, the force necessary 
must he C. F. = (»^)(2xif/60)rO/2), te bring the weight deviated, 

2rjY/60 » the angular vriocity and 1/2 thedistattcefrom axis to center 
of gravity. 

(2) Find the tension in the rod at oa, distant p from the axis. The 
force vdth which the ie&gth y of the rod acts on llte length b the 
deviaUng force neceasai^’ to keep oobte constantly accelerated ton-ard 

the axis, ThbEorco - ■*" " f "] v'hcbg the weight 

otoebba, and beingthedislance&oin,TX to the center 

of gravity of ostia. 

(3) In Fig. 70 find the pressure on the axis TV aadm.'iximum tension due to ecntrilugal 
force. Determine the center of gravitj* of the body: let it be ro from the axis FI’; then 
the pressure on the axis will be (w/BK2sff/60>V». 'To deteiinine the meximum tensiorv 
due to centrifugal force, determine which part of the body on 
one side of the axis has the greater moment about the ails; the 
maximum tension will he on this side of the ilvIs. and the pres- 
sure on the axis will be the diSercncc between the tonslona on 
the two sides. 

The tension in a belt, in lb per sq ft. due to centrifu- 
gal force is ure’/ffi where ic = weight of motetial per cu yjQ_ 70 ^ 
ft, and V =s velocity, fps. It should bo noted that the 
tensfon is independent of the diameter 0 / tie puiley upon whfei (ie beft 
runs. 

A body revolving about an axis passing through ita center of gratity exerts 
no pressure on the axis dne to centrifugal force. 

, Conical Pendulum. In the ample revolving pendulum shown in Fig. 71 
a ball weighing u Ib revolves about FT at a speed of rV rpm; find 
the angle a. The forces acting Upon the mass of the ball are the 
weight M and the tengion T in the cord. As the ball stands out at 
a constant angle, the vertical component of Tmust equal w, leav- 
ing the horizontal component of T unbalanced. This unbalanced 
component is the devisting force necessary to keep the weight “ 
revolving about 77. Tlus deviating force is the centripetal force. 

T sin 0 = C. F. and T cosa = 10 , butC. F. => wu-r/s; T an 
0 = w'-rlg, T = wu'-rlg an a, and an a - icuV/pT; r = f sin a, 
audio ~2tN/QQ. Frotnihesefonnulasthetensionandanglecan 71 . 
be found if N is known, or tho tenaon and number of revolutions 
pet minute can be detenninedif the englo 1b known. It should be noted that 
lij’I must be greater than g. 
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Solid rijrht circular cone about im aria through its apex and perpendicu- 
lar to its axis’. 

I = 3M[(t'/ 4) + (A * altitude, of cone, r = radius of base.) ■ 
Solid right circular cone about its axis of revolution: 1 = 3jW/ 10. 
Illipsoid ■with Bemi-axes o, b, and c: I about diameter 2c (z-asis) - 
I = 4m7ra6c (o* + b’)/lS. 

[Equation of ellipaoid: (a^yo*) + + (cVe’) - 1.) 

Ring ■with Circular Section, Kg. 68: 

^ Jj/y = Hmff’JJoHiS* + 3a*); 

* I„ = + (SaV4)]. 


Approximate Moments of Inertia of Solids. In order to dotermino 
the moment of inertia of a solid, it is necessary to know all its dimensions. 
In the case of a rod of mass Af, Rg. 69, and length I, with shape and size of 


the cross-section unknown, mnlung the approii- 
mation that the -weight is all concentrated along 
the axis of the rod, the moment of inertia about 

yr will be i„ = flmiDx’ix » mp/s. 

A thin plats may be treated in the same way 
(Fig. 60): 

~Iy,^fpi/l)z^dx 

Hero the moss of the plate is assumed as conceh* 
tinted at its middle layer. 



Ko, 69. 



Fia, 60. 


Thin Ulng, or Cylinder (Kg. 61). Assume tho mass, M, ol the ring 
or cylinder to bo concentrated at a distance r from 0. Tho moment of inertia 


about an axis through 0 perpendicular to piano of ring or along 
asB of cylinder will be I » MT*;tinswiUbogteateTtiiantbcesact 
moment of inertia, and r is sometimes taken as tho distance from 
0 to the center of gravity of the cross-section of tho rim. 

Fly-wheel Effect. The moment of inertia of a solid is often 



called fly-wheel cBect in the solution of problems dealing with Jjq, ej, 
rotating hodies, and is usually eaprcBsed in Ib-ft* (X») . 


Graphical Determinatiou of the Centers of Gravity and Moments 
of Inertia of Plane Areas. Required, to find the center of gravity of the 
area AfiVP, Fig. 62, and its moinent of inertia 
about any axis XJ, 

Draw any line SS parallel to XX and at a dis- 
tanco d from it. Dra'w a number of lines such 
M AB and EP across the figure parallel to XX. 

From E and F dra-w ER and FT perpendicular 
to SS. Select as a pole any point 0 on XX, prel- 
etably the point nearest the area, and draw OR 
s.ndOT, cutting EF at E’ andP’. H the same 
construction is repeated, using other lines par- 
aM to XX, a number of points will be obfauned, 

|rinch, if connected by a smooth curve, will give 
he area M'N'P'. Project E' and F' on to SS by lines E'R' and F'T’. Join 
and T' ■with O', obtaining E" and P"; connect the points obtained using 
parallel to XX and obtain an area M"N''P". The area 
i NP' Xd = moinent of area MNP about the line XX,' and the distance 



Fig. 62. 
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Eotation of Solid Bodies about Ases 
li a body rotates about an axis under the action of a constant force./’, 
the relations between the angular acceleration fl«, the angular Telocity u, 
theangl6movedthrougbtf,andthcfeineticenergyofrotation£,areFt = aj\ 
a = aot, or = uo + ad', 0 = }iaj- = J-fuf, or = orf + ^ad-‘, E = oi'I/2-, 
where FI is the unbalanced turning moment, I is the moment of inertia of the 
body (fj/ym) and wo and is the initial angular velocity. 

General Rule for Rotating Bodies. Determine nil the external forces 
acting and their 'moments about the axis of rotation. If these momenta 
are balanced, there will be no change of motion. If the moments arc unbal- 
anced, this unbalanced moment or torqu© will cause an angular acceleration 
about the axis. 

Rotation About an Axis Passing Through the Center of Gravity, 
The rotation of a body about its center of grarity can only be caused or' 
changed by a couple. See Fig. 75. If a single force F is applied 
to the rim of the wheel, the axis immediately acts on the wheel with p ' 

an equal force to prevent trandatiou, and the result Is a couple 
(moment Fr) acting on the body and c.ausing rotation nbout its 
center of granty. The work done by the couple causing rota- 
tionis ilf fl, where M is the moment of the couple and B is the angular 
space passed over, in radians. If there is no unbalanced moment Fio; 75. 
there must exist either rest or uniform rotation. < 

In calculations pertaining to boistU^ machinery, it is Bometimes necessaiy to deter* 
mine the total weight to be accelerated. This consists of the combined wdgbt of the' 
load to be hoisted, the tope or chain and the cage or ship (if used) plus a certain weight 
VI equivalent to that of the hoisting drum if concentrated at a point in its eireumfer- 
oncc. This latter may be determined as followst Energy in ft-lb of rotating drum 
mS ^ Iu>/2 « w«VV2?, uhere r ® la^us of gyration of drum, in It; e> ■ angular 
velocity, and u a weight in Ib. The product uvt is sometimes Itnown as the flywheel 
eSect. let R *> radius of drum from shaft axis to rope center, in ft. Then, consider* 
ing the weight concentrated at radius it, for thesamoquantity of energy, £ > tciu-kV2?i 
whence vjfi’ •• ler’, or tn ■ tir'/Ri. For example, in s large electric mine hoist, 
V * 16.000 lb, r ■« 6.4 ft and JI a 8 ft. equivaleat weight at R “ wi- “ (16,000 
X 6.4 X 6.4)/{S X 8) - 10,240 lb. 

Combined Rotation and Translation. Any body that is revolving' 
about au axis not throiyii its center of gravity jnay be considered 

to have a motion of translation and a motioa of rotation about 
its center of gra-vity combined. The body ^own in Fig. 70 is 
revolving about C 'with an angular velocity «, but this motion 
may be considered to be made up of a translation 'with the veloc- 
ity cd of the center of gravity of the body about C and a revolu- 
tion about' the center of gravity with the aame angular velocity 
(to) as that with which the body rotates about C. 

The kinetic energy of the body is (fiT/2, in which I is the 
moment of inertia of the body with respect to C, This is the 
eame as + <dh/2, where c = wf and Jo = moment of 
inertia of the body 'with respect to an axis passing through its center of gra-^-ity 
and parallel to the axis at C. The motion of translation requires a single force 
applied at the center of gravity of the body, and the motion of rotation about 
the center of gra-vity requires tile action of a couple, therefore the combined' 
motion must be caused by the resultant of a single force and a couple.-'- • 
The point of application of this resultant is known as the center of per- 
cussion and may be defined as tire pennt of application of the resultant of 



Fig. 7G. 
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60 + 32 - 80 - S-6 " 8.41b aad acta downTOid 

F a ma a (I00/fl)o o = 0.064? 

The body is acted upon by constant forces and fitnrte from rest, therefore, c » at and 
s - If t = 5. t = 0.064? X 5 •= 0.32?, « (1/2)0.32? X 6 « 0,8?; talckg ? = 

32.16, t = 0.32 X 33.16 ■= 10.39 ft per eec, s » 0.8 X 32.16 = 25.73 ft. 

(b) Find tie constant force necessary to start from rest n train veigting 100 tons 
and ^vo it a speed of 30 mpi in 1 min; track to be kyd and Btraigit, train resistance 
to be constant and equal to 12 lb per ton. The estcrnal forces acting upon the train 
are tie resistance of 100 X 12 <= 1200 lb, tie constant force F pulling the train along 
tie lerd track, the force of gravity equd to wdght of train, and tie reaction^ of^ the 
track. The forces normal to the track form a balanced system, but, as tie train is to 
be started from rest and given a velocity, the forces acting along the track must form an 
unbalanced system. A velocity of 30 mpi •= 44 fps; to acquire this velocity in 60 sec 
requires an acceleration ol 44^0, as o = vfl Tie unbakneed force to &vc the train 
this acceleration is F = mo = (100 X 2000/?) (44/60) » 4580 lb. The total tractive 
force required is therefore 4580 4* 1200 = 5780 lb. If the train is on a grade, the prob- 
Um is the awno, with the addition of another force acting along the track, that is, the 
component of the vreight along the track. 

The so-called laws of inclined planes are simply derived by the above 
method. In Fig. 54 the weight W slides down tie plane wifiiout {riction, 
The unbalanced component of the forces acting along 
the plane is IF sin 5, o » g rin .5, a * (p sin B)t, 
ttad 4 = (Hq B\n S)l’ as the body etarls from rest. 

T he time ne cessary to pass ov er a distan ce s is J® 

Vss/g sinB, and v « at * 

Bhowhig that if the body slides without friction from 
T to A, its velocity will be the same as if it fell through 
the same vertical distance TN. With initial veloc- 
ity to, s » ro ± {g sin B)t, and a * tof + (Hff 
Tension in a Rope Connected to a Moving Body. The force with 
which the rope acts on the body is equal and opposite to the force with which 
the body acts on the ropo, and each is equal to the tension in the rope. In 
Fig. 65, neglecting the weight of pulley A and the cord, find tho tension in 
the cord. The unbalanced force acting on the two weights is 20 ~ 6 = 15 lb 
and acts on the two weights. 15 = (25/g)a, and o » 3p/5. uu is accel- 
erated in an upward direction and vn downward. Ti « wi + the 
UQbdanced force necessary to pve toi ao upward acceleration of 
{3g/5) = 6 -f (5/g) X (3g/5) = 81b. Tj = w* - the unbalanced 
force necessary to pvo wj a downward acceleration of (3g/5) = 

20 - (20/g) X (3g/5) = 8 lb. If a body ia moved uniformly *' ‘ ' 

upward by a rope, the tension in the rope is equal to the weight of 
the body, rrithout regard to the velocity. 20 i-a b lb 

IfaweightistobepulledupaninclinedplanebyineanBofaropB, pjQ. C5. 
the tension in the rope is equal to the componait of the weight along 
tie plane plus the normal pressure between the surfaces times the coefficient of 
fnction, plus the unbalanced forcenecessarytogjve the weight tho acceleration 

that it has. If the weight is to move uniformly up the plane there will bo no 
acceleration, and the tension in the rope must wmply balance all resistance to 
motion. 



Fig. 64. 


Harmonic Motion 

Forces Necessary to Cause Harmonic Motion. , In Fig. 60 , point A 
unilormly in the circle J’TJT', and point F moves to and fro along 
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(loi + v>i)a/g is the unbalanced force necessary to pvo the two weights the 
acceleration o, and aj is the unbalanced moment necessary to give the 
pulley the angular acceleration Oa. If there is no slipping, Oa = n/r. 

Eelation between the Center of Percussion and Radius of Gyration. 
I ~ llmxd = ~ xi; where i = radius of gyration. Therefore 

the radius of gyration is a memi proportional between the distance from the 
axis of oscillation to the center of percussion and the distance from the same 
axis to the center of gravity. 

Interchangeability of Center of Percussion and Axis of Oscillation. 
If a body is suspended from an axis, the center of percussion for that axis can 
be found. If the body be suspended from this center of percussion as an axis, 
the original axis of suspension will then become the center of percussion. The 
center of percussion is sometimes known ns the center of oscillation. 

Time of Oscillation of a Compound Pendulum, The length of an 
equivalent simple pendulum is the distance from tbo axis of suspension to the 
center of percussion of the body in question. To find the time of oscillation 
of a body about a given axis, find tiie distance 1 » I/mxokom that axis to the 
center of percussion of the swinging body. The length of the simple pondu- 
lum that will oscillate in the same time is this distance 1. The time of oscilla- 
tion for the equivalent tingle pendulum is / = This is tbo time 

necessary for a single swing, not over and back. 

Betermlnation of moment of Inertia by Dxperiment. To find the 
moment of inertia of a body, suspend it from eomo axis not passing through 
the center of gravity and, by swinging it, determine the time of a single oscil- 
lation in seconds. The known values will then be I « time of single oscilla- 
tion, at “ distance from axis to center of gravity, and m = mass of rod. 
The length of the equivalent simple pend ulum is i - J/mw. Substituting 
this value of Mn f s xVi/p gives 1 ® from which t* -T^l/nxog, 

or I » 

Impulse and Momentum 

Impulse of a force =« F(h - ii) when the force is constant and fj - h is 
the time interval during wbichitacts. If the force is not constant in magni- 
tude but always acta in the same direction, impulse = 

Impulses may be added algebraically by meaiis of a polygon, or an impulse 
may bo resolved into componente by meaiis of a parallelogram. The moment 
of an impulse may be found in the same manner as the moment of a force by 
representing the impulse by a line and taking the product of the magnitude of 
the impulse by the perpendicular ^stance from the lino representing it to tho 
point about which the moment is to be taken. 

Momentum. The momentum of a particle is mv, where m = mass of the 
particle and a = its velocity. Momentuma can be represented by lines 
(vectors) and added and resolved in the same manner as forces by means of 
polygon and paTallelogram. The moment of momentum can bo determined 
by the same methods as used for the moment of a force or moment of an 
impulse, the momentum being represented by a line. Angular momentum 
is the product of tho component of momentum at right angles to the radius, 
and the radius. 

Impact 

The straight lino perpendicular to tbo common contact piano of two 
colliding bodies’ and passing throoidi the point of contact is callod the 
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roust be done to overcome rcarfance; ' Ho d/fferenoa 'of tlicsc areas, or 
SFGiiJi!, Trill repteseat work dose in excess of lliat reqipted to overcome 
resistance, and oosBeqpeatJy Js eQiial to the increase in kinetic energy. 
Equating tbe ?rark represented by toe art* WSM to ^im^s and solving 
iovr, will the required vrfowty atS. ■ If too body did not start from test 
ttis area would represent toe change in kinetic energy, and toe velocity could 
be obtained by tog fotinula: IForlc = " »*')< heiag the required 

velocity. 

If the forces acting upon a body are functions of toe time, a diagram similar 
to ,Fig. C7 may be drawn uang timo as .abscissas. In this case toe areas 
repreBBut toe impulses of the forces. The area BPGDB will then represent 
toe unbsianced Impulse and iicreJore too change in momentum and tha 
reiccity can be determiBod byijlscingtoissresoqud ~Pe}. 

General Euls for EecUlinefu Motion, Eesolvo each force /ictlng on too 
body into componentfi, one of which acts along the lino of motion of the body 
and toe other at right angles to the line of motion. Taka too sum of all the 
cttppasMts SfJlng ia toe dirwllno of ton moUnn and multiply this. sura by 
the distauco moved through for constant forces. (Take, too overage force 
times distance for forces that vary.) Thia product will be the total work 
dene upon toe body. If toere is no unbalnnced eomponent there will be 
no change in kinetic energy and consequently no clmnge in velocity. If 
there is an unbalanced component, the change in kinetie energy wiU bo this 
unbslanoed eomponent mulfiplicd by the distance moved tlirough, 
Conseryatfou of Energy. The aum of the kinetic and potential cnorsics 
ci a body acted on by gravi^ aJono is constant. , 

2 8 body is at a eortain boight A above the atouodaDdainotionltts, its potential eneiBy 
is eqaal to toe work done in raising it lo that height. U too body {alls to toe gtouDd iU 
vriodty s wbsa it strikes wiE be aai it* Wnetio onercj' irf}! be ws’/Sf. The 
potanEal energy before starting (a drop is, therefore, (he same a* its kinetic energy when 
it inches the earth. At any pant during ita fall its totoi cnagv, bbtoined by nddinB 
the kinetlj and potential enetpes. will be the same vt'Pn, where * is toe velocity that 
thebodywouldbaveifitfdlfrcdy totbeeartbfromlheoiigiwilhcigVit. ■ 

The work done by a system of forces acting on a body is equal, to 
toe algebrtic sun of the work done by .each force tak<m 
separately, , 

Power is toe rate at which work is performed, or the 
wiiiiber of units of work perlotmod in unit lime. The units of, 
power eraploycdby Mpneereaip toe horse power, or 33, 000' 
ls4b per min * 550 ft-lb per sec, and the l^owatt = 1^41 
up = 737.55 ft-ib per too. ' 

Triction Brake.^ Is Fig. 68 a pulley revolves under the 
band and in direction of toe arrow, oserting a poll of Ton w»/!P ■ ■ 
}“®^Ting. Thefriction of toebaiidontherimofthepulley . , 

10 (T - w), where w is the wef^t attached to one end of the 'band. Let 
tie puiley make iV rpm; then toe work draft pet.mittuto against friction by 
the nm of toe pulley ig 2irM ( T - w), and toe hotee power absorbed by brake 

= 2irM(3’-w}/33,0l)0, - 

Centrifugal Force . 

Centrifugal and CentripotaJ Torcss. Wbm's body revolves about on 
w. some connection must exist .c^mbfe of applying force enough to the 
wy to constantly deviate ittowsid the ask.' -Thia 'deviating force ja 
®own as centripetal force. The equal and oj^o^to resistance otered by 
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The strength. or intensity of the field at any'given point is the rela- 
tion between a force acting on a mass nt at that point and.the mass. Inten- 
sity of field = i = f./m; = mi. , ! 

The unit of field intensity is the same as the unit 'of acceleration, i.e., 
1 ft per sec per sec, or 1 m per sec per see. , The, intensity of a field of force 
may be repreknted by a line (or vector). j. ■ , 

A field of' force is said to be homogeneous when the intensity of all points 
is uniform and in .the same direction. . , 

A field of force is called a ccntoal field of force with a center 0, if the 
direction of the force acting on the mass particle m in eveiy point of the field 
passes through 0 . and its magnitude is a function only of the distance r 
from 0 to m. A line so drawn through the field of force that its direction 
coincides at every point with that of tho force prevailing at that point; is 
called a line of force. . • . 

■ Law of Gravitation. Two particles attract each other with a force F 
proportional to their masses mi and m* and inversely proportional to the 
square of the distance r between them, or in which h is the 

gravitation constant, or tho force with which two spheres of unit mass 
attract each other through unit distance. The value of gravitation constant 
is A = 6.66 X 10“® cm’ g”^ BCC"*incg8units,orA = 3.44 X 10"’ft’lb“’6ec"’ 
in engineering units. The density of a body is its mass per unit of volume. 
Density = d = mass/volume. 

TEE G7BOSCOPE 
By E. V. HTOTINOTON 

; The elementary facts about gyroscopic forces may be briefly illustrated by 
the. following example. Given, a wheel or disk, of weight xo and radius B,' 
spinning rapidly about its axis OA (Fig. 1), and mounted in gimbal rings in 
such a way that Its center is stationary, while Its axis is free to point in any 



Fig. 1. Fig. 2. 


direction in space. (See Fig. 2.) Let h = the radius of gyration of the 
wheel about its axis. (If all the wdght ia in the rim, A* = A*; if the wheel, 
is a homogeneous disk, A* = R*/2,) Now suppose the axle end A is con- 
strained to movo between two smooth fixed guides, forming a slot as in Fig. 1, 
and suppose that a force Q is applied to pull the point A along tho slot. 
Then, (1) .as far as the motion of A along the slot is concerned, it makes no 
difference whether the diskis rotating or not; in fact, Qh = (w/s) (AV2) {dvfhit), 
where Qb is the moment of Q about the .center 0, and dv/dl is the (linear) 
acceleration of the point A along tho aloft; but (2) if the wheel is rotating, 
then the mere motion of 'A along tho dot will call into play a strong lateral 
pressure P (called a gyroscopic reaction) agaihst' one of tho guides. 
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Bftlancii^ 

. A rotating body is said to be in standing balance when its center of 
gravity coincides with the asis upon' which it icvoItcs. Standing bianco may 
be obtained by resting the axis carrying the body upon two horizontal plane 
surfaces, as inFig. 72. If the center of gravity of the wheel A coincides with 
the center of tho shaft B, there will be no movement, but if tho center of 
gravity docs not coineide with the center of tho shaft, tho 
shaft will rod until the center of gravity of tho wheel 
comes directly under the center of the shaft. The center 
of gravity may bo'brought to the center of the shaft by 
adding or tating away weight at proper points on the 
diameter passing through the center of gravity and the center of the shaft. 
Weights may be added to or subtracted from any part of tho wheel so long as 
its center of gravity is brought to the center of the shaft. 

A rotating body may be in standing balance and not in lunul'ag balance. 
In Fig. 73, AA and BB are two disks whose centers of gravity are at o and p, 
respectively. The shaft and the disks are iu sUuHUng balance if tho disks 
ere of the same weight and the distances of o and p from the center of tho 
shaft are equal, and q and p lie in the same axial plane 
but on opposite sides of the shaft. Let tho weight of 
each disk be w and the distances of o and p from tho 
oenter of the shaft eachbe equal to r. Tho force exerted 
on tho shaft by AA is equal to wu-r/g, where « is tiic 
angular velocity of shaft. Also, tho force exerted on 
shaft by BB = These two equal and opposite Fior?! * 

parallel forces act at a distance i apart, and constitute a 
couple with a moment tending to rotate the shaft, as shown by tho arrows, of 
{m*T/g)x, A oouplo cannot be balanced by a single force, so two forces at 
least must bo added to or subtracted from the system, to get running balance. 




Curvilinear Motion 


An unresisted projectile has. a motion compounded of tho vertical 
notion of a filling Wy, and of tho horizontal modoa flue to the horizontal 


component of tho velocity of projection. In Fig. 74 l^e only force acting 
after the projectile starts is gravity, which causes an 

acceleration downward. The horizontal component ^ . it 

of the original velocity ro is not changed by gravity. “ 

The projectile wiE rise until the velocity given to it by ^ /\\ 
gravity is equal to the vertical component of thoBtart- ^ 
ing velocity sj, and the equation Sttsino = pt, gives the ' ® 

time i required to reach the highest point in the curve. Ipjo. 74, 

The same time will be taken in fallmg if the surface ^ 

AXislovel, andtbeprojeetil0willlhereforebeinflight2f8ec. Thodistanco 


8 =1(1 cosa XSt.andthemammumhd^toiascenth = (to sin o)V2o'. . The 
expressions for the co-ordinates of miy point on the path of the projectile aie: 
I = (toco8a)t, andp = (to 8ina)f - iijif»,pvmgy *a!tano - (pa:V2to2cos2<i) 
as the equation for the curve of the path. The radius of curvature of the 
highest pointmayboioundbyuBingthegeneralcxpresaioaC.F. = irtVprand 

solving for r, s being taken 'equal to cos a. 


Simple Pendulum, The time of a tingle oBcillation in one direction = 
{ = ’^ViTo, whbre it is the length of the pendulum' and the length of the swing 
IS not great as compared to 1. 



STRESSES IN FRAMED STRUCTURES 

BY 

A. HAEETLEIN 

(0rlslnall7 pr«pared b; S. W. Hayward) 

Aa ideal truaa is a framework conosting of straight bars or members con- 
nected at their ends by frictionless pins. The ejcteraaJ forces are applied 
only at these pins. . Internal forces or abysses in such straight bars are axial, 
either tension or coiapresaon, without bending. Since frictionless pins are 
impossible and the ends of bars are often riveted or welded, the ideal truss 
is never realized. For purposes of analysis, .the primary stresses, which are 
always axial, are determined on the assumption that the truss under con- 
sWetation confonns to the ideal. Secondary stresses ate additional streascs, 
generally flexural or bending, brought about by all the factors that malce the 
actual truss different from the ideal. In the following discussion, primary 
stresses will be considered. 

General Procedure. After all oxtcmal forces, loads, and reactions have 
been determined, the internal force or stress in any member is found (1) by 



Fig. 1. 


taking a section, making an ima^nary cut Uuoi^h the members of the truss,^ 
including the one whose stress is to be found, ao as to separate the truss into 
two parts; (2) by Isolating either of tiiese parts; (3) by replacing each bar 
cut by a force, representing the stress in the bar or the force required to 
come to the part of the truss isolated from the other part removed; and (4) 
by applying the equations of statics to the part isolatod. 

The various ways in which sections can be taken and the equations used to 
determine the stresses rn'O Olustrated by a sedution of the truss (Fig. 1) ■ 
iS(m8 fn bl and 1ft. Scctionl-1. Is<)Iateparttole(t[F)g.2(a)]. Assume the unknown 
stresses in 51 and ftl as tension. Knee tiie forces are concurrent and coplanar, only two 
independent equations of statics are avaSable. These may be either Si = 0 and 
Zy = 0. or ZM = 0 taken about two different points seleoted so that neither point is 
the intersection of the forces, or so tiiat the line j<^ag the two points is not coincident 
with either of the unknown intcmal fcooes. 

Using the first set of equations and tddng componente of all forces along a horizontal 
and vertical axis, for example, the horisuitBl component of the 3,250 lb force is 1,250 



. WTAnOm IKD PS&OUSSIO^ 


221 


iting . A 
fc be 

2 lb V^- 


all tteibroes-tending to cause a body to rotate afeotit a certain axis. It is the 
•point at which a suspended body, may bo steuck ■without causing any pressure 
on the axis passing through the pwnt oi Buapcnsion. 

• .Center of Percussion. The distance from tiio oxis of suspension to the 
center of percussion is I = J/mi#, 'where t = moment of inertia of the body 
about its axis of suspension, ra = total mass of the body and so = distance 
from the axis of suspension to the center of gravity of the body. 

Examples. (1) Find llie center of percussion of the Lomogencous rod (Fig. 77) of 
length L and mtiss m, svispended at AX 

1 ,■ Bi rt Z« ■ ■ 2 ci 

I = — ; Ifapprox) = - j ,s*-dx; . *# ** I'’ = U>/1. 

[2} Find the center of percussion of a solid cylinder, of mass resting oti n horizontal 
plane, In Fig. 78,' the instantaneous c«5nter of tho cylinder is at A. The center of 
percussion will therefore be a . height abox’C the plana equal to I = I/mu. 

Since I » (mr-/2) + mr* and It » r, 1 = 3r/2. ^ 

(3) In Fig. 79, a solid cylinder ■’uroghing 100 lb is moved along a horizontal ' ' 
plane by 'a horizontal force of 12 lb appliirftllho axis. If the cylinder rolls 
without slipping, how far may it bo moved in 10 sec and what must bo the 
friction? 

• The forces acting arc F, gravity, and the reaction of .the plane. Tho verti- 
cal compoaeat of the reaction of the plane balances gravity, leading tho 
horizontal component of the reaclion of piano and F oa the forces causing 
rotation about the instantaneous center 0. Thoresultanlfi-ofthelSlbforco ' 
and the liicUon must be apphed at the center of pertuasie® , which is at the 
distsnoo 1/mxt from 0 or 3 ft. The rcsulUnt can be found by taking 
moments about 0. 3fi ®j2 X 12; R = 8 lb. Tho friction must be 
I2'“,8®f!lb acting to the left, because 8 lb is the resultant of F » 1211 
and the friction. This resultant of 8 Ib at a distance of 3 ft from 0 lias the 
'same eSect as the two forces of 12 lb and 4 lb acting together. This single PiQ. 78. 
force of 8 lb must be also the resultant of a couple and a ungle force at the 

,axis, see Fig, 79(6). The single force of 8 lb acting te the right at the axis causes transla- 
tion, and the couple whose moment is 8 X I causes rotation about tho center of gravity. 
Tho llaeat acceleration along the 
piano is found by using the 8 lb /„) 

force. F « nw.'.S e» 100a/fl,a = ' 

8ff/100, and « = (8g/100) X 10 - "T’' 

(4ff/5)fp8. iS = H(80p/l00)XlO. ' 

or CyTirider TloU- 
inf Down, a Plane. In this 
case the component of the 
weight along tho plane tends 
to" make it roll down, and is 
treated ss a force causing rota- 
tion. The forces acting on tho 
body should be resolved into components along tlie liiie of motion and per- 
pendicidar to it. If the forces are all known, their resultant is at the center of 
percussion. If'bne forecistobcdetenmne'dftheexact conditions ' ■ 
ak'regards slipping or not slipping must be Imown), tho center of ' • ■ '/^ 
percussion can be determined and the unknown'force found. • ■ .|0| . 

' ’^beri 'Weights acb-as shown in’Tlg. 80, where the pulley over’ '■ '*1 J; • 
which the ropesTun hag appreciable' weight, it'is necessary to' dHwa 
take :nto account the moment of the force required to accelerate' ir'rn • sri •" 
the pulley itself. rj.'-’ 'l 

luTig. 80,. the unbalanced .force iPi,- tpjiB acederating the pulley as'well 
ns the two weights. Therefore.-wi (wi -h'.wsjta/c) 4,OoZ/r,...wheTe 
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Sirm tn bars en and nm, Sectirai 4-4 Cut tbs members around the pin at Ui and 
so use Ss e 0 Qnd b o for concurrent forces ca the upper part of the cut 'isolated 
[Fig. 2(d}]. It will bo observed that .there cannot be more than two unknown stresses 
in the section taken around a pin or pmnt in order tJ) have the stresses determined 
from the equations of statics. Hence the sections cannot be taken at random, for 
example, section 6-6 could not he takoi at tide time beesuse the stresses in bar mn, no, 
and oi are unknowt. The numerical work is generally made easier, by resolving the 
forces into components paralld to the axes which may be selected in any convenient 
'direction. For this particular ease, the x-axis is taken as horuontal and the 
perpendicular to it. 

2i = 0 = 19.2/20.8 + 19.2/20.8 + 2600 - 24.700 X 19.2/20.8 

Si/ B 0 = 8„ 8/20.8 - »m» 8/20.8 - 6000 + 33,049 - 24,700 X 8/20.8 
Solving these equations stmuItaneouEly, £«, b 11,298 compression 
so» = 33,290 tension ^ 

By taking section 6-5 and considciing the part to the left [Fig. 2(e)] 

SAf about io = 0 = sm* X 8/20.8 X 38.4 + 2500 X 8 (32.649 - 6000)19.2 

SJlf about (fi = 0 =» -8>i X8-1350 X 8 - 9500 X 19,2 . , 

SJlf aboutZi - 0 = 8«. X m/20.8 X 16 + 2500 X 8 - 9500 X 38.4 + 26,049 X 19,2 

from wluch Sn,. s 33,290 tension, 8,.; = 24,050 compreseion, and in == 11,298 

compression. 

Stress in tors nc and oi. Section 6-6. Consider tho part around the pin It [Fig- 2(/)] 
3* - 0 » s.i -I- 24050 - 33,290 X 19.2/20.8! *•« » 6,679 tension 

- 0 « 8n» + 33,290 X 8/20.8 - 13.000; sm = 195 tension 

Or by taking section 7«7 and considering the part to the left Fig. 2(p) 

ZAf aboutio = 0 » X 38.4 + 2500 X 8 - 26,649 X 19,2 + 18,000 X 38,4 
ZAf about I7a - 0 • -w X 16 - 1250 X 16 - 2500 X 8 - 9500 X 38.4 + 26,649 

X 19,3 

from which a 196 tension and «•{ > 6,679 tension. 

Sfrssscs tn liars dp and op. Section 8-3. Consider the part around the pin Vt 
(Fig. 2(A)J 

Sj = 0 - 8jp X 19.2/20.8 + 8., X 19.2/2499 + 2500 + 11,298 X 19.2/20.8 
Sy B 0 « ssp X 8/20.8 - X 16.0/24.99 - 6105 + 11.298 X 8/20.8 
from which rjp = 7734 oompreedon and 8,p = 7535 cotPpreesion, or by taking section 
9*9 and considering the section to left (Fig. 2(t)] 

ZAf about Lt = 0 =• 8d, X 19.2/20.8 X 24 -|- 2600(8 -f 16) - 6000(19.2 + 38,4) 

- 9500 X 57.6 - 13.000 X 19,2 + 32,649 X 38.4 
ZAf about It = 0 •* S.P X 16/24.99 X 67.6 -I- 2500(8 16) - 26,649 X 19-2 

-b 19,000 X 38.4 

ZAf about Ifj = 0 •= -iH • 16 - 1250 X 16 - 2500 X 8 - 0500 X 38.2 -f- 26,649 

X 19.2 

from wluch ssp b 7,733 comprestion, s»j> = 7,538 compression, and isi = 6,670 tension. 
Stresses in bars pq and qh. Section 10-10. Contider the part around the pin Ls 

[Fig. m 

Zi = 0 o -I- 753S X 19.22/2499 - 6679; from which s,ii = 881 tension 
Zy = 0 ■= Sp, - 13,000 - 7538 X 16^499; from which s,, =» 17,826 tension 
Or taking section 11-11 and consideiing the portion to the right because it has the 
fewer forces acting on it [Fig. 21(5)]. 

ZAf about I,' = 0 = Spe X 57.6 + 6250 X 24 + 3000 X 57,6 - (27.851 - 10.000)75,6 

ZAf about is = 0 =» -Sdp X 19.2/20.8 X 24 -f 6250 X 24 - 17,851 X 18 

ZAf about (7s *= 0 = «,» X 24 -I- 12,500 X 24 - 17351 X 18 

from which Sp« = ,17,825 tension, Ut =* 7.733 compression, and Sfh » 888 tension. 

: Stresses in er and rq. Section 12-12. Couader one part around Ut [Fig. 2(1)] 

; Zi = 0, = icr + »f, X 18/30 -{- 7733 X 19,2/20.8 -i- 1260 
Sy = 0 = -Sr, X, 24/30 + 77M X 8/20.8 -.20,825 
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line of impact. If the centers of gravity of the bodies He on this line, the 
impact IB i^led central impact; in any other case, eccentric impact. 
If the directions of the motions of the tvro bodies coincide \rith the lino of 
impact, the impact ia said to be direct; in any other case, oblique. 

Direct Central Impact. When two masses mi and im having velocities 
U] and Hi and moving in the same line meet each other, the relation between 
the velocities ui and ui before and ei and. ni after collision is expteased by the 
equation: mici + ms «2 = mini + msu*. If = velocity of mi, ®" = 
velocity of mj at any time duringimpact,andt = common velocity at instant 
of greatest compression, mim ini«i + and 

1 ) = (mill! + msuj) /(mi + mi). The sum of tho momentums' of the two 
masses before, after, and during impact ia the same. 

A second relation between the velocities is c « (« '-tii)/(ui -uj),cbeing 
called the coefficient of impact, or the coefficient of restitution. Its 
Value depends on the clastic or plastic properties of the bodies which come in 
collision, being 0 for inelastic bodies (nearly 0 for soft sub- 
stances such as putty or lead) and 1 for perfectly elastic 
bodies. 

To detomuae the cocfBcient of restitution between two ■ 
materials, let mi be so large in comparison to tm that it may 
be conridered as infinite, c.p., a foundation weighing many 
tons and a ball weighing a few ounces. Lot ms be stationary, 
making a? and n » 0; the formula c *» (ns - iri)/(«j - us) 
will then reduce to e = -vi/ui. Prop the ball from the 
heightfruponmiaadnotethereboundA. Thcniu gV2p "/f 
downward and ni = upward, and c * -oj/ui = Vh/7f. For central 
impact when the bodies are swinging (see Fig. 81), oi + cwi “ ui + eut, and 
also if fi and Ii = momenta of inetUa of mi and ms, CIi«i/li*) + (iiflt/lt’) = 
(IiUl/fi*) + {liUi/lfl, 
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' Impact of Perfectly Inelastic Bodies. The two masses move after the 
impact with a common velocity u = «i = ui ** (miai + mir!)/(mi + mj), and 
the loss of kinetic energy due to impact * JJ » Kmim:(rj - ii})V(mi + 
mj). 


j Ifij = 0, « = + mi) and Ihe'loss of energy = limjmsmVlwi + wO 

Perfectly Blastic Impact. In this case, tho loss of energy £ 0. The 

velocities after impact become; ui = ni - l2nn(i>i “T'j)/(mi +m!)], and 
«2 * w + [2ffli(fi - w] /(mi -b mi)l. For = 0, «i « (mi - m5)ti/{mi + 
tai), and u* = 2mii!i/(mi + mi); iWo is no loss of energy and the body im 
retraces its path. 

Imperfectly Elastic Impact. If the coefficient of impact is e, ui = 
% - [mj(l -l-e)(i>i ~tn)/(mi = Oj +Iini(l +c)(t)i - Jj)/(wi -bmi)]. 

Loss of energy = miW 2 (l - «*)(vi - «i)V2(mi + im). 

When a jet of water strikes a flat pbte perpendicularly to its surface, tho 
force exerted by the water on the plate is wt/g, where w is the weight of 
water striking the plate in a unit of time and « is the velocity. When the 
jet is inclined to tho surface by an an^e A, the pressure is {wv/g) cos A, 


Fields of Force— Attraction 

The space within which the action of a physical force comes into play on 
bodies lying within its boundaries ia called tho field Of the force; 
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HB ia of the same magnitude as for the lower joint but acts in the opposite 
direction. The stress in the member kh is KH and is therefore compression. 

Problem. The tiuea shown in rig. 7 is loaded wdth a dead load of 21,761) lb. uni- 
formly difitributed over the upper chord, together mth a wind load of 13,600 lb on 
the light side, Both ends of the truss aie fixed and the horizontal compononta of the 
supporting forces are assumed to be equal. The supporting forces may be determined 
graphically by first assuming a toller under one end of the truss, or by the funicular 
polygon construction (see p. 203). They are often calculated and the polygon of 
external forces plotted from the r^ulta of (he calcidaUon. This is a desirable method, 
as it ofiers a check on this most important part of the graphical work. 



The 'horizontal compooent of the wind load is (16/34)13,600 e C4D0 Ib. The 
H component of each supporliog force is assumed to be MOO/2 > 3200 lb. The vertical 
component of the wind load ie (30/34)13.600 » 12,000 lb. Taking momenta about 
the light end of the truss. (21,700 X 30) + (13,600 X 17) - 60^:. .',7: - 14,733; 
Vs «■ 21,760 + 12,000 - 14,733 = 19/127. 

The polygon of external forces can now he conslruoted, as In Fig, 8, The dotted 
part of the diagram ia the combinaUoa of the dead and wind loada, assuming that they 



are each concentrated. The dotted line BK is the r«ultant of these loads. The sup- 
porting forces KA and AB are determined by plotting to scale their horizontal and 
vertical components as calculated. The polygon of external forces for the truss is 
BCDEFGHIJKAJi, and must check with the person shown dotted. The forces GH, 
III, IJ, aniJK are the resultants of the forces acting at the joints on the right side of 
the truss. 
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TVHcIi one of tie' two guides the force P \dll net against depends on the 
direction of spin, and is best- determined ty the following rule (E. V. Hunting- 
ton, Bno. iVcirs, July 21, 1910); If the applied force Q is thought of as due to 
the pressure oi a fiat board agmst the sde of the revolving ade fthe board 
b^g perpendicular to <} as shown in dotted line in Fig. 1), then the axle will 
strive to move in tie direction, in which it would nahirallj* roll if the board 
were rough. Thus, in Fig. 1, tie axle end A vrill push against the upper 
gffide, and would actually move in the direction of the P arrow ii the gride 
were not presenh 

The magnitude of the gjro'scopic force J* at anr instant is proportional 
to the spinning velocity, and also to the vdodty of A along the slot, being 
gren by 

Pb = (Wo)^*-(-A730)<r/b), 

where P6 = the moment ofP about tbe center, c = the linear velocity of the 
point .4 along the slot at the instant in question, .V - rpm in the spinning 
velocity of the wheel, and q » 32.17 ft per sec per sec. 

It should be noted that the gjvoscopic reaction P against the fixed guide 
does not depend on the magnitude of the acederating force Q, except in so 
far as 0 is necessary to create the vdocity r, in case A starts from rest; when 
once the velodty r has been established, Q can be made rero, and both r and 
P will (neglecting friction) continue constant. On the other hand, if tie 
guide is movable, nnd exerts a pressure P' * P against the axle at this 
force will itself maintain the vdodty t (called the precesaonal vdodty) of 
•the point A along the gnide. In brief, the end cf the azlc of o rctctir.g gyroscope 
oltrayj fends to more at right andcs lo ony force impressed upon if. 

For example, suppose an airplane is driven by ft right-handeii propeller (turning 
like s right-handed screw when moving forward); if a gust of irisd or other force tuns 
the aaclane to the Ufl, the gyroscopic action cd the propeller will make the forward end 
of the shaft strive to rise U the iriag surface is large, this motiea will be practically 
prevented by the resbiance of the air. and the ovoEcopic fore^ become eSective 
meidy as internal stresses, whose mariraum value can be computed by the formula 
above, Similaily, if the airplane is dipped doroverd, the gjToscopie action wiD make 
the forward end of the shaft strive to turn to the l(/L 
la the Btennaa taonosnl car, the slot is parallel to the roil , so that a force Q. ftpphed 
Eutomaticslly at the axle end when tbe car starts to tip. will be converted gjTcscopiealli' 
into a strong righting moment PS, which forces the car back into a position of lateral 
eqniKbrium. Numerical case: If w = 82&91b.b = l.'lft.h » Sit.aadspmaingvelodty 
= SOOO rpm, then n force Q of 50 lb acting for sec will produce at the end of that 
tiine s. precesaonal vdodty of 1 ft per rcc along the slot, with a xes-alting lateral force 
ftcainst the guide of neaib' 16,000 lb. Tbe displacement of the point A along the slot 
wBl be about 6 deg. An essential feature of the apparatus is a device for bringing the 
sxle back into the ready position after each period of activiry. 

Othw applications are the "Wbildiead torpedo, the Schlick and the Sperry ship- 
stcadjing devices, the gjTocompsss cod sutomatic steering mec’nanism for ships, the 
ariiScial horizon and the directional gjTO formreraft, and the “gtToplIo:,” which auto- 
maticailr keeps an airplane on its course. These devices are made by the Sperrj' 
Co. For the mathematical tbeo^r « the g::ro?co?e, ses H. Crabtree, 
Spinning Tops and Gyrcscopic Motion,” Longmans. See also Deimel, “Mechanics 
ci the Gyroscope,” Maccdlisa. 
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RBraREKCEs: Archbutt and Dedey, “Lubrication and Lubricants,” Griffin. Stanton, 
‘‘Friction,” LoagmanaV Bevan, "lii'eoty of Machines," Longmans. Heck, ‘‘IGne- 
raatics and Dynamics of Machinery," McGtaw-HiU, Nash and Bowen, “ The Principles 
and Practice of Lubrication,” Chapman-Hall. "General Discussion on Lubrication 
and Lubricants,” A.S.MJl. 

Friction is the resistance tJiat is encountered tvben ttvo solid surfaces 
slide or tend to slide over each other. The surfaces may be either dry or 
lubricated. In the first case, when the surfaces are' free from contaminating 
fluids, the resistance is call^ dry Motion. The friction of brake shoes 
on the rim of a wheel, of a dry grinding stone on the worked metal, and of a 
pier on its foundation are examples of dry friction. * 

When the rubbing surfaces are separated from each other by a very thin 
film of lubricant, the friction is that of boundary (or greasy) lubrication. 
The lubrication depends in this case on the strong adhesion of the lubricant 
to the material of the rubbing surfaces; the layers of lubricant slip over each 
other instead of the drj’ surfaces. A journal turning at very low-speed under 
a heavy load, or the parallel guides in a machine tool, ate representative 
instances of boundary lubrication. 

When the lubrication is arranged so that the rubbing surfaces are separated 
by a fluid film, and the load on the surfaces is carried entirely by the hydro- 
static pressure in the film, the friction is that of complete (or viscous) 
lubrication. In this case, the frictional losses arc due solely to the internal 
fluid friction in the film. Oil ring bearings, bearings with forced feed of 
oil, and pivoted-ahoe-typo thrust bearings operating in an oil bath are 
instances of complete lubrication. 

Incomplete lubrication takes place when the load on the rubbing sur- 
faces is carried partly by a fluid viscous film and partly by areas of boundary 
lubrication. The friction is intermediate between that of fluid and bound- 
ary lubrication. Incomplete lubrication exists in bearings with drop-feed 
iiibhc'atidn or on the guides ot a crossneaa.” 

Static and Sliding Coefficients of Friction 
In the absence of friction, the resultant ot the forces between the surfaces 
of two bodies pressing upon each other is normal to the 
surface of contact. With fiction, the resultant deviates 
from the normal. 

If one body is pressed against miother by a force P, 
as in Fig. 1, the first body will not move provided the 
angle ao included between the line of action of the force 
and a normal to the surfaces in contact does not exceed 
a certain value which depends upon tiie nature of the 
surfaces. The resultant forceBhas the same magnitude 
and line of action as the forceP. InKg. 1, Bis resolved 
into two components; a force Wnormal to the surfaces in 
contactandaforccPrparaileltothesurracesincoatact. Fig. 1. 

From the above statement it follows that 

Ft ^ if tan Oo ^ N/a 
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aad the rcrtical Munponent la 3,000 Ih. 

Si = 0 = «i4 + «H X 19.2/20^ 4* 1260 ' 

S}/ = 0 B SM X 8^8 - 9500 

From these equations, sit *» -24,050 and «i == 24.700 tension. 

The minus sign indicates that the force in K acta opposite to the assumed directiofl, 
t.«., in compression. 

Using the SM “ 0 twice 

SK about Ui “ 0 = -sttX 8 - 1250X 8 - 9500 X 19.2;fromwhichm = -24,050 

or 24,050 compression 

IM about Li = 0 = 311 X 8/20.8 X 10.2 - 9500 X 19.2; from which sii = 24,700 

tension 


The 6r3t method is frequently referred to as tiic “method of joints" and the second 
the "method of momenta.” Each method consists in applying the equations of statics 



Fia. 2. 

to a part of the truss cut irom the wheio in TAuch the cut members nre replaced by 
internal forces. 

Slrtis in Im and mj. Sections 2-2. Isolato part below section [Fig. 2(5) j. Assume 
unknown forces as tension, si* was found to be compression, hence will act toward 
tho pin. 

llx "= 0 t= Sm/ + 24,050; from which Snf =■ —24,050 or 24,060 compression 
Sy ts 0 a j|„ 32,649; from which sia “ —32,649 or 32,649 compression 

If section 3-3 is taken, isolate part to left Fig. 2(c). 

M about lo = 0 = «!,„ X 19.2 -I- 32,649 X 19.2; from which si„ « -32,649 or 
' ' 32,649 oompeesaioa- 

2M about = 0 ■= -smi X8 - 1250 X 8 - 9500 X 19,2; from which ?«,■ = -24,050 

or 24,050 compression. 

Strcaa in 51 could also be found by XM about ia q 0. 
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CoelEeleiLts of Static Friction 

Masonry and earth: dry maaouy on briekm>rk, 0.6-0.7; timber on polished stone, 
0.40; iron on atone, 0.3-O.7; maaonry on dry clay. 0.51; masonry on moist clay, 0.33. 

Earth on earth; dry sand, day, nuxed earth, 0.4-0.7; damp clay, 1.0; wet clay, 0.31 ; 
fihingle and gravel, 0.8-1. 1. 

Natural cork; on cork, 0.59; on pine \rith grain, 0.40; on glass, D.52; on dry steel, 
0.45; on wet steel, 0.60; oit hot st^, 0.6^ on oiled Steel, 0.45; watei-soahed cork 
on steel, 0.56; oil-soaked cork on steel, 0.42. 

Table 2. Goefflclents of Sliding Friction for Clean Dry Surfaces 


Brass on mild steel 

Brass on cast iron 

Babbitt on caat iron 

Babbitt on mild steel 

Cast iron on mOd sted. . . 
Hard leather on wood. . . . 

Babbitt on wood 

Hard wood on hard wood. 
Fiber on fiber, 

Glass on glass 

Mild steel on mild steel. . . 
Hard steel on hard steel. . 

Nickel on mild steel 

Carbon on glass 

Garnet on mild steel 

Zinc on oast iron 

Magnesium on cast iron. . 

Copper on cast iron 

Tin on oast iron 

Load on coal iron 

Antimony on cast iron. , . . 


AccortUng to Sachs: determined with two 
12 in. d^ka rubbing agnmst each other while 
pressed iogetiser with forces up to 100 lb 


Beare and Bowden: determined with emnll 
epbere rubbing ogoiiut a plate, sliding velocity 
up to 15 fps 


Honda and Yamoda; determined with a button 
of the various materials rubbing against 
cast-iron disk; loads up to 10 lb per sq in. 
and speeds near 1.5 fps 


Table 3. Coefficients of Frietioo for Various Materials 
(Tomlinson: detennined with clean dry surfaces at low velocities, and therefore repre* 
sentative for coefficients of statio friction) 



Hard 
steel I 


:p|atl- 

Nickel 

Cop- 
, per 

b™. 

Aluad- 

Glass 

Tm 

Lead 

Hard steel. . . . 

Mild steel 

Flatinuiu 

Nickel 

Copper 

Brass 

Aluminum 

Glass 

Tin 

0.39 

0.41 

0.40 

0.43 

0.55 

0.54 

0.65 

0.61 

0.79 

1.96 

0.41 

0.43 

0.43 

0.53 

0.51 

0.61 

0.72 

0.77 

1.93 

0.45 

0.39 

0.50 

0.36 

0.80 

0.57 

0.86 

2.07 

0.39 

0.56 

0.50 

0.75 

0.78 

0.90 

2.15 

0.60 

0.62 

0.70 

0.68 

0.69 

1.95' 

0.63 
0.71 ' 
0.87 1 
0.5 
2.11 

0.94 

0.85 

0.91 

2.00 

0.94 

0.94 

2.40 

Ml 

2.20 

3.30 


Compound Sliding. A body hiding across .nnotlier may be deflected 
crosswise from its original direction by a small force. This explains the 
ease with which an automobile may skid on the road or mth which a plug 
gage can be inserted into a hole if it is rotated while being pushed in. 

Coefficients of Sliding Friction for Special Cases 
Soapy Wood. E. P. Lesley gives for wood on wood, copiously lubricated with 
tallow, stearinc, and soft soap (as used in launching practice), a starting coefficient of 
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from wWoh Ser = 5,000 tension and «r« = 22^14 compression, or by taking section 
IMS and considerinB.part to the right tKg. 2(ffl)l 

^.sMflbout 1^3 =.0 = s,»X 24 -(27351 -.10^00)18 + 12,500 X 24 • 

SM aboutii *» 0 « -8tr X 24 + 6000 X 24 
SY = 0 = Sr, X 24/SO + 27351 “ lOjOOO 
from which 3;i> <■ 888 tension, Str » 6>000 tenacm, and Sr, « 22,314 compression. 

Slrm in rg. Section 14-14. Conader tiie part around Ut [Pig. 2(n)] ■ • 

2 i o 0 o -Scr + 6000 from which s<r » 5000 tension 
Xy =' 0 s» -8rc - 10,000 from which tig » — 10,000 or 10,000 compression 
or tsldng section IMS and conaidering the part around I*i [Pig. 2 (d)1 

2 j; B 0 a —tgh + 22,314 X 18/30 - 12300; from which tih = 888 tension 
2]/ B 0 B Sr, - 22,314 X 24/30 -h 27,851; from which Sr, » 10,000 compression 



FlO. S. 
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Graphical Solution of Trusses 

When -the estemal iorcea actang upoTi a truss ate all in- the aaine piano 
and inay be assumed to act at the joints of the structure, it is often con- 
venient to make use of graphical constructions to determine the Btressea in the 
members. A series of stress polygons may bo constructed for the forces 
acting at the different joints, using the 
methods shown on p. 20G, but a combination 
diagram, using what is known as "Bow’s 
Notation," greatly simplifies the work. 

The forces Fi, Ft, Fa, and F« (Fig. 3) are all 
in the same plane and form a system in equillb- 
liuTci. Their lines of action all pass through 
the same point (o). Letters are so placed as 
to bring each force between two letters, these 
letters being usually read in a right-handed or 
clockwise direction around the joint. Fi, Fj. Ft, and Fi will then be designated 
ob, be, cd, and da, respectively. A stress polygon (Fig. 4) is then drawn for 
the forces. Assume that the magailudee, lines of action, and directions of Fi 
andfj are known and that the lines of action only of Fj andF4 arc known. 
The forces must be taken in order and tlic letters must be so placed that when 
the forces are read righthanded about the point o (Fig. 3) the eequence of the 
letters (in Fig. 4) will indicate the direction in winch the forces act upon point o. 
The manner of using Bow's notation is illustrated by the following problem 

Bow’s Notation Applied to a Truss. The .truss shown in Fig. 5 is 
loaded with a uniformly distributed dead load which may be considered to 
be concentrated at the joints ns shown. First plot the polygon of external 
forces ABCDBFGA (Fig. 6). As the forces all act vertically, the rides of 
the polygon fall in the straight line AF. The supporting forces GA and FG 
are equal in this case, each being one-half the total load, bo that no special 
construction for their determination is necessary. Start at any joint in the 
truss where there are not more than two unknown forces, e.g., at the left end of 
the trass. The stress polygon ior tins joint is ABHGA. Heading the letters 
in a right-hand direction about the joint, the stress in the upper chord 
member is BH. This sequence of letto in the stress polygon indicates that 
this member acts downward and to the left on the joint, and therefore is in 
compression. The stress in the lowm: chord member is HG, and this 'sequence 
of letters indicates that thi s member acts to the right on the j oint and therefore 
IS in tension. , ' . . , . 

, At the joint in the middle of the upper chord there are now two unknown 
stresses. Draw the stress polygon BBCKH for the second joint. The stress 
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Infiarion pressuto, 
lb per sq in. 

Dry pavement 

1. 

'Wet pavemBEt • 

^fja , 

1 , .7# 

Sliding,: 

Static , 

• . A ■ . 

Sliding 

. , / 

40 ■ 

1 

0.90 

0.85 ' 

0,74 1 

0,69 

50 

0.68 

O.M' ‘ 

: 0.64. 

0,58 

60 

0.80. 

0.76 

0.63 

0,56 , . 


Teats of tte Goodrich Compaayi on wet brick paTement, with balloon tirea of dif« 
ferent treads' gave the following values of /. 


CceSdenta oi irioUoa 



Static 

(before slipping),. , 

Sliding 

(after slipping) 


■ 5 

: 30 ' 

^ ' 1 

: 3(1 



0.49 

0.58 

0.75 

0.77 

1 0.28 
0.4Z 

1 0.55 
0.55 

0.43 

0.52 

0,70 

0.68 

0:26 • 
0.36 ' 
0.39 
0,44 

Circumferential grooves/....,,. 

Angular grooves at GO deg 

Angular grooves at 45 deg 


Sleds. For unshod wooden runners on smooth wood or stone surfaces, / » 0.07 
(0.15) when tallow (dry soap) is used as a lubricant (■ 0.38 when net lubricated); on 
snow and ice, / ■ 0.035. For runnors with metnl shoes on snow and ice, / ■ 0.02. 
Rennie found for steel on ice, /» 0.014. 

Rollins Friction 

Rolling is substituted frequently for eliding fricUon, as in the case of wheels 
under vehicles, balls or rollere in bearings, roUors under skids when moving 
loads; frictional resistance to the rolling 
motion is substantially smaller than to slid- 
ing motion. The coefficient of rolling fric- 
tion /r - P/L where L is the load and P is 
the frictional resistance. 

The frictional resistance P to the rolling 
of a cylinder under a loadL applied attiie 
center of the roller (Fig. 2) is inversely pto- 

potUoti^ to tho radius r of the roller; P = ^ 

as follows; hard wood on hard wood, 0.02; iron on iron, steel on steel, 0.002; 
hard polished steel on hard polished steel,’ 0.0002 to 0.0004. 

Data on rolling friction arc scarce. Noonan and Strange give for clean 
steel rollers on keel plates, for loads varying from light to those causing a 
permanent set, of the material, thn foUowii^. .values of .fc:. surfaces, well- 
finished and.-cleani 0.0002 to. 0.0005; surfaces widl-oiled, 0.0005; surfaces 
covered'with silt, 0,0015; surfaces rusty,! 0.003. 



Fra. 2. 

If T is in inches, values of J- arc' 
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■fflien supporting forces are to be deientuned tbe loads may be concentrated at the 
lines of action cJ their reaultanta, but when internal stecsses are to be determined the 
lends must be distributed at the various joints. Start svith some joint of the truss 
■nheie there are oniy tmo nohnown {orcea and draw tba stress diagrnin, Fig. 8. The 
magnitudes of the stresses in the different members aro determined directly from the 
lengths of the corresponding lines and the scale used in the constniction of the diagram. 
The nature of the stress (tension or compression) is detormined by the use of Bow'b 
aotalian. 

A difficulty often oriaCB that is illnatrated by the truss of Fig. 7. It is 
impossible by the usual graphical procedure to completo the stress diagram, 
as it will be found that, after obtaining the streasea in the members meeting 
at the leit end and at the next joint on both, upper and lower chords, no joint 
with less than three unknoTO forces is avadablc. To overcome this diffi- 
culty, some unknown stress may be calculated and placed on the diagram 
before proceeding with the graphical solution. 

The stress which should be ealcuiatcd in this case is tliat In the middle member of the 
lower chord. Taking momenta about a pmnt at the middle of the upper chord, 
IGflA - (U.733 X 30) - (3200 X 16) i2720{22H + 15 + 7H)1 - (1300 X 30) = 

227,600 .'.fli => U,225 (tension). Place this atress in the diagram and proceed. 

The solution may bo entirely graphical by noting that T must bo on a line 
through E parallel to ci and S must be on a lino through / parallel to fs and 
also that TS must be parallel to ts. Hence the geometrical relationship may 
be indicated by any points T' and S' on the line through E and F as long os 
T'S' is parallel to is. Furthermore, TU must be parallel to tu and 6"^ parallel 
to «■. If T' and S' are arbitrarily selected as shown in dotted lines, then V 
Is fixed. However U must lie on a line through F paraliel to VV. All 
conditions can be fulfilled by moving the triangle TS'V so that the sidoa 
move parallel until V comes on the line through V parallel to nc. This 
point will then be V, and T and 5 will bo determined. 
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Taper Keys. In Fig. 5 if tiie key be moved in tbe direction of the force 
P, the force H muat be overcome. The Bupporiing reactions Ku Ki, and £!] 
together rrith the required force P may be obtained by drawing the force 
polygon (Fig. 6). The friction an^cs of these faces are oi, a;, and a%, respec- 
tively. In Fig. 6, draw AB parallel to m Fig. 5. and lay it ofi to scale 
to represent H, From the point A, draw AC parallel to Ki, that is, making 



Fig. 5. 


DP A 



Fio. 6. Fifl. 7. Fig. 8. 



the angle 6 + oi with AB', from the other eitremity of AB, draw BC parallel 
to Kz in Fig. 5. AC and CB then give the magnitudes of K\ and Kii respec- 
tively. Now through C draw CB parallel to to its intersection with AB 
which has been drawn through A parallel toP. The magnitudes of Ki ondP 
are then ^ven by the lengths of CB and BA. 

By calculation, KxlB « cos as/cos {b -h ai -|- at) 

P/Ki - sin (6 + fli + oj)/cos at 
P/i? » cos fl: an (b + Oi + oi)/co3 05 cos (b -h oi + oj) 

If oi«(n=0}=a, then P * fl tan (b +2ff), and efficiency e = 
tanb/tan (b -hSo). Forcerequired to loosen the key *?i *11 tan (2a -b). 
In order for the key not to slide out when force P is removed, it is necessary 
that b < (oi + flj), or b < 2o. 

The forces acting upon the taper key of Fig. 7 may be found la a similar 
way (see Fig. 8). 

P * 25 cos a sin (b -f e)/coa (b ■¥ 2b) 

P = 2H tm (b + 0) /(I — tan a tan (b + 0)] 

* 25 tan (b -h a) approx. 

The force to loosen the keyisPi = 25 tan (« — b) approx, and the efficiency 
e = tan b/tan (b + a). The key triU be self-locking when b < a, or, more 
generally, when 2b < (ai + at). 

Screws 

Screws with Square Threads (Fig. 9). Let r = mean radius of the 
thread * ^ (radius at root -}- outside radius), and I = pitch (or 
lead of a single-threaded screw), both in inches; b = angle of 
inchnation of thread to s-plmientii^tauglca^to the ama of screw 
(tan b = f/2rr); and/ = coefficient of sUding friction = tan 0. 

Then, for a screw in umfona motion (tiiction of the root and out- 
ride surfaces being neglected) thereisrequiredaforcePactingat 
right angles to the axis at the distance r. P = L tan (b + 0) = 

L{1 i 2rTf)/{2rr ? fl), where the uppm rigns are for motionin a 
direction opposed to that ofZr and thelower for motion in the same 
direction as that ofL. Whenb S o,tiie8crowwillnot'‘ovcrhaul’'. 

(or move under the action of tho loadL). ,Fiq. 9. 
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•ffhere ft = tan oo is odied the'coefficient of friction of rest (or of static 
friction) and (n is tho angle of friction of rest (oi angle of repose). 

li tho normal force N betrrecn the surfaces is kept constant, and tho tan- 
gential force Ft is gradually increased, there -will be no motion while Ft < Nft. 
A state of impejiding motion is reached when Fr nears the value of Nft. If 
one surface slides over the other, being pressed together by a normal force N, 
a friotiond force F resisting the motion must be overcome. This force is 
iwually smdler than F,. The force F is commonly expressed as F = fN, 
where f is tho coefficient of slidii^ friction, or kinetic friction. In 
the range of practied velocities of sliding, the coefficients of sliding friction 
are smaller than the coefficients of static friction. With small velocities 
of sliding and very clean surfaces, the two coefficients do not differ appreciably. 

Under moderate pressures, the frictioiml force Uproportiond to the normal 
load on the rubbing surfaces. It is independent of the pressure per unit 
area of the surfaces. The coefficient of friction is approximatoly independent 
of the rubbing speed, when tho speed js sufficiently low so as not to affect 
the temperature of the surface; at higher velocities, tho coefficient of friction 
decreases as the velocity increases. 

The coefficients of friction for dry surfaces (dry friction) depend on the 
materials sliding over each other and on the finished condition of the surfaces. 
With greasy (boundary) lubrication, the coefficients depend both on the 
materials of the surfaces and on the lubricants employed. - 

Data on the actual values of the coefficients of dry friction are not abundant, 
and those avdlablo depend on tho conditions of the tests. Typical values of 
/ and /o' are pven in Tables I, 2, and 3. It has been generally observed 
that the sliding friction between b^er matorials is smaller than that between 
softer surfaces. 


Table 1. Coeffioienta of Static and Sliding Friction 

(Collocted from various sources, mostly Morin) 


Coefficient of friction 


, ' Uubbing Eurfncea 

’ Static 

' Sliding 


Dry 

Greasy 

pry 

Greasy . ; 

Metals: 



0.20 ' 
0,21 




0.16 

0,15 

0.16 

tJronze on iron 

0.19 



0,44 


0.15 

0.62 

0.65 

0.62 

0.43 



Uther materials: ■ 


0.5D-0.60 

0.19 





0.48 
• 0.19 
0.33 




A A* / 

■Leather on'nnt 




0.79 

0.50 



Hemp on Oak, drv 


;,0.29 






Leather on metal, dry 



, 0.56 

0,23 
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Kingsbury, from tests on 17. S. standard bolts, finds efficiencies for tighten* 
ing up nuts from 0.06 to 0.12, dqjenffing upon the roughness of the contact 
surfaces and the character of tie lubricatioiu 

TooUied and Worm Gearing 

The efficiency of spur andbeyel gearing depends on the material and the 
rrortmanship oi the ^ars, and on the lubricant employed. For hWh- 
speed gears of good quality the efficieniy of the gear transmission is 99 percent, 
and Tvith slov-speed gears of average workmanship the efficiency of 96 
percent is common. On the average, efficiencies of 97 to 9S percent can be 
conadered normal. 

In ielicsl gssTS, rriere coasideniUtf tcsasivrse didiag mesi/ng 
teeth on each other takes place, the friction is much greater. If h and c 
are, respectively, the spirel an^es of the teeth of the driving and driven 
helical gears (i.c., the complements of their angles of inclination), it -fc 
is the shaft angle of the two gears, and/ « tan o is the coefficient of sliding 
friction of the teeth, the efficiency of the gear transmission is e = [cos h 
cos (c -f o)]/[cos c cos (b - o)). 

In the case of worm gsaring when the shafts are normal to each other 
(6 -}• c a 90), the efficiency is 

e » tan c/tan (c + o) = (I — p// 2 st )/(1 + 2si//p), where c is the spiral 
angle of the worm wheel, or the lead an^c of the worm; p the lead, or pitch 
of the worm thread ; and r the mean radius of the worm . Typical values of f 
are as follows: 



200 300 

500 

800 

1200 


0.W5 lO.OJO 

0.051 j0.047 


in 

0.020 

Siogle-tlireaded cast-iron worm and e«nr. . .10.060 ^ 

jO.OM 

0.025 



JoumnJs jmd Bearings 

Friction of Journal Bearings. It ? = total load on journal in lb, 
I = joumallengthinin., and 2r «= journal diam in in., then 
p = P /2rl = mean normsd pressure, lb per sq in. of the pro- 
jected area of the journal. Also, if/i be the coefficient of 
journal friction, the moment of journal friction for 
a cylindrical journal is Jf = fiPr in in.-lb. The Work 
expendedinfrictionata^cdofnrpmislT/ = 2rjV7i = 

6.283/iPm in.-ifa per min. For the conic^ bearing (Rg. 10) the mean 
radins rm = (r + if)/2 is to be used. 

Values of Coefficient of Friction. For very low velocities of rotation, 
(e.g., below 10 rpm), high loads, and with good lubrication, the coefficient of 
friction approaches the value of greasy friction, 0.07 to 0.15. This is also 
the “pull out" coefficient of Motion on starting the journal. With higher 
velocities, a fluid film is established between the journal and bearing, and the 
values of the coefficient of friction depend on the speed of rotation, the pres- 
sure on the bearing, and the viscosily of the oil. For journals running in 
complete bearing bushings, with a small clearance, t.e., with the diameter 
of the bushing slightly larger than the diameter of the journal, the experi- 
mental data of McKee give an approximate value of the coefficient of friction 
(Fig. 11). 



Fig. 10. 
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friction equal to 0.03G, diminishing to nn aveneo Talue of 0.019 for the firet'SO ft of 
motion of the ship. Rennie gives 0.0S&5 for wood on wood, lubricated with soft soap, 
under a load of 50 lb per sq in. 

Asbestos-fabric Brake Material. The coefficient of sliding friction / of asbestos 
fabric against a cast-iron drum is 055 to 0.30 when at normal temperature. It drops 
tajudly with a rise of the brake tompaature nnd ia O.IG to 0.20 at a temperature of 
200 F. ’^ith a further increase in temperature, the value of / may show an increase 
caused by disruption of the brake suHacc. 

Steel Tires on Steel Balls {Galton}. 


Speedmph Start 6.8 13.5 27.3 40,9 64,4 60 

Valuesof/ 0.242 0.088 0.072 0.07 0.057 0.038 0.027 


Railway Brake Shoes on Steel Tires. Gallon and 'Westinghouse give; for cast-iron 
brakes, values for /, which decrease npddly with the speed of the rim; the coefficient / 
decreases also with time, as the temperature <d the shoe increases. 


Speed, mph 1 

to 1 

30 1 

50 1 

40 

56 ! 

60 

/, when brakes were applied 

0 n 

fl,2( ' 

u.lb ! 

0.13 

U.IU 

6.06 


0.21 ! 

0,17 1 

0.11 1 

0 10 1 

o.u/ 

D.lri 

J, after 12 sec i 


0.13 1 

0.10 

D.03 

O.Ub 

0.1)5 


Schmidt and Schrader confirm the marked decrease in tiie coefficient of friction with 
the increase of rim speed. They also show an Irregular ^igbt dccreaee in tbe_ value of / 
with higher shoo pressure on the wheel, but they did not find the drop in friction after a 
prolonged application of the brakes. Their observations give as follows; 

Speed.mph. • 20 30 40 50 60 

Coefficient of friction. 0.25 0,23 0.19 0,17 0.16 

17ood Brake Blocks.' Accordtog to Kfein, /is practically constant for velocftfcs 
from 200 to 4.000 f pm and for pressures from 7 to 142 lb per sq in. The following values 
of / are for wood oa lengthwise fiber brake blocks carefully machined: 


Beech Oak Poplar Elm Willow 

Cartiion 0,29-0.37 0.30-0.34 0.35-0,40 0.36-0.37 0,46-0.47 

Wrought iron 0.S4 0.61-0.40 0.65-0. CO 0.60-0.49 O.G3-O.60 


The higher values apply for cast iron when the brake wheel is cleaned with gasoline, 
the lower when ft is only wiped clean; the reverse holds for wrought iron, 

Hydraulic Hoists. According to H. tang, for bronze or lignum vitae sliding sur- 
faces on bronze, /is constant for slow reversing motion and for pressures of 30 to 1,500 
lb per eq ia. For surfaces conUnuousIy lubricated, / =• 0.03; for surfaces wet with 
water through numerous slots, 0.10; for surfaces running dry and creaking, up to 0.30. 

Stuffing boxes packed with bonp, cotton, or leather: / is constant for hydraulic 
pressures between 15 and 750 Ib per sq in. For hemp or cotton paddng, loose or 
woven, soaked in hot tallow, smooth rod, box not net up too tightly so that the 
packing is still elastic, usual dimensions — even after montlis of use, / = 0.06 to 0,11 
(see also Am. Mach., Feb. 3, 1898). 'When the padung is rendered difficult by unfavor- 
able conditions, / = up to 0.25. For welhmode leather packing rings of soft leather 
/ = 0,03 to 0.07; if of hard, stiff tanned leather, 0.10 to 0-13l under unfavorable con- 
ditions such as rough piston and dirty water, up to 0.20, ' The ocefficient of friction is' 
found to change inversely to the diameter of Uie cylinder; the depth of the leather docs 
not influence the friction. 

Grindstones. The coefficient of friction between coarse-grained sandstone and 
cast iron ia / >= 0,2Lto 0.24; for steel, ’0.20; for wrought iron, 0.41 to 0.46, according as 
the stone is freshly trued or dull; for fme-grained sandstone (wet grinding) / = 0.72 for 

cast iron, 0.94 for steel, and 1.0 for wrought iron. 

Honda and Yamada give/ = 0.28 to 0.50 for carbon steel on emery, depending on the 
roughness oi the wheel. 

Rubbw Tires on Pavement. Anurax gives / ■= 0.67 for 'dry macadam, 0.71 lor 
dry asphalt, 0.81 for wet asphalt, and 0,17 to 0.06 for soft, slippery roads. For a cord 
hre on a sand-filled brick surfacedn fur condition, Agg (Bull. 88, /oioo Sfofe Collegt' 
Engineering Experiment Slotion, 1928) gives the following values of / depending on the 
inflation of the tire. 
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itsaotioa.aad tli^cqulvaleDtJcver is dorter tritlifrJcljcia than without/riotioaithefrio- 
tion throws the line of actioit toward the center of rotation of link c. 

Tensioa Blements 

PrictionaJ ResiBtajicB. In ISg. 15, Jet Ti and Ts be the tensions with 
which a rope, belt, chtun, or br^e band is strained over a drum, 
pulley, or sheave, and let tbo rope or belt be on the point of slip- 
ping from f: toward Ti by reason of the difference of tension 
Ti - Tt. Then Tt —Tt wcnmicnatial lorceP transferred 
by friction must be cquel to the frictional resistance IF of the 
belt, rope, or band on the drum or puU^. Also, let o = angle 
subtending the arc of contact between the drum and tension element, meas- 
ured in radians. Then, disregarding centrifugal forces, 

Ti = Tic/o andP = («/« - ijTi/ef- = (cf“ - DTa = W 
where e = base of the Napierian system of logarithms = 2.718 -t-. 


Tabled. Values of ef“ 



1 _ ^ ' 

360* 

0.1 

0,!J 

0.2 

0.25 

0.3 

0.35 

0.4 

0,45 

0..! 

G 1 

1 06 

1,1 

1.13 

1.17 ' 

1.21 

1.25 

1,29 

1.33 

1.37 

02 

1 It 

1 71 

1.29 

1.37 

1.46 

1,55 

1.65 

1.76 

1.87 

0 1 

1 71 

1,32 

1 45 

1.60 

1 76 

1.93 

2.13 

2.34 

2.57 


1 29 

1,46 

1.65 

1.87 1 

2.(2 

2.4( 1 

2,73 

3.10 1 

3.5( 

0.425 1 

1,31 

1.49 

I.7U 

1 . 95 ! 

2.23 

2 . 55 ! 

2.91 

3.33 1 

3,80 

0 45 ■ 

1 

53 

1 53 

176 

2.03 

734 

2,69 

3.10 

3.57 

4.11 

n 475 


35 

1 56 

1.82 

2.11 

2.45 

2.84 

3.30 

3.83 

4.45 

(1 5 


37 

1.60 1 

U7 

2.19 

7 57 

3.00 

3,51 

4.11 

4.81 

0 575 

j 1 

39 

1,m! 

1.93 

2.28 

7 69 

3,17 

; 3,74 

4.41 

5.20 

0,55 

1 

.41 

1.68 

2.00 

2.37 

2.82 

3.35 

3,98 

4,74 

5.63 


1 46 i 

1 76 

? 13 

2.57 

3.10 

3.74 

4.52 

5.45 

6,59 


1 55 

1.93 

7 41 

3.00 

3 74 

4.66 

5,81 

7.24 

9.02 


1 6S 

1 2 13 

2,73 

3.51 


5.81 

7.47 

9.60 

12,35 

0« 

1 76 

1 2.34 

3.10 

4.11 

' 5 45 

7.24 

9.60 

12,74 

16.90 

1.0 

1.«7 

2.57 

3.51 

4.81 

6.59 

9.02 

12.35 

I6.9D 

23.14 

1.5 

2 57 

1 4.IJ 

6.59 

10.55 

! 16.90 

27.te 

43.38 

69.49 

JJI.32 

7 tl 

i 51 

. 6,59 

12.55 


43.38 

81.31 

152.40 

285.68 

535.49 

7 5 

4 HI 

1 10.55 

23.14 

50.75 

111.32 

244,15 

535.49 

1,174.5 

2.575.9 

3.0 

h 59 


43.38 

111.32 

285.68 

733.14 

1,881.5 

4,828.5 

12,391 

3.5 

9.02 

27.08 

81.31 

244.IS 

733.14 

2.199.90 

6,610.7 

19,651 

59,603 

4.0 

12.35 

43.38 

152.40 

535.49 

1,881.5 

6,610.7 1 

23,227 

81,610 

266,744 


eff = 23.1407.^ log = 1.3643764. 

/is the coefficient of friction of repose (/«) when there is no slip of the belt or 
band on the drum and the coefficient of eliding friction (/) when slip takes 
place. In addition to the values ^ven below, see p. 233. 

Average values of /o for bdts, ropes, and brake bands are as follows: For 
leather belt on slightly greasy wood pulley, ff.47. For leather belt on cast-iron 
pulley, very greasy, -0.12; slightly greasy, 0.28; moist, 0.38. For hemp rope 
on cast-iron drum, 0.25; on wooden drum, 0.40; on rough wood, 0.50; on 
polished wood, 0.33. For iron brake bands on cast-iron pulleys, 0.18. 

Effect of Friction and Stiffness in Tension Elements. Let d = the 
lope diam, the diam of the chain etoek, or the dram oi the pin in link chains. 
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- ij a. load L is moTed on a roller (Kg. 3) and if k and k' are the respective 
coefficients of friction for the lower and upper surfaces, the frictional force 
P H {k + k')L/d. ' ■ ' 

Vehicles on Roads (wheels witli iron tires). Values of fr ~ PIL'. 

Smooth pnnite'flaES O.OOG Macadam, dust covered 0.028 

Avg.street railway tracts, . . 0.00&-O.Q08 Poor stone pavement. . 0.033 


Macadam, mud covered, rutted 0.035 

Dirt road, verj' good Q.045 

.Macadam of very poor quality C.flSO 
Dirtroods, good to poor.. 1... 0.08-0.16 
Loose sand 0.15-0.30 


Good asphalt 0.010 

Very good stone pavement. . 0.015 
Macadam in best condition . . O.OIC 
Good woodblock pavement. 0,018 

Good stone pavement 0.020 

Macadam in good condition. 0.025 

For pneumatic nibher tires on smooth toads, ft ie 0.02 to 0.03. 

FRICTION OP MACHINE ELEMENTS 

Work of Friction— Efficiency . In a mmple machine or assemblage of two 
elements, the work done hy an applied force P acting through the distance 
« is measured by the product Pa. The useful work done is less, and is meas- 
ured by the product LI of the remstance L by the distance I through which it 
acts. The efficiency $ of the machino is tbo ratio of the useful work per- 
formed to the total work received, or, c * U/Ps. Tbo work cjcpended in 
friction Wf ia the difference between the tol.nl work received and the usoful 
work, or TT/ aPe -LI. The lostrwotk ratio = V = Wf/Ll, and c = 
1/(1 +F). 

If a machine conaist of a train of mechanisms ha\dng the respective effi- 
cienoios, e\, es, o . . . Cn, the combined efficiency of the roachine is equal 
to the product of these efficiencies. 

Efficiencies of Machines and Machine .Elements. The foUondng 
values for machine elementa are from “Elcmente ot Machine Design,” by 
Emball and, Barr. , Those for machines arc from. Goodman’s "Mechanics 
Applied to Engineering." The quantities' given are percentage efficioncisa. 

Belting.. 56-98 

Pin-connected chains (bicycle) .... 95-97 
High-grade transmission chains, , . . 97-99 

Weston pulley block ton) 30-47 

Epicycloidnl pulley block. 40-HI5 

1 ton, steam hoist.or windlass, .j. . . .50-70 

Bydrttulio'windlass CO-80 

Hydraulic jack i 80-90 

Cranes (steam) 60-70 

Overhead traveling cranes 30-50 

LocomoUves (drawbar hp/ihp) .... 65-75 


Commoa bearing (singly) 06-98 

bong lines of shafting 05 

Holler bearings 98 

Ballbearings '99 

Spur gear, induding bearings: 

Cast teeth... '93 

Cutteeth " 90 

Bevel gear, including bearings: 

Cast teeth 92 

Cutteeth 95 

Worm gear: varies witb'tbread angle . ' 

. - , Wedges 

Sliding in V Guides. If a 'wedge-ahaped. dide ha-vring an angle 2b is 
pressed into a V guide by a forceP (Fig.>4)'the-force normal to the ■ 
wedge faces will be V « P/sin h, and 'the frictional -force opposing 
motion along the 'axis of the -wedge is P — fN =/?/Bin h' = f'P, ,- 
where/' =//sin b is improperly called the ooefficient of friction. • 

In these formulas,- 'the fact that -the dastioity :of the materials 
• permits on advance' of the' wedge into the guide 'under the .load 
.P._ has been neglected. If it'be taken into account, then 'F =/P , 

(sin-b f/cosb). ThecommonefficiMJcyiorY^idoaise = 0.8f 
to 0.90. 


Fia; 4. - 
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References: Daugherty, "Hydraulics,” McGraw*HiIt. Sohoder and Dawson, 
‘‘Hydraulic's,” McGraw-Hill. Harris, ■' Hydraulics," Wiley. Veanard, ‘‘Elementary 
Fluid Mechanics,” "Wiley. O'Btien andfficlcoKi “Applied Huid Mechanics,” McGraw- 
Hill. Report of Fluid Meters Committee, A.S.M.E. 

General Properties of Liquids 

A liquid is a substance (hat has a defiirlte TCdume, but whose particles move lela- 
tiveb’ to each other so readily that, when unconfined laterally, the action of gravity 
causes It to Sow and seek tho lowest possible level ^ence a liquid conforms to the 
shape o! the eontalmng vessel or reservoir and, when at rest, presents a level upper 
surface unless restrained by the ripdity of (bo walla of a completely 611ed container. 

Liquids and gases at rest may be regarded ns havii^ perfect fluidity. With flowing 
fluids, the existence of 'internal friction arising from viscosity must be considered and 
allowance must bo made for its effects. Viscoua r^istance is a function of tho time 
rats of internal slipping or distortion. True fluids have no rigidity or form elasticity 
but possess buU: elasticity. 

YiacoBity n ia tho resistance ofiered hy a fluid to relative motion of its 
parts. Tho absolute cgs unit of viscosity, the poise, is the rosistanoe (in 
dynes per square centimeter of its surface) oflered by a layer of the fluid 
to the motion, parallel to that layer, of wother layer of the fluid at a dlstanDS 
of 1 cm from it, rvith a relative volocity of 1 cm per sec. The dimensione of 
the poise are (gm mass) /(sec) (cm) or (d>T>es)(sec)/(cmO. A customary unit 
is the ceatipoise ( * poise/lOO), which happens to he theviseoeity of water at 
68.4 F. To convert ceotipoises into other units, multiply the centipoisea 
by the following constants: 

0.000072 for viscosity in (Ib inasa)/(8ec){tt) units 
2.42 for viscosity in (Ib ma6s)/(hr)(ft) units 
S.GOfor viscosity in (kg masa)/(hr)(m) units 
6.60 X 10'* for viscomty in (lb ma88)/(8ee)(m.) units 
1.45 X lO"’ fw viscosily in (lb force)(8ec)/(in.») units 

Tiscometers. 'Viaeoeity ’is measureh 'oy doserwng the time requireh 
for a certain volume of the liquid to flow, under stated conditions as to head, 
through a short tube of small bore. The Saybolt Universal viscometer 
has a vertical tube 0.483 i 0.004 in. long and 0.0695 i 0.0006 in. diam. 
For heavy oils the Saybolt-Furol viscometer is used; it differs from tho 
Saybolt in having a tube diameter of 0.1240 ± 0.0008 in. The time of efflux 
of GO cc in seconds is tbo viscotity in seconds Saybolt, The time of efflux of 
the Furol is approximately dat of the Universal. 

Yiecoaitles of lubrlcmits are measured at 100 and 210F, of fuel oils at 
77 and 122 F, 

Kinematic viscosity v is viscoaty ffl'nded by mass density, or ;< = n/p. 
The unitin cgs units is celled tbo stoke; acuBtemary unitisthocentistoko 
( = stoke/100). 

The value of the kinematio viscotity [in (cm*)/(Bec) units] can be obtained 
from the indications in seconds t of varioua -riscometers by tho following 
equations: 

Saybolt Universal, when 32 < f < lOO, » « 0.0022e( - 1.95/f 

when t > 100, v » 0.0022Ct - 1.35/t 
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The efficiency for motaon opposed to direction in -wMch L acts « e = 
tan &/tan (6 + o)j for motion in the swno direction in Trliich L acte, c « tan 
(6 - a) /tan b. 

Tho value of e is a marimum 'when 5 <= 45 deg - for eiample, emw “ 0.81 for 
b = 42 deg and / « 0.1. Since < ineicasea lapuU; £ot values of b up to 20 deg, this 
an^e is generally not e-vceeded; for b « 20 deg, and /i * 0.10, <; => 0.74. In presses, 
where the mechanical advantage is required to bo great, i is taken down to 3 deg, for 
which value e = 0.34. 

Einpbury found for squaro-threaded screws running in looao-fitting nuta, 
the following coefficients of friction: lard oil, 0.09 to 0.25; heavy mineral 
oil, 0.11 to 0.19; heavy oil with graphite, 0.03 to 0.15, 

Ham and Ryan give for screws the following values of coefficients of fric- 
tion, with ■medium machine oil: Higb-gtado materials and workmanship, 
0.10; average quality materials and workmanship, 0.12; poor workmanship, 
0,15. 

The use of castor oil as a lubricant lowered / from 0.10 to 0.066. 

The coefficients of friction of a plain collar thrust bearing used with a 
power screw, were: soft steel on cast iron, 0.12; hardened steel on cast iron, 
0.09; soft sted on bronze, 0.08; hardened steel on bronzo, 0.6. 

The coefficients of static friction (at starting) wero 30 percent hi^er. 

Screws with. V Threads. Let c » half the angle between the faces of 
a thread. Then, using tho same notation os for squaro-throaded screwB, for 
a screw in motion (neglecting friction of root and outside surfaces), 

P = ± 2irr/ sec d)/{2m + If sec d) 

d is the angle between a plane normal to tho axis of tho screw through the 
point of the resultant thread friction, and a plane which is tangent to the 
surface of the thread at the sam e point (see Groa t, Ptoc. Saps. See. Wtit, 
Penn, vol. 34). Sec d « sec cVl - (wn 6 rin e)^. For small values of b 
this reduces practically to sec <f « sec c, and, for all cases tho approximation, 
P =L{1 ± 2nf sec c)/(2jt ? If see c) is rrithin tho limits of probable error 
in estimating values to be used for/. 

The efficiencies are: c =« tan b(l — / tan I sec d)/(tan h -f / see d) for 
motion opposed to L, and e * (tan b - / see d) /tan Ml -}- / tan 5 sec d) for 
motion with L. If we let tan d' =■ / sec d, these equations reduce, respec- 
tively, to e « tan b/tan (6 + dO, imd c ~ tan (b - d') /tan b. Negative 
values in the latter case merely mean that the thread will not overhaul. 
Subtract the values from unity for actual efficiency considering tho external 
moment and not the load L as being tiie driver. The efficiency of a V thread 
IS lower than that of a square thread of the same helix angle, since d' > a. 

For a V-threaded screw and nut, let ri = outside radius of thread, 
T! ~ radius at root of thread, r = (ri + »^/2, tan d' = / sec d, ro = mean 
radius of nut seat = l.or (approx) said f ~ coeffi-cient of friotton between 
nut and seat. 

To tighten up the nut the -turning moment required is ilf == Pr -bLrt/ 
= ir[tan (d' + b) + 1,6/']. To loosen, M = Lr{t&n (d' ~h) + 1.5/']. 

The total tension in e. bolt due to tightening up with a moment M is 
T = 2kM/( 1 fl sec b sec d coaec b -b/'Sxr), f -r area at root gives unit 
pure tensile stress induced, Su There is also a unit torsion^ stress: S, ~ 
2(jW - 1.5r/'!r)/xrs^. The equivalent combined strcaa is^ iS = 0.355j + 
0.65VSfi-l-4S,V 
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position and the surfaces of diviaon between tbe liquids are level. (But see 
below for capillarity, cohosioii, adhesion, and surface tension as affecting 
glass-column gages.) In any contanuous body of liquid at rest or moving 
at a uniform rate in a straight line the pressures at all points in a horizontal 
plane are equal. 

Compressibility and Elasticity of Liquids, A pjewure of 1 lb per so in. com- 
presses liquids in vohimeas follows: Water, 1 part in about 300,000 (seep. 534) ; mercury, 
1 part in about 4,700,000; other, 1 part ia about 120,000. For water in an iron pipe, this 
corresponds to a compression of 2 in. per mile length for a pressure of 10 lb per sq in, 
Because of this small compressibility, liquids are said to be practically incompressi- 
ble. Liquids are perfectly eiastic, they quickly regain their former volume upon 
removal of the pressure. As a consequence of the small compressibility and decided 
elasticity of liquids, pressure waves, exactly analogous to sound^ waves in air, are trans- 
mitted through liquids with high vclocitjes— for water, over 4 times os fast as sound ia 
air. 

Surface Tension. The eurface between two immiscible fluids tends to 
assume tho minimum area conaiatent with the volume of fluid enclosed and 
with tbe external forces acting on the fluids. Familiar illustrations axe rain 
drops and soap bubWes, also bubbles of gas in a liquid. When one of the 
fluids is a gas, changes in its pressure and temperature usually cause little 
change in tho intcrfacial tension, and consequently tbe latter is commonly 
treated as tbe surface tension of the liquid alone- Values of surface tension 
are given in Table 2, 


Table 2. Surface Tension of Liquids in Contact with Air 


Liquid 

Temperature, 
deg F 

Dynes per om 


6B 

72,8 



487 



31.4 



27,1 

Ethyl alcohol (absolute) 


22.0 




Turpentine 



Petroleum 

68 


Hydroohlorio acid. 


66 


Capillary Attraction. Cohesion, Adhesion, 
Tbe exception to the otherwise genend statement 
that tbe upper surface of a free body of liqmd at rest 
is level, consists in the condition at tbeedgraof the 
surface area, closeto aboundingsolid. If the liquid 
wets the solid (c.p., water and dean glass), it ia be- 
cause there is a greater attraction between tiie liquid 
and tbe solid than between psrtides of the liquid, or 
adhesion is stronger than coberaon, and conditions 
are as shown by Fig. 1 (a). On the other hand, if 
the liquid docs not wet the solid (e.^., mercury apd 
glass), cohesion is stronger than adheaon and . condi* 
tions are as shown by (b) Fig. 1. The curved upper 
surface is called a meniscus. 


and Surface Tension. 



(n) (b) 

Water Mercury 

Fig. 1. — Capillary 
Attraction. 


If small-boro glass tubes ore used in gages, tiie effects of capillarity will cause water 
to stand higher and mercury lower titan with large glass tubes, and evcn’with the 
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IS Si IB ft® fliametsT oS ^,lie bnalattg m ind\eB, d tli® diameter oS tne joMiQal 
in inches, then (di - d) is the dinmetrnl clearance and m = (di - d) /d is the 
clearance ratio. The diagram of McKee . i 
(Fig. 11). gives the coefficient of fridida .s( 
as afunetba of the characteristic number .9 qi|) 25 [- 
ZiV/p, where is the rpni. p =* P/d! the 
average pressure, lb per s'q in., on the pro- ©qqij | 
iectod area of the bearing, 'wherePiatho „ 

- .... - .. . 5(1010 


load, ib; I the length of bushing, in.; i. 
the absolute viscosity of the oil in cenfi- 
poises (see p. 244) , A-pprosimate valuea § ' 
of Z at 100 (130) F are as follows: light 



100 • 200 300 400 
ZN/p 

machine oh, 30 (16); medium machine n.— Coefficients of Friction 

oil, 60 (25) ; medium-heavy machine oil, o{ Jouruola, 

120 (40); heavy machine oi, ICO (60). 

For purposes of design of ordinary machinery with bearing pressures from 
50 to 300 lb per eq in. and speeds of 100 to 3,000 rpm, values for the coeffi- 
cient of joumai friction can be taken from O.iMfi to 0.020. 

Thniat Bearings 

Frictional EesUtance. Stop bearings or pivots may be used to resist the 
end thrust of shafts. LetZ/ « total load, lb in the direction of tbs shaft atis; 
dA B an elementary area of the thrust-bearing surface, sq in.; y b distance 
of the area dA from its axis of revolution, in.; p > pressure on dA due to 
loBdL,lhper8qin.;and/ = coefficient of sliding friction. Then, ) 

momeat ,of thrust friction « Jlf * fpjydA in in.^b; and the 
work expended In friction per min at n rpm. * Tf/ » 
inin.-lb. ■ ■ 

.For a ring-shaped Sat step hearing such os that shown in 
Fie. 12 (or a collar bearing), Af * HfL{D^ - d^/iD‘ - d=), 
where D and d are in in. For a Sat circular step bearing, 
d » 0, and ilf « WLD. 

The value of the coefficient of sliding friction is 0.08 to 0,15 
when the speed of rotation is very slow. At higher velocities , _ , 
when a collar or stop bearing is used , } ^ 0.04 to 0.0B. If the pjg. 
design provides for the formation of a load carrying oil film, as ; • 
in the case of the Kingsbury thrust hearing, tho coefficient of friction has value's 
/ = 0.001 to 0.QQ25. '• • . . 

j Frictional Forces in Fin Joints of Meebanisma 

In the ahaenco of friction, or when the cficct of friotioa » aeglipblc, the force trans- 
mitteij by the link b from the driver o to tiie driven link c (Bigs. 13 and 14) acts through 
the center line 00 of the pins connecting the link 
f> with links a and c. With f riotion, tins line of 
action shifts to the line AA, tangent to small , 
elides of diameter d, The diameter d 4^ the 
circle, called the friction circle, ior each indi- . 
vidual joint, is equal to/D, where D is thediame^ , 
of the pin and / i? the coefficient of friction 
between the pin' and the link, The choice of' •' 
the proper dispositidh of the tangent A A With 
respect to the two friction oitoles is dictated by' • 

tile coneideration that friction always opposes the action of the linkage, The force F 
opposes the motion of d, therefore With frictum"it liots on, a longer lever than without 
friction (Figs, 18 and 14). On the otfcoc h^,^foTceF drives the linkc;' friction Madera 
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3. Liquid pressure is exerted with eqnel intensity in aU directions. 

4. Liquid pressure acts perpendicularly to surfaces in contact with 
the liquid. For curved surfaces, the pressure at any point acts in the dfrec*' 
tion of the normal to the surface at that point. 

5. The total liquid pressure against a submerged plane area equals 
the product of tho average intensify of pressure by the area, i.e., the product 
of the intensity of pressure at the center of gravity of the area by the area, 

tapth.ln reet,ct fioHomof fidni beloiv Water Surface. 

do) f,5) (») (JO) (40) (50) (60) (70) {S0)(90)(W0) 

J • 2 '3 » 5 6 7 5 910 

30 40 so 60 70S06I)l(KI >50 200 300 400 S006DO 600 1000 1500 2000 3000. 

f3000)(4000) 00,000) (100,000) (300,000) 

Tefal Herlnntel 7ru»R,ln lb&,efl Rem CiteR^nj ftm Wtler Surfw w tepf hs Indicof (d on Upper Haff of kale. 

Fig. 3. 

or, as often stated, it equals the weight of a liquid column with a base equal 
to the area and height equal to the head on the center of gravity of the area. 
For a vertical rectangular plane extending to surface of liquid, with depth h 
and width ii, the formula becomes: Total pressure ■ F - ^whh\ where u> 
is the weight of a unit volume of liquid. See special calculating scale 
for total pressures of water against vertical planes 1 ft wide and 1 to 100 ft 
deep (Fig. 3). 

6. The component in any direction of tlic lota! hquid pressure on any submerged 
plane surface equals the product of Ibe area of the projecUon of the surface on a plane 
perpendicular to the direction by the intenaity of 
pressure at the center of gravity of tbe surface. 

For curved or non*pianat surfacea. the principle 
may be applied to small portions of the surface, 
each regarded aa plane, and tbeaummation taken. 

Such cases, however, as hoilowed^out pump 
plungers and dished tank ends have the same 
total pressures in the direction of the axis of the 
cylinder or tank as if the plunger or end were 
plane, t.e., P = A-p, where A is the ctoss^ctional 
area of tank and p tbe average .pressura For 
submerged and fioating bodies, see Buoyancy and 
notation, p. 249. 

7. The center of pressure of a plane area sub 
ject to liquid pressure, i.e., the piwt where the 
application of a singlo support wiil balance the 
liquid pressure, is located by the formula 

e o moment of inertia of area/arca X 
where e is the distance, in the plane, of tike center 
of pressure below the center <rf gravity, Xci is tiio 
d^tance from Che water surface to the center of gravity of Che area, and tho moment of 
inertia is referred to the line where the plane outs tiie water [surface. In Fig. 4, the 
point G represents tho center of giavify of the area and point C the center of 
pressure. C is alwaj'S below G, but with relatively small areas submerged under large 
heads they are very close together and for most purpises may be considered coincident. 
For common shapes, calling the disimtee to tiie upper edge ei and to the lower edge s: 
(see Fig. 4), the values of e are 

Rectangle, {« - 5j)»/Iftt<j; Triangle, (*i - sOVlSxtfi Circle, dyiBie,. 
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and R “ the radius of the pitch ttrde in which the tension element travels, 
both in inches. The internal friction rigidity of the tension element causes a 
shortening at the dri\ang end fj of the lever arm R an amount hi in inches, and 
at the following end a lengthening of the lever arm R an amount = hi in. 
Then, for simuitaneoua winding on and off, Tiffi -h) -Ti{R-\-hi). 
Approximately, hi =kz = h, whence Ai + fc = 2A (approx) and Ti = (1 -f 
(2fi/B})r2. 

This results in a frictional loss, and the cffidcncy of transmission is c = 
1 - (2h/R). If the tension element is only wound on the drum, hi - 0 and 
Ti = [1 + {h/R)]Ti, with the corresponding efficiency c = 1 - h/R. 

For chains the coefficient of friction between the link faces or pivots is 
/ = 0.2 to 0.3; and when d *= the diam of the link pin, k » /d/2. 

For hemp ropes, h = O.OScP to O.OOrf* accorffing to the construction, 
material, and condition of the rope. In the absence of reliable values for wire 
ropes, those for chains may be tentatively used. 

The elastic rigidity of tiie material is not a factor in simultaneous winding 
on and off, since the lever arm R is increased equally at the points of winding 
on and off; the work expended in bending the tension element as it is wound 
on is recovered as it straightens out in unwinding. But if there is only wind- 
ing on, then the effect of the bending b to bo taken into account. 

Efficiency of rope and chain sheaves at low speeds, including journal 
friction (180 deg contact) : 

For fixed sheaves, chain, and niie rope, < «» O.M to 0.9C. 

For floating sheaves, chain, and wire rope, c « 0.97. 

Hemp rope sheaves: 

Rope diam. In % 1 2 

Fixed sheaves: t « 0.95-0.96 0.91-0.96 0.69-0.93 0.84-0.92 0.85-0.91 

FloatinE sheaves: e a 0.07 0.96 0.95 O.Oi 0.S8 
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For submerged bodies, the "weightiii water" (or other liquid) = (TF - 
Vv), where Fuis the “lossof wraght.” Thoso-caJlod ‘‘loss of wei^t" is not 
a real loss, but only apparent by reason of the buoyant force of the liquid. 
Thus, a block of granite waghing 170 lb per cu ft can be supported under 
water by an upward force of (170 — 62.4) = 107.6 lb per cu ft of granite. 
The diilcrence, 62.4 lb per cu ft, is borne by the water, and whatever sup- 
porte the water supports the difiercnee also. Thus, when a ship moves 
into a drydook and displaces water from the dock, the bottom of the dock 
is not relieved of any wei^t at alL 

The Hydrometer. A iloaUng body rides higher in a heavy liquid than in s light one. 
The density and specific gravity, therefor*, may bo fotmd by noting the depth to which a 
specially prepared float sinks. Such a device is called a hydrometer. The most com- 
mon type is made of glass, consisting of a graduated stem above a hollow bulb, below 
which is a smaller bulb coaisiAing roensury (o make the whole instrument dost upright. 
By properly proporUoning the weight and volume, any desired degree of fimirivenesa 
may be obtained, subject to the increaring influence U surface tension on the stem as 
its siae decreases. Bydrometera to suit various needs are obtainable in the market. 
The scale is graduated to read either epecifle gravity (referred to water) directly or 
according to some arbitrary scale. Of the latter the most widely used is the Baums 
scale (see p. 86 for equivalents). Twaddell'a hydrometer is used in Bngland for 
liquids denser than water. See p. 85 for special hydrometer scaly. Fahren- 
heit's and Nicholson's hydrometers ate otranged so that weights may be added to 
sink them to a standard mark on the stem. For details, see textbooks on physics. 
For precise oolculetions, the temperature of the liquid should be meaeured and cor- 
rections made to the hydrometer indkations. Neatly all liquids expand and contract 
much more than rrater for equal temperature changy near 60 F. 

Determination of Specific Gravity and Volume of Solids by Immer- 
sion. By weighing an insoluble solid heavier than water in air and then in 
water, the specific gravity referred to water may be readily found, the specific 
gravity being (weight in air)/(loss of weight). Also, the volume of the solid 
■ 0o88 of weight) /(weight of unit volume of water). The method is at 
once a convenient field method and one of precision when weights are accu- 
rately measured. 


THE PLOW or FLUIDS 
General Considerations Regarding Flow 
In the consideration of the flow of fluids, conBiderablo advances ore 
being made toward MIcr logical interpretations of experimentafly found 
facts and toward better guidance for future analytical and experimental 
undertakings. 

Dimenrional analysis (see p. 284) starts with the assumption that motion 
of a fluid may be influenced by mj or all of a number of obvious variables 
such as the net force per unit wea or pressure gradient p, the prevailing mean 
velocity 7, and by the several properties of the fluid, such as weight per 
unit volume vi, density or mass per unit volume p(= v>/g), viscosity li, bulk 
modulus of elasticity c, surface tenaon «r; also by size, area, distances from 
and to boundaries, oto., expressible as several linear dimensions a, h, c, d. 
A grouping of terms embodying the essentials of the flow (but dimensionless 
and therefore of general application) can be written equal to a constant 
numerical factor times a (dimensionrily independent) function of tbe dimen- 
sionless ratios d/a, d/b, d/e and of certain dimenaonless groupings or num- 
boTB such as Vdp/ix and 7/^/^. These last are known as the Reynolds and 
Froude numbers. 
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Ssybolt Turol, when 25 < t < ^ ~ 0.02241 — l.S4/{ 

when f > 40i ^ “ 0.0216f — 0.60/f 

Redwood No. 1 (English), when 34 •< t < 100, v = O.OU260i - '1.79/< 
when t > 100 v ^ 0.00247i - 0.50/i 
Redwood Admiralty (English), v ~ 0.027t - 20/i 

Bngler (German), y - 0.001474 — 3.74/4 

For kinematic viscosity conversion table see p. 1905. 

To convert kinematic viscosity to units of ft* per see multiply by 1.075 X 
lO'^ See also p. 1005. 


Table 1. Viscosities of Fluids in Centlpoises . 


1 

Fluid 

Temp, ' 

dee F 

Vis- ' 
cosily 

Fluid 1 

Temp, 1 

degF 

Vis- 

cosity 


32 

1 1.792 ' 

Spindle oil, ep gr « 0.885. 

60 

45 


50 

! 1.308 


150 

6.4 


6S.4 

1 1.000 

Glycerin, 60% sol 

60 

7.0 


100 

; 0.679 


150 

■ 1.5 


150 

0.432 

100% 

60 

1400 


212 

i 0.284 


150 

70 


32 

,0.0084 

Lubrieatina oils! 




150 

1 0.0098 

niastera lu 

■ 60 

100 


32 

' 0 0171 


150 

10 


15ft 

o.onn 

S.A.E. 30 

GO 

400 


' «lft 

0.20 


150 

27 


, 32 

0.12 

Light machy., sp gr 0.907. . 

60 

114 


32 

1.70 


, 150 

11 


150 

1.35 

Heavy machy. 

60 

661 


32 

0.50 


150 

35 


150 

0.25 

Calif, crude, light 

i 60 

45 

sp gr 0.75 

32 

0.95 


150 

9,0 


f56 

6.40 

Heavy 

' 60 

3556 

Sperm oil j 

1 60 

42 


150 

70 


150 

9.0 





Viscosity changes with temperature; for liquide it decreases as temperature 
increases, for gases it increases. Values of viscosity for various fluids nt 
atmospheric pressure are given in Table 1. The viscosity of a gas does not 
vary with pressure for moderate ranges; for the ‘'permanent” gases this ia 
true up to 100 atmospheres. 

The viscosity of glycerin and of castor oil is about 1,000 times, and that of 
machine oils 100 to 300 times, as great ns that of water at ordinary room 
temperatures. The viscosity of oils changes much more with, change of 
temperature than does the viscosity of water; water changes from 0.0179 poise 
at 32 to 0.0131 at 50 deg, 0.0100 at 68.4 dog, 0.00G8 at 100 deg, and 0.0040 

at 160 F. 

The change in viscosity with -temperature of typical American mineral 
lubricating oils is as follows: , . ^ . 

SayboH viscosity at 100 F.. ; 380 7C0 1,200 3,300 7,500 

Saybrit iTscosity at 212 F 68 -90; 120. ,210' 300 

Investigations published by the Britash Department of Scientific ■ and 
Industrial Research show that the visoowty of water increases but slightly 
with increase of pressure; for animal and; vegetable oils at 6,000 (10,000) 
[15,0001 lb per sq in. pressure. the percehtage increase of viscosity is about 
15 '(200), [350] percent; for .mineral at the same pressures thednerease 
fa 125 (560)'[1, 600] percent. . ■ 

, When twppr.mpre liquids that do not mix (s.;?., water, pil and mercury) 
are contained in the same vessel, ithe heaviest liquid, occupies' the .lowest 
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Buch that 'ft= V^/2g or 7 = the Pitot tube indicates the velocity 

head of the 0owing water.' If a tube of this sort is inserted in a pipe with 
water flowing under pressure, see Kg. 7, the water rises to a height hr above 


the height in on open water column attached to a hole in 
the wall- of the pipe; t.c., the Pitot tube shows the sum 
of the pressure head and the velodty head of the water at 
the point of the tube, demonskat^g that both sorts of 
head coexist. The Venturi meter also illustrates the 
relation between pressure and vdocHy heads. This de- 
vice (Fig. S) connstB of a conical noesle-like reducer 
followed by a more gradual enlargement to the original 



size, which is that of the pipe lino in which the meter is — IT 


laid. At 1, 2, and 3 the pressure heads in the pipe are Fiq. g. 
shown as they appear when measured by open liquid 
coJumna. Experiment shows that A» is less than Ai by very nearly the differ- 
ence in velocity heads [(7:*/2j) — (7iV2(r)), and that at 8, where the mean 



Fig. 7.— Pitot Tube, Fio. 8.— Venturi Meter. 


Velocity is again Vi, the pressure head is nearly hi again, the diminution 
being accounted for by loss due to friction of the Sowng fluid. If the pressure 
IE the pipe is changed, hut the rate oftfo'w fcept the same, e.p., by manipufating 
valves to the left of 1 and right of 
S, all the pressure heade rise or fall 
equal amounts, i.e., tho difioreucea 
in heads remain imclianged. Jf 
the pipe is not level, Kg. 9, allow- 
ance is made as follows; AU pemta 
are referred to any convenient ref- 
erence level, 0-0. The difference 
in level of the tops of the open liquid 
columns is H\ — Si ~ (hi -b Zi) — 

{h + Zi), where Zi and Z* are the 
heights of I and 2 above the datum , 
level, and are called the potential 
heads of these points. With no 
flow, liquid would stand at the 

same level in columns 1, 2, and 8, for boQi the level and sloping pipes. • Hence 
the differences h - h in Kg. 8, and B\ - Bi, in Kg. 9, are due solely to the 
flow of the fluid. It is to be noted that tiie difference in pressure beads of 
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large tubes there is b curved surfftce vhero the liquid touches the glass, For water, the 
extra height is about 0.046/(1 in., where d ia the intemal diameter of the lube in inches. 
Thus, ii a differential water-air gage (as in Hg. 7) has two glass columns nominally both 

in. in internal diam, but actually one 0.01 in. larger and tf'e other 0.01 in. Bmaller, 
the water will stand about }{ j in. higher in the smaller tube than in the larger, when a 
common hydrostatic pressure would lead one to erpeet them to stand at exactly the same 
level. In experimental work, this poEsible diffied^ may usually be avoided by using 
larger glass tubes, say of in. internal diam. All readings should be taken at the 
level of the middle of the meniscus, t.e., the bottom of the curve for water and the 
top for mercury. These positions are away from the maximum effects of capillary 
attraction and are nearest to the proper level. 

With many lit^uids such as water, ethyl alcohol, chloroform, benzene, turpentine, and 
olive oil the angle of contact between liquid and glass is 0 deg and in capillary tubes the 
meniscus is approximately hemispherical. In such a case the capillary rise = 
27/(di - dj)r where y ia the surface tension, di and <f« are the weight densities of the 
iiquid and the gas (or vapor), and r is the internal radius of the capillary tube. 

HYDEOSTATICS 

Pressure of a fluid usually means Intensity of pressure above the local 
atmospheric pressure. 

Qsge pressure is the pressure indicated by a gage and shows pressure above the local 
atmospheiio pressure, Absolute pressure commonly means istonsity of pressure 
referred to vacuum as zero. Pressures less than tho local atmospheric are always 
referred to by some distinct phrase, t.g., “ 10 lb suction," “20 in. (mercury) vacuum," 
“5 lb per eq in. absolute pressure.” 

Pressure Head. Liqui<i pressure is often caused by the weight of the 
overlying liquid, and all liquid pressures can bo thought of ivs being so caused. 
Special names are given to this real or imaginary height, as "pressure head , ' ' 
"statio head," or, simply, "head.” 

General Considerations Regarding Liquid Pressure 

1, Pressure head is the height to the real or imaginary free liquid surface 
corresponding to the pressure of tho liquid. 

2. In any continuous body of liquid at rest, the intensity of pressure 

increases directly with the depth of the liquid, p = or h « p/to, where 
p ia the Ltxntiiiisa of pr(is,me. pev urat wcew, K tha ni dicpth (nv , 

and 10 the weight per umt volume of the liquid. This law is true whether 
the liquid has a free upper surface open to the atmosphere or ia confined 
and subjected to mechanical, gaseous, or 
other pressure. 

For a liquid of sp gr s, p = 62.46h lb per 
Bq ft = 0.433sh lb per sq in. where Ms the 
head, ft, Vacuum « 1.13H/« ft = 0.49H 
Ib per sq in., where H ia vacuum, in. of 
mercury. • 

Hydrostatic Paradox. In the coses shown in 
fig. 2, the intensity of pressure in pounds per 
square inch is the same at the bottoms td the 
variously shaped liquid containers. But the total 
liquid pressures agoinst the various bottoms are FiG. 2. 

prcportional to the areas of the bottoms. The 
amount of liquid or its total weight makes no difioence in either the intensity of pres- 
sure or the total pressure as long as the head h is tiie same. The fact that the total 
liquid pressure (bursting pressure) ^mnst the bottom may be many times greater or 
Jess than the total weight of the liquid is termed the hydrostatic paradox. 
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velocity of all tte water flowing out, but to more than the average, i.e., the 
actual discharge is lees thsji that shown by the formula. (For theoretical 
principle, see ‘Weirs, p. 259.) ‘When the head above the center is equal to 
the vertical dimension of iho orifice, the discharge is only about 1 per cent 
leas, and when the head is twice toe vertical dimension the diminution is 


.09 

0.9 

9 

00 



Velocity Head, Feet 

:Q0 300 400 on 1000 

1 3 4 6 

.01 .03 .09 .01 
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Fig. 12. — ConvCTaiou Scale. Cu. Ft. per Sec. to Gal. per Min. and per 24 Hr, 


negligible, except for the most predse sort of inveBtlgations, for which a 
special calibration should be made to determine the exact coeffident. For 
lower heads, if As represents the head above the center and 0 the height of 
opening, Table 3 gives toe percentage reduction in discharge and the cor- 
rected discharge coeffident for eiicular and rectangular orifices, The value 


Table 3. Corrections for Kectani'Ular and Circular Orifices 


h. 

0 

RECTAIfOOLAB OltinCEB j 

i 

A. ! 
0 1 

i 

1 CiECVLiB Orifices 

Reduction 
in djjcLsr^e, 
percent 

Correeted 

1 cpelBaont I 
of diadiarcQ 

Reduction 
in discharge, 
percent ! 

Corrected 
poeffident 
of discharge 

0.50 

5.7 

0.575 1 

0.50 1 

4.0 

0.585 

0.62 

3.2 

1 0.590 1 

0 55 


0.590 

0.87 

1.6 

1 0.600 ' 

075 

1.6 

0.600 

1.00 

1.1 1 

0.603 1 

1.00 . 

0.0 

0.605 
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If the upper edge or top is at the surface, the distance of the c'enter’of prcBSurc below 
the top is . ■ ■ . • ■ • 

• ■Rectanglo. 2si/3; Triangle; -veriei np, Zal^', ircrtat dowUi 8i/2', Ciitle, 5r/4. 

The maximum bending moment on a vertical rectangular beam subjected through- 
out its full length to liquid pressure, supported at' top and bottom,, and with the top 
support at the surface, occurs Q.OSsj ahovs the center of pressure, or Hs the span 
beiow tho^middle. . , . 

.Example. Required the total pressure against & vertical gate 3 ft wide and 
6 ft high at the bottom of a tank wi^ water 12 ft deep; also the position of the center 
of pressure. The center of gravity of the gate face is {7 + %) = it hclow the 
surface, and according to (6), total pressure against gate = 0H X 62.4 X (5 X 3) = 
8,892, say, 8,900 lb. The total pressure scale 3) gives 4,500 and 1,630 lb, respec- 
tively, for depths of 12 and 7 ft. The difference, 2,970 lb. is the pressure per foot of 
width, or 8,910 lb total. The center of pressure for the submerged rectangle is 
(12 - 7)V12(7 4- 50 « 0.219 ft below lire eg, or 9.72 ft below the surface. Graphi- 
cally, the center of pressure is the point where the area is cut by a noriaal through tho 
centta oi gravity of tho tiapwoidsi “ptessute prism/’ 

Buoyancy and Flotation. Tho total upward pressure of a liquid 
against a floating or a eubmerged body is the same as if the portion of the 
■ body below tho atiiiaee were replaced by the liquid. lu the latter case 
there would bo simply a mass of liquid at rest, t.c., with the net upword 
pressure from the surrounding liquid just equal to the weight of the liquid 
volume in queatloa, which w tho volume displaced by tbs floating or sub- 
merged body. Obviously, for a floating body, this weight and upward pres- 
sure equals the weight of the body. Hence, for any floating body, Pu - IT* 
Vw, where P* is the total upward pressure, IF tho weight of the body, V tho 
volume of tho displaced liquid (= “tho displacement"), and ui the weight of a 
unit volume of the liquid. 

The draft or depth of flotation may be calculated when the weight, sise^ 
and shape of the floating body are known, for in all cases IF = Fuj. 

.Example. (Float control of a mechanism.) It is detired to obtain a force of 190 lb 
from a float when the water surface rises or falls 1 in. Required to £nd sise of float 
necessaiy. From = Vw, 100 * V» » water-Sae area X Ka X b2.4, w area =» 
19.25 sq ft, calling for, e.g., a circular float 4.96 ft diam. 

. The center of buoyancy is at the center of gravity of the displaced volume 
of bsiViid. It wad mdtofri'Bt}, kb tb^ ^oatmg 

i body tips. The total upward prossuro of the liquid may be regarded as con- 
i centrated through the center of buoyancy, about which it balances, 
i Stability, or tendency to float upright, demands that, when the floating 
, body is tipped, the vertical through tho new center of buoyancy sliaU pass the 

i center line above the center of gravity of the body. The center line ia the 

[ vertical line passing through the eg when tho'body is in equilibrium. When 

it does so pass, both the weight and buoyancy tend to right the floating body. 
I When it passes below the center of gravity, both the weight and buoyancy act 

; to overturn it, It is not necessary for stability that the center of gravity be 

\ below the center of buoyancy- In ^ps it is usually above. For submerged 

i submarine boats, the center of gravity must be below the center, of buoyancy 

I for stability, because in this case the shape of the displaced volume of liquid 

1 does not change when tho boat tips and consequently the center of buoyancy 

[ does not move relatively to the boat. The point where the vertical through 

I tho new center of buoyancy cuts the ori©nal vertical (now inclined), through 

i the center of gravity, is called the metacenter. If, then, the metaconter 

i ifl above the center of gravity; there ia stalality; if below, instability. , The 

i more it is above, the greater the stability. " ' ' ' 
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Buotion and making the .effective head greater than k. Values of the dis- 
charge coefficient as high as 1.55 have been found by experiment. For the 
dovmstreara end of the tube, the coeffident is always less than 1. With 
high heads the jet may jump free and discharge as (5). 

Bounding or beveling the sharp npstreara edge, even sUghth', increases the discharge 
of an orifice. Experiments at Cdm^ Univerrity on circular and square orifices, all free 
discharge, with various degrees of roun^ng of the upstream edge, show that the per 
cent increase in Q, over the ahaipKedged Q, b 3.1 times the percent that the radius of the 
rounding is of the diameter of ihe orifice. Tbb appUes for roundings up to (but not 
beyond] 10 percent of the dbmeter of the otfGce, where the increase is 31 percent, 
the coefficient being 0.80. llaang a sharp-edged orifice close to a side wall or a corner 
''suppresses” the contraeUon arid increases the dte<harg&. For each side of a rectangu- 
lar orifice on which contraction b suppressed, the dbeharge b increased about 3 percent 
provided the side walb or the bottom do not extend beyond the plane of the orifice. 
If they do so extend, the coefficient remains the same as for iully contracted Sow. 

Attainable Brecieiou' in estinnUng the flow through a well-made sharp-edged or 
rounded-approach orifice depends on several factors. The orifice should he located at 
least 3 diameters away from arty ade wall and should ha screened from the eddying cEects 
of in-rushing water. If thehcsdislow.euidevancsmaybe neocssary to prevent whirl- 
pools or vortices tha,t obstruct the discharge. The size of the opening must be ncourately 
measured. An error or uncVtoinly of a maU percentage in the diameter makes .trriee 
that error in the discharging area; and a small percentage change in the bead affects 
the discharge by half that percentage. With accorate measuismeatB m»de with a 
knowledge of the various effects above menlioaed, the engineer may feci assured that 
the discharge will be within 3 percent of the calculated value. By calibrating 
sn orifice under the exact condUions of use, a future preci^on of 0,5 percent may be 
assured. Such an accuracy is seldom necessary except for precise testing or lavestl- 
garion. For an assured preeltfoa within 1 percent, maintenance of the orifice in 
*'shaTp-edge” condition is esaeatinL A very slight dulling of the edge increases the 
discharge as much ns 1 to 2 perceat. As to the ^ec(s of a little corrosion, the nature 
and extent of the change is the coelScient depend on those of the defect. If a corroded 
edge is tuberculatcd, the discharge is decreased. If the rust accumulation is brushed or 
washed off, the effect is the same as dulling the edge. Published tables that give 
coefficients to three places, c.i>., 0.015, arc deceptive, in that they suggest a pre- 
cision of 1 in 600, when 1 in 60 would be ne-trer to the accuracy expected by an experi- 
enced engineer foi' routine cases. 

Submergence, or Dischargo under Water (c.^., headgates). For 
openings in a ‘'thin plate” or in a thin wall, the coefficients already given 
bit thfi valjift oi Mn. tjift {nrouibL is. t.hft. dillateana i-u. wainc hivelA 
upstream and downstream from the opening. In the case of headgates there 
is liable to be uncertainty as to the effective area of the opening and of the 
amount of contraction. An nncertaiuty of from 5 to 10 perceat is to be 
expected. 

If the submerged opening is in a tWet wall, even if the thickness is as 
slight as the diameter of the orifice, tho discharge is greater than for the 
opening in a thin wail. In this respect submerged discharge differs from dis- 
charge into tho atmosphere, where tho tube must be several diameters long 
before the coefficient increases. For a submerged tube 1 diameter long, 
equaie-edged entry, the discharge coeffident is about 0.76, as compared to 
0.60 for the sumo tube xrith free discharge into the atmosphere. Rounding 
the entry further increases the discharge. 

Investigations on submerged square tubas at the TJniveraty of Wiscon- 
sin {V- of -W. Bull. 216) and at Cornell University (Bn'g. iVeics., iNov. 2, 
1916) show that the discharge cbefficientundcrlow heads becomes practically 
constant for a tube length greater tban 1.5 diameters and that the value of 
the constant coeffident is a function of R/d, where Bis the radius of the quad- 
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In practical applicatioa to particular cases ol flow, one of these fluid 
properties is often dominant for a certan range of values of the pertinent 
dimensionless number, thus simplifying analytiod treatment and study of 
experimental results. There should be recognition, howovor, of the existence 
of the other influences which may sometimes grratly affect the flow. 

Steady. Unsteady, Uniform and Non-uniform Flows Defined. 
Flow is called Steady when conditionein the stream (t.e., in any cross-section 
of the flowing fluid) 'remain, unchanged, especially the mass flowing per 
second, the mean velocity, and the size of the stream, If, also, the size and 
shape of the stream remain nearly constant from point to point along the 
course, the flow is called uniform. If the size of the stream and the velocity 
change from point to point along tiio course, even though the flow be steady, 
it is called non- uniform. 


ExampleB of steady unllorm flow ore the common flows in pipes, hose, canals, 
and rivers. This sort of flow is seen to be {kssociated mth long conduits, and is con- 
trailed by the laws of fluid friotimi. Pressure and head are consumed (hence “lost") 
in forcing the fluid along against the resistances caused by the portions of the conduit 
in contact with the liquid. 

Steady non-uniform flow is exempUSed by tbe flow through orifices, nozzles, 
Venturi meters, revolving water turbines, weirs, etc. It is seen to be osseciated with 
cases of chongiag velocity, where flow etuts from an early quiet body of fluid or where 
a flowing stream changes its size and its vdocity. For tb<s8 eases pressure and head 
aie not consumed and lost (except to & small extent), but are converted into moving 
energy. 

Unsteady Sow proceeds in waves, prononnoed pulantions or surges, or under 
rapidly changing conditioos, i-o., bceaking ocean waves, pressure and velocity surges 
in a pipe line supplying a hydraulic ram, etc. No flow is steady or uniform when 
started, A short time elapsesi of nccceaily, before steady conditions enn bo established. 
No ordinary Dow is ever perfectly steady, there always being some pulsations and 
tremblinp in velocity and pressure. The flow through a long pipe line carrying the 
discharge from a good double-acting plunger or piston pump with air chambers in good 
order is considered practically steady as for os flow caleulatiena are concerned, although 
a pressure gage shows fluctuations of several percent. 


Interrelations of Heads. Potential, Pressure and Velocity Heads. 
When water or any liquid ol low viecoeity spouts through an orifice in the 
side of a tank (Fig, 6), the jet has a velocity 



V - V^, nearly, whore h is the head at the 
level of the orifice in the body of liquid well 
away from the orifice, and ff is tho acederation 
constant of gravity. As a result of liquid fric- 
tion at the orifice the actual velocity is 1 to 2 
percent leas than that given by ibe above 
formula. A jet issues in any direction ac- 
cording to the same law. If issuing nearly 
vertically, as in Fig. 6, thejet will rise nearly 
to the height of k ft above the orifice. For 
great heights the friction of the mr and tiie breaking-up of the jet reduce the 
height considerably. See p. 274. For a fluid flowing with a velocity 7, the 
name velocity head is given to the quantity V^/ig, which corresponds to 
the static or pressure head h that could cause or could be caused by the 
velocity 7, • ‘ ' 

Figure fi.shows the water surface of an oprai stream flowing with velocity 7, 
and against the current of which is Greeted tiie opening of a Pitot tube. 
The water rises in the tube to a height of ft ft above the surface of the stream, 


Fio. 6. 
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of the jet, theamouEtdepeadingonthediape. ApiaanconicalnozzIeCcalled 
a smooth nozzle) causes no contraction. Tho velocity coefficient of a good 
nozzle is from 0.97 to 0.99, and thisis also the discharge coefficient for smooth 
nozzles. A square-ring nozzle is really a sharp-edged orifice with high 
velocity of approach. Tho discharge coefident depends on the proportion 
of the area taken up by fie ring (see curve in Fig. 16, determined by J. R. 
Freeman from his experiments). The use of ring and undercut-ring nozzles 
arose from the mistaken notion that a better fire stream could be thrown from 
these than from a smooth nozzle, ttadwcut-ring nozzles have discharge 
coefficients of from 0.58 to 0.72, varying as for square-ring nozzles. The 
discharge coefficient of awcll-finiEied Doble needle nozzle (Fig. 15) referred 
to the smallest area of passageway (surface of frustum of cone) between 
needle and nozzle proper, is from about 0.82 to 0.95, depending on the 
“opening" orposition of the “needlo." When 
nearly closed tho coeffirient is lowest; it is 
highest at about a ?f-open or fuUdoad operat- 
ing position, for which the curves are especi- 
ally designed. 

The nozzle formula is: 

i 

where Ai and Aj are the cross-sectioned areas ■ 
at the base of tho nozzle (i.e., where the pres- 
sure head is measured) and at the discharge 
tip, respectively, and di auddt the correspond- 
ing diameters. C is the diechar^ coefficient 
and k is the pressure head in the pipe or hose Coefliclent of Dischotge 

just upstream from the convergence, referred pjQ_ 16.— Discharge Coeffi- 
to the level of the center of the discharge tip. ^entsfor Square-ring Nozzles. 
(For ordinary purposes, h is usually measured 

by a spring steam-gage, or, more precisely, by an open water-column gage for 
low heads and a mercury gage for high beads, h is sometimes called the gage 
pressure head, and [fi. + (riV2t>)l the theoretical or total head. 

For values of the velocity-of-approach factor, see p. 2008. 

Range of Coefficients. Certainty. For water in smooth fire-hose 
nozzles, J. R. Freeman found an average coefficient of 0.977, with variations 
in averages for particul^ nozzles of 0.5 percent each way. The nozzles were 
attached to 2}i in. hose and had tip diameters of from to IJ^ in. Several 
other experimenters have checked this v^ue dosely. For Ijf, 2 and in. 
tip diameters vdth convergence an^ea of from 10 to 15 deg, Mr. Sieeman 
found an average coefficient of 0.99S,mtb a variation (in averages lor individ- 
ual nozzles) of from 0.4 percent above to 0.8 percent below. The writer 
designed three’ nozzles for 4, 6 and 8 in. pipes, the tips being respectively 
1.78, 2.74 and 3.57 in. in diameter; a common convergence angle of 25 deg 
was used, and all changes in direction were made by easy curves of 9 in. radius. 
The average discharge coeffident was found to be 0.986, with variations in 
averages within 0.3 percent and otremo variations in individual experi- 
ments {heads from 2 to 60 ft) of about 1 percent. A coefficient of 0.98 may 
be considered reliable for good smooth nozzles within 1^ percent, without ' 
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thefimdintbBpipeisAi - /isinbo&I'igB.Sand 9, butmFig.'Stliis difference 
is due partly to the hydrostatic effect of the difference of level. Consequently 
it is seen that a difference in pressure hoods at two points along a stream 
{the velocity, being different at these two points), may bo due not only to a 
difference of velocity heads, but also in part to a difference in potential heads 
according to the hydrostatic law. Hence, , . 

{hi + Zx) - {h + Zt) = {V^/2o) - (7iV2ff)i 
that is, ?ii -h + (y-/2g) - Zt (V 2*/2p) 

This formula is the mathematical oxprcsaion of Bernoulli's *111,6016111. 

To summarize: . , , ' i 

1. The total head present in a mass of flowing liquid is made up of poten- 
tial head, pressure head and velocity head; mutually 'convertible, each into 
the other’s form. 

2. Bernoulli’s Theorem. The total head in a particle of a continuous 
mass of flowing liquid at any one point in its stream 
line (f.fi., the path along which the liquid flows) is equal 
to the total head at any other position of its stream 
line, provided that there is no loss between the tw 
positions due to friction, the giving up of work, etc., 
and no gain due to the application of outside work. 

Flow through Orifices 

Flow of Liquids through Orifices. The general 
law of flow is 7 » V^, in which 7 is the velocity 
of the jet at its smallest section near or in the plane of 
the opening, h is the bead referred to the level of the 
center of the stream cross section whero tho filaments 
of the issuing jet first become parallel. 

The Standard Orifice for measuring or regulat- 
ing purposes is the sharp-edged orifice, also called 
“ orifice in thin plate,” The jet contracts in size (Fig. 

IOq) just after coming through the opening of sudi an 
orifice. The area of the cross section of the jet, at a 
oMt, kom the opening efccmt one-halt its ^m- 
eter, is about 0.62 of the area of the opeiung; The 
average velocity paet this contracted section is about 
0.98 to 0.99 of 'v/2^. Hence, calling A the area of 
the opening, the discharge of a standard sharp- 
edged orifice is Q = 0.61 Q being in cu ft per 

sec when A is in sq ft, h in ft, and g in ft per sec per 
see, The value of 0.62 is called the contraction 
coefficient; 0.9S to 0.99 is the velocity coefficient, 
and their product, or 0.61, is the dischwge coefficient. • 

For Values of V^gh for any head, see Velocity Head Scale, Fig. 11, also Con- 
version Scales (cu ft per sec to gal per miri and per 24 hr), Fig. 12. 

Btample. For a circular sharp-edged orifice,'! in. in diam, under 50 It head, 

C = 0.189 cu ft per scc'= 85’gal per miu. ■ ■ ' . 

targe Orifices with Low Heads, e.g., duice gates (see also Submergence) . 
Unless the orifice is in a horizontal plane, e-g:, in the bottom of a tank, the top 
may be so much nearer the surface of the Uquid than the bottom that the . 
head at the level of center of orifieei does not correspond to the real average 



•Fig. 10. — Types of 
Orifices. . 
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see under broad flat crests p. 263), and is fre^usutly made of a steel plate 
or angle planed off and sometimes beveled on the downstream side to ©ve a 
top flat portion from K« to H io* wide. 

Accuracy of Francis Formula. This formula is very widely used by 
en^neers. It is reliable •within from 1 to 3 percant for heads above 
0.3 ft, provided that (1) the weir bulkhead has a vertical upstream face and 
occupies the full width of the channel, (2) the crest is level, (3) the channel 
of approach is deep (i.e., the ■weir bnlkhcad is high, so that the velocity of 
approach is small — see below for corrections), (4) there is free access of the 
air to the space below the falling sheet of water between it and the down- 
stream face of the weir), (5) the head is measured a distance upstream from 

Heod on Weir, Feet. 
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Flo. 17/— Weir Discharge Scale. Francis Formula, Q =* 3.33 h^i. 


the weir of at least 4 times tiie head, (6) the side walls estend downstream 
from the weir (above the crest level) to prevent a lateral spreading as the 
water passes over the crest, and (7) duo precautions in measuring are taken. 

For very low heads, Francis formula results for discharge must be in- 
ertased 1(3) percent when h = 0.2 ft, and 4(7) percent when h = 0.1 ft, 
the low values for a strictiy ^arp crest-piece with extremely smooth upstream 
face, the high values for ordinary iron plate with machine-planed top but 
somewhat corroded. 

Effects o! Errors or ITncertaistles. A small percentage error in head causes 
times that error in diseharge. Conveiselj’. the allowable percentage error in head is. 

that in discharge. Conridentble errois in the measured head may be made by care- 
less methods of referencing the crest level to the head gsBC scale, and by assuming that 
a non-leyel crest is level without tnovii^ the av^ogc level. The mean level of the water 
surface must be measured, not the crests of the email waves or surges existing in all flow- 
ing water. Rounding the upstream comer of the crest increases the discharge especially 
at low heads. Roughness rf ti»e upstream vertical face of the weir has the eame effect. 

For a rectanfular sotclt with vertical sharp-edged ends, contraction 
occurs at the ends as well as at the crest, and the discharge is reduced approxi- 
mately as though the length of tiie weir were decreased by O.lh for, each end 
contraction. Hence, the Francis formula for a sharp-created weir with 
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of the coefficieEt, however, ia not cerfcun withm from 1 to 3 percent without 
ftpecid calibration, of the particulw orffice. ' 

Hamilton Smith’s Coefficients. Belying cMefly on his own precise experiments 
of 18S5 an'i earlier, and on those of Pmedet and Lesbros, 1827-1835, Smith published 
tables of coefficients for flow of watw at oiihnary low temperatures through sharp- 
edged orifices with SQuare and round openings. Figure 13 shows the variation with 
head and diameter of these coefficients. Schoder has found corresponding variations 
with small circular sharp-edged oriflees H to 1 in. in diameter. It will be noted tiiat 
there is httle change in the coefficient for heads above 2 It and di&metwe greater than 
}i in. Tests by Medaugh and Johnson (Cinf Bug., July, 1040) on very precisely made 
circular orificei agree with Smith within H of 1 percent 


Variously Shaped Orifices. Typical shapM aro shown in Fig. 10. (a) 
is ashaip-edgcd orifice*, (h) is a lounded-approach orifice; (c) ia a short 
pipe or orifice in thick waU Qcngth « 2.6 to 3 X diam), flowing full; (d) 
is a short pipe fiovring like a aharp-edged orifice (see below); (s) isato-entrant 
short pipe, or a Borda mouth- 
piece (when length < ^am); (/) 
is a Venturi orifice. 

For (6), when the curve ia not 
too abrupt and there is a short 
length (= to H diam) of uni- 
form bore where the jet issues, 
there is no contraction and the 
coefficients of dischargo and of 
velocity are equal. The value for 
an average good, smooth, rounded 
orifice is 0.97; for the very best, 

0. 99; but with poor curvature, 
causing contraction and cross cur- » 0.9 
rents, the coefficient may bo as 
low as 0.90. 

For (c), at low heads, tho lube 
flows full at tho downstream end 
and the cflscharge is “broomy," 

1. e., agitated and divergent, while 
at high heads, above 40 to 60 ft, 
the jet jumps free at the upstream 
comer as fiom a sharp-edged 
orifice, as shown in Fig. lOfd)- 
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Fia. 13. — Coefficients for Sharp-edged 
Orifices. (Hamilton Smith,) 

If the jet is once made to Jump free by alugh head, the head may be lowered 
to only a few times tho orifice diamelw without bringing back the “broomy” 
flow conditions. For “broomy” flow, the ffisoharge coefficient ia shout 0.82; 
for clear flow it is 0.61, as for the sharp-edge. If the interior of the tube is 
greasy, the broomy flow will not occur, even at alow head. Obviously, thisis 
an uncertain measuring device unless conditions are known, 

For (e), when the length is 2.6 to 3 times tho diameter, the above state- 
ments for (c) and (d) apply. The discharge coefficient is about 0.72 for 
broomy” and 0.53 for clear discharge. For Bordn’s mouthpiece the 
coefficient is 0.63. 

For (/), if the divergence an^e ia not greater than 7>5 deg nor the length 
more than 10 nor less than 6 times the smaUest diameter, the tube will flow 
fufl^nd the velocity through the narrow "throat” will be greater than 
\^h, because the pressure ia less than atmospheric at that point, causing a 
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Narrow Bectangular end Trapesoldal Sbaip-edged Notches with Crest 
Length Less than 2 X h. Esperimenia on narrow rectangular notches beyond 
tbc applicability of the Francis formnlai eovering heads up to 3 ft and widths down to 
2.7 in., have shown that the formula Q = O.SG(J^ttV^^), i.t., Q = is reliable 

when h is os great as or grejitei than L Eenoe for such cases we may take 90 percent 
of the discharge given by Fig, 17. For notches with I between h and 21i the coefficient 
increases and merges into values ^ven by the Francis formula for two end contractions. 
For narrow trapesoidal notches the discha^e may be espressed the sum of that 
through a central rectangle and two triangles at tie ends (see above formulas). A 
discharge coefficient of from 0.S8 to 0.60 has been found to apply. 

The inverted notch, with diaeharge proportional to head, allows very simple 
regulating and recording devices to be used with it. It is constructed with curved sides 
such that the width of notch above the straight love) crest decreases just enough to keep 
the discharge proportioiu! to the liead. The rate of flow is given by the formula, Q = 
C X 1.57V^(ZVA)h, where Q is in cn ft per sec, I and fi are notch width and head, 
respectively, in ft. With C ■» 0.60, this becomes <3 » 7.55(1 VA)A. The productive 
is constant, and this gives the r^atiou for the curves of the sides. Starting with somo 
desired or convenient head tor a value the discharge, say near the probable maximum 
to be expected, the value of (he no(oh width at that height above the crest is csleulated 
from the above formula for Q. These values of width aod head give the constant value 
iV^. It is not necessary to cooUnuc Ibe side curves of the notch closer to (he crest than 
about Hi to H iu- (depending on the range of heads) : they may terminate in short 
verticals to the crest. The ratio of the discharge shut off by reason of such an abrupt 
terroinatioa of the curves to the full opening discharge (if it oould be secured) is 
0.64 Vhi/h, where is the lieight of the end verticals and li is the head of water. For 
values of h/hi •* 400, 100, 25 and 10. respectively, the percentage reduotione in discharge 
are 8, 6, 13 and 20. Unless the notch curves ate accurately constructed, large errors in 
estimated discharge are to be expected. For results of tests sec Enn, Nevii, Nov. 25, 
1915. 

Veloclty-of'approach effects, causing a greater discharge than from a 
deep quiet pool with tho same bead, have b^n variously expressed in the 
formulas adopted by different engineers. The Bsaia and Rehboolc formulas 
avoid the direct use of e*/2p, where » is tho mean velocity through the cross- 
section of the channel of approach upstream from the weir, where the head 
is measured. They pro’rtde for the changes iu the discharge coefficiont by 
expressions involving both the bead and height of weir, but on the assumptiou 
that the distribution of velorities in the channel of approach is fairly uniform. 
The Fteley and Stearns and the Hamilton Smith formulas add a(v'‘/2ff) to 
the observed (static) head, each using a constant value for a, (1.5 and 1}^ 
respectively, for weirs without end contractions), thus also assuming fixed 
natural velocity distribution, yet recognising that the flow-assisting velocities 
near the surface of the channel of approatsh are usually greater than those 
near tho bottom. 

Recent experimental evidence favors the Rehbock Formula as probably 
tho best of tho rigid type of wrar fotmulas for normal, or fairly uniform, 
velocity distribution in the upstream channel. This is for sharp-crested 
weirs without end contraction: 

where do is the height of wot or the depth of water at aero head. (See 
"Precise Weir Measuremonia" and disouasions, Trans. rioS.C-B., Vol. 83, 
1929.) Although this is not stiictiy correct dimensionally, it gives values 
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rant rounding. of the entry edges and d is the diameter of the orifice or the 
side.of the square. , Values of this constant Me given belowv 

fj/d, percenti 33.3 ■ 16.7 8.3 5.2 4.2 3.1 2.1 1.0 0.0 

pisoharge coeffioieat; . . 0.95 0.94 0.92 . 0.90 0.88 0.85 0.84 0.82 0.80 

Several openings side by side (e,o.. headeates, iatake screens, and baffles) cause 
an increase in tbe discharge, if submerged on the domistream aide. For openings close 
together, increases of from 5 to 10 percent have been uieaeurcd. , 

Velocity of Approach. If, upstream from the orifice, there is a high 
velocity of approach due -to a small 'approach channel or passageway or 
due to peculiar flow conditions, the velocity , head, , V^/2(i, should be 
added to, the static head to obtain h for the formula. The percentage effect 
is Beldoru large unless the channel is bo small as to interfere with the flow by 
reducing contraction, etc., and then, of course, there will be considerable 
uncertainty. (See Nozzles, below.) 

Pipe orifices (or orifice meters), i.e., orifices in diaphragms inserted be- 
tween pairs of flanges in straight portions of pipe lines, and orifices in end- 
caps bn pipes, have been found to bo Triable meaeuring devices.. For ft dis-' 
cuasion of such orifices, see Head Meters, p. 1803. 

The Miner's Inch. In some of the western slalea, water for tnining and irrigntion 
is sold by the Miner's Inch, which is the quantity of water that will flow through 1 
gq in. of an opening In a planh under & head of (usually) 6 in. The arrangement of 
the opening (from 1 to 4 in. high), the thickness of the plank (from 1 to 8 in.), the datum 
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Fig. U.— Types of Nozzles. Fi'q. 15. 

level for the menaurement of the head (tbe top. center, .or bottom of, opening,, es well 
as the bead itself (from 3 to 9 in.), are largely malters of local custom and of state , 
law. laCe.l.eis.i1(iOTil.,4C'rinCci&.,S%.4*,nTtdiiiAi».,'idB,bci,^twf.'MidVt,Tib,£Sliriti«'5 , 
inches = 1 cu ft per sec, In some old deeds in the eastern states, W’ater rights were ' 
sold by inches, but this commonly meant tho fflecharge through 1 sq in.'of some por- 
tion of an old-fashioned water wheel under the bead at the particular power site, and, 
o! course, is an extremely variable unit, the subject of many controversies in courts. 

Oils, if not too tarry or viscous, and morcury have been found to have practically , 
the same coeffleienis as water. ■ ' . 

, Time'Eequired to Empty Tanks.” An open tank whose cross-Bectional , 
wea is uniiom throughout its depth (i.e., a vorricai cylindrical or prismatic , 
tank) will empty itself through an orifice, or a’pipe (the discharge point being 
at the same level as the bottom of iie tank), if there is no inflow, in just 
tvace the .time required to discharge the same amount of water under, tho, 
head. For other shapes of TesoTvwts, the time may be computed by 
mviding the volume into five to ten hoTuontal layers and computing the 
tune for each layer to discharge under the averiige head for, thai layer. , . 

Figure 14 shows tyjacal forms -of nozzles. , For rounded- ' 
entrance flow nozzles for the measurement of flow, aee p. 1805. The orifice > 
ormula, modified to include velodty of approach, applies to the flow from 
oozzies. King and needle nozzles; (Figs. -14 and 15) -cause contraction. 



264 


HYDRAULICS 


irith the tinsubmerged eondition, until the doimstreum head, or backwater, is nearly 
one-half the upstreamiheadabore tiie crest. This is especially true for.hrocd-creeted 
dams, whether flat or rounded «w arith easy upstream sloping faces, since in these cases 
there is a considwable surface drop to the water and a decided increase in velocity even 
before the water leaves the erest. This condition remains practically unchanged with 
Bubmergence until the downstream backwater bead is over half the upstream head, 
i.e., high enough to Bmothcr the flow. 

For experimental results «» wars, bcc “'Weir EsperimentSiCoeffleicnte and Formulas,” 
by E. E. Horton (0. S. Geol. Sorvey IT. S. & I, Papa No. 200) 

Plow of Fluids in Pipes 

In any pipe or conduit through which a fluid is flowing, there is n continuous 
loss of head and of pressure. Figure 20 shows a portion of a pipe line 
through which fluid is being forced uphill from A toward 3. With no flow, 
i.e., only static fluid pressure, the hertd at J5 should be Mt less then at A. 
But, owing to the flow, there is loss of head along 
the pipe and the head at 5 is (A + A/) ft less than 
at A, where A/ designates tho friction head betw^n 
A and B. At the same time, the heads at both A 
and B are less than with the no-flow condition 
because of the loss of bead upstream from A. 

The loss of head or friction head depend on 

(1) the kind of fluid flowing, especially its viscosity; 

(2) the velocity of tho fluid; (3) the eise (e.fl.. hy- 
draulic radius) of the pipe or conduit; (4) fie 
roughness of the interior surfacejand (5) the length. 

Pressure has practically no effect on the loss of head 
because the viscosity of liquids and gases varies 
only slightly with pressure within the range onh* 
narily occurring In practice. The pressure drop 
due to friction p/ = h//w depends on the denaty and therefore, for gases, on 
the pressure in the pipe. 

Viscous, Laminar, or Streajnline Flow. A forced movement of fluid 
through a filled pipe is resisted by molecular forces at the iasido Trail, and 
slipping of the adjacent layers of fluid occurs, the result being a sort of tele- 
scopic sliding motion. If the rate of flow is not forced beyond the critical 
velocity, this -riscouB Sow prev^s throughout the entire cross section; 
in a circular pipe, the central core moves at tu4ce the mean velocity. Poi- 
seuilie's formula, ori^aHy found ^perimentally in 1842 for capillary 
tubes, is now known to be applicable for the visCOUS flow of liquids and 
gases in all sizes of pipes. It is hf/L = 0.0326Cji/5) (F/D*), ogs units; where 
kf is the loss of head in length L botli in the same units; n the viscosity, 
poises; s the specific gravity (wca^t, grams per co) ; Y the velocity, cm per 
sec; and D the diameter, cm. For V in fps and D in in., A//£ = 0.154(p/s) 
(7/Z)’). For Q in cfs and X> inin., A//L =28.3 (h/ 8)(Q/D«). The loss of 
pressure p in pounds per square inch per I,000 ft of pipe is given by p = 
27.3,u{?/D^ where G is the flow, in U. B. gd per min; Z) the diameter, in;; 
and p the Tuscosity, poises. Uong B for barrels per hour (1 bbl = 42 IF. S. 
gal), p = 19.1 mB/I)^. The roughness of the pipe has practic^y no effect 
on true viscous flow except as the effective cro^a-aectional area may be less 
than tor a clean pipe, and consequently a amallor value for D appropriate. 

The Critical Velocity and Turbulent or Rddy Flow. 'When the rate 
of flow is forced beyond the critiea] vdoci^, turbulent or flow sets in. 
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necessity of special tests. The ■writer tested, as a nozzle on a 6 in. W. I. 
pipe, a 6 X S in. insted, riveted-ateel reducer, 24 in, long, mth projecting 
flat rivet heads at both ends and along a longitudinal seam. The discharge 
coefficient was 0.91 under heads of from 2 to 50 ft, allowance being made for 
rivet heads reducing the tip area. This may be taken as the low limit for 
an extra rough conical nozzle. In case of such a nozzle the coefficient 
0.91 means that 17.2 percent of the head is "lost," i.c., used up in over- 
coming friction. 

The ’Venturi Meter. This derice ■was invented by Clemens Herschcl 
in 1887, and named after Venturi, who observed the principle in 1791. The 
general formula of this useful flow meter is discussed on p. 252. Referring 
to Fig. 9, the practical formula connecting the measured difference of pressure 
heads, Hi — Hi ’= h, vrith ■the mean velocity of flow in the throat is the 
game as the nozzle formula on p. 258. For coeffirients, see p. 180G. 

The nominal size of a I'eaturi meter is that of the pipe line in which it is to be placed. 
The throat diameter usually is made acme size hetween 0.25 and 0.75 of the upstream 
diameter, depending on the rale of flow to be expected and on the pressure in tlie line. 
The throat velocity with the low rates of flow should be great enough so that the dif- 
ference of pressure heads (often cnllcd tho Venturi difference) will cause n measurable 
Indicadon on the register or gage, but should not be so great os to cause the throat 
pressure to drop below atmospheric, lest there be trouble ^'ith air leaking into the gage 
and register connections. The upstream coovergence angle of a Venturi meter may be 
from 25 to 30 deg, but the downstream divergence angle should not be greater than 7}i 
deg. The pressure connections usually are made to ring piezometers, consisting of 
circumferential paseagewaj-a communicating (o the interior of the meter by four or 
more small holes equally spaced around the pipe. The object is to nssuro tire obtaining 
of the average pressure by avoiding dependence on a single piezometer hole subject to 
posable local ^turbanecs. The ring piezometers are cast os part of the meter tube. 
The meters are usually made of cast iron and in several sections, bolted together. The 
throat is bronze-lined, very accurately bored to ate and very smoothly finished. Ven- 
turi meters have been made of concrete and wood staves, the throats being Intbe-finished 
bronze casffnga. 

For the loss of head caused by the presence of a Veaturi meter ia a pipe 
line, seep. 1806. 

Flow over Dams and 'Weirs 

Weirs. A weir ia a "bulkhead or dam over which "water flo'ws, or a 
notch in the top of such a stnicture through which water flows. An orifice 
becomes a -weir il the water Burface upstream falls below its top edge. The 
velocity of approach is sometimes considerable, as for a low dam in a river 
at flood time, or it may be practically negflpble, as for a small notch in the 
side of a large tank. 

The theoretic^ discharge over a ■weir of 'uidth f is Q * }ilh'\/2gh^ This is 
two-thirds of the theoretical discharge through a rectangular orifice I ft 
long and h ft high under a head h. Actuallj', for a sharp-crested weir, con- 
traction occurs at the crest. The under surface of the falling sheet of water 
rises as it leaves the sharp crest, just as for an orifice. The discharge coeffi- 
cient is about 0.62, Q =» 0.62(%Z&V2fffc). This formula, for which 
the product of the constants » 3.33, may be expressed as Q = 3.331?!.^’, and 
as such is known as the Pranois formiria for sharp-crested weirs. Q is in 
cubic foot per second and I and A are in feet - (See Weir Discharge Scale 
Hg. 17.) 

By a shaip crest is meant one -with a diarp upstream comer from which 
the water springs. The crest itsrff may be of considerable thickness (but 
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(= crosB-8eot.ionfJ area/wetted perimeter). In cfllculating the value of the 
Reynolds number, which is dimenmonless, any consistent system of imits 


Typical Aiternotive Scales for PorHcular Fluids fo Replace Scale at Bottom 
CrOde Oil, s*0l 90,// =1150 Poise, Values of B BH per Hr /Din,, in Thousonds 
TT — m — TT — TT — m — r*T tt — CT m — r i — i“i — m — r~n 

3r S 2— ca «> B5— cJ w ^ lo oo o o © ooo o 

a§ §g=i a aS dd - d d, „»o = 

Wafer at 32Deg [;\faluesofQcfs/Dir. 
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two end contractions ia 

Q = 3^3? - 

This formula must not be used unless { is at least 2 y.k. 

Bee "Flow through Weir Notches Irectaiueular, triangular, Cipolletti, cirenlar) with 
Thin Ecigoa and Full Contractions,’ by V. M. Cone, Journal of Agncullural Research, 
U. S. Department oi Agriculture, Vo\. 5, No. 23 (ISlbli end a -vsTiety of weii-ncptch 
data by W. S. Pardoo in his discussion of “Precise Weir Mensurements," Trons. 
A.S.C.E., Vol. 93 (1920). Sec also Narrow Hcctangalar Notches, p. 262. 

Cipolletti Trapezoidal Weir. Cipolletfi found that a trapezoidal 
notch mth end slopes 1 horizontal to 4 vetUcal (¥ig. iS) just compensated 



to avoid a velocity-of-npproacU conectloa (see Narrow Trapezoidal Notches 
below). The Cipolletti weir has become popular in the western states for 
measuring irrigation water. 


Triangular Notch. Tlioro arc certain advantages in the triangular notch 
for measuring discharges that vary from a moderate maximum to a very small 
minimum, c.^., 1 gal per min, and where about the same degree of precision 
is desired whether the discharge is high or lo w. The iormula for a sharp- 
edged' notch (Fig. 19) is Q « where I is the width of the 

notch a distance h above the vortex, and (7 is a coefficient with a value of 
from 0.58 to 0.59, based on experiments at Cornell University with heads up 
to 3 ft. and vertex angles of 28, 60, 90 and 120 dog. The average coefficient 
0,58 was found for the GO and 90 deg weirs, and 0.59 for the 28 and 120 deg 
weirs. These results are close to those of Cone (loc. ct(.). Prof. Thomson 
found for 90 deg, 0.60, and for 127 deg, 0.62, heads 0.2 to 0.8 ft. Hence the 

diaebarge through a triangular notch ^for wluch I = 2h tan ^ 

is from 38 to 40 percent of that given by the discharge scale (Fig. 17). 

Very .precise esperiments on 90 dog V notches, with heads up to 19 in., havehecn mado 
by Jamea Barr (London Engineering, Apr. 8 and 15, and Oct. 28, 1910). With smooth 
upstream face and wide and deep tank, the coefficients at the same heads on several weirs 
were found constant within yi erf,! percent for heads ranging, from 3 to 10 in., and within 
1 percent for heads ks low as i}i in. The tests show noticeable changes in discharge 
due to variations in roughness of upstream faee of the notch plate.' . A surface like coarse 
emery increases the discharge over that'for smooth brass 'some 2 poroeht (for a head of 
0.3 ft). It was found also that the tank upstream from the'notnh should be' seven to 
eight times the head in width and three to four times the head in depth below the vertex 
to avoid, respectively, increases and deereaaes up to 1 to 2 percent in discharge with 
narrow and siiallow tanks. As above, Q •= C(fii,lky/igh) For a 90 deg notch I = 2A 
nndQ = C(yi^\/2g}h'^^ = Kh^K ’'Wtirahiffp.edgwl notches In smooth’ brass plates the 
formula A = (0.2907 + 0.028/ V^.'pibpoeed by T. P. Strickland, applies., This is for 
<3 in cu ft per min and h in in. ForOinaiftpereecand'Ain'It.iC =.(2^42 + 0.(j67/V^ 
and C » (0.565' + O.Oie/Vi^. V ' 
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Holds number whicb may be calculated from any o! tie follo'mng esprosaons: 


E = 77.4^^ = 14.200^ = 31.6^ 




where v is the kinematic •viscosity {= n/p, where p is density, g per cc, or, 
very closely, = p/s), m the waght density, Ib per cu ft, and the other quanti- 
ties are in the units ^ven above. 

For non-circular conduits or passageways, substitute 4m for D in the 
expressiona for the )leyndds number, where m is tho hydraulic radius, in. 

( = cross-sectional area, aq in. di'vided by wetted perimeter, in.) 

Examples. Plain Pipe ProWem. A reservoir is to be supplied with cold water by 
a pump through a east-iron pipe lino 2,800 ft long containing several elbows, T's, etc, 
end making the total equivalent length (see p. 271) 3,000 ft. The difference of eleva- 
tion is 100 ft, and the rate of pumpii^ is to be 200 gpm. What sice of pipe should bo 
laid, and for what working pressure should the pomp be specified? iSolulton.’Tbepump 
must force water against a bend of 100 ft plus the friction loss of head. Tbo 
praetfcai problem is to ftvmd either too small a pipe with its large friction head and costiy 
operation or one too large with unjuaUGable first cost in view of the saving of head. 
Using the formula for the discharge units pven in p. 205, hj ■ = (3000 X 

40,000/S2.1){//DS) B 3,740,000//i)s. For the vniuo of /, from Fig. 21, first compute 
^noids number (seo abovo). Assuming water at 32 F, p - .0179 poise. S = 
31.6 Gp/pD « 31.6 X 200 X l/0.0170i) - 353.000/D. Approximnte calculations suf- 
fice for the value of Feynolds number for different assumed diameters. Trying D ■ 

4 in.i P ■ 353,000/4 00,000. and Fig. 21 shows, for category D, lino .7, f ». 0.024. 

Then ht » 3,740,000 X 0.024/1,024 • 88 ft. A 5 in. pipe, with / a 0.025, gives 
hj a so ft; a 6 in. pipe, hf • 12 ft; nn 8 in., 3 ft; a 10 in., 1 ft; n 12 In,, 0.4 ft, etc. 
Tho heads ngainst which the pump must operate would be, for the 4, 5, 6, 8. 10, and 
12 fn. pipes, respectively, 188, 130, 112, 103, 101. 100,4 ft. The choice would be, 
probably, between the 5 in. pipe with a total head of 112 ft and an 8 in. pipe with 103 ft. 
If there were likelihood of some increase in demand beyond the specified 200 gpm, tho 
8 in. pipe would be preferable. 

Tc Find Pnetional Lou of Prettwe. It is required to pump 100 bbl per hr of an oil 
cf 20 deg Baurnd gravity and 250 sec Saybolt viscosity through a 3 in. pipe. What 
pump pressure per 1,000 ft of pipe must be provided? Sohlion: The specific gravity for 
20 deg Baum4 is 0.983, and by tho formula on p. 244 the absolute viscosity la 0.51. 
Reynolds number (see above) » 22.2 X 200 X 0.933/0.51 X 3 = 2710, for which 
/ = .045 (from line 0, Fig. 21, sod category B, T^blc 4). Then p 0.0065 X 0.045 X 
1000 X 0.933 X 10,000/243 = 11.4 lb per sq in per 1,000 ft, or 60 lb per mile. The 
actual inside diameter of standard weight 3 in. pipe is 3.07 in. In tho above e-vample , 
the use of 3.07 instead of 3 in. changes tho result to 10.2 lb per sq in. This emphssUcs 
the effect of small changes in diameter (see Percentage Effects, p. 270), and indi- 
^ cates the undesirability of too precise compulations in cases where there arc likely 
to be deposits of paraffin or of asphalt on the inside of the pipe. 

To Find Proper Diamclcr. In pumping 1,300 bbl per hr of an oil of sp gr 0.9 and 
absolute viacosity 0.7, rrhat is the minimuni diameter of pipe permissible, if a friction 
lose of pressure of 1601b per sqin.periiiiIebnottobee.vceeded? 3olulion:ln practice, 
one of the commercial sines available most he chosen. Proceeding by trial, assume 
D = C in., making the value of B = 22.2Bp/{tD = 22.2 X 1300 X 0,9/0.70 X 6 = 
0200, for which curve 4 of Rg. 21 ahomf == 0.037, making p = 252 lb per sq in. per 
mile. This is nearly 1.6 times the specified 160 lb, thus indicating that a larger pipe is 
needed. But a relativdy small increase in diameter causes a large decrease in friction, 
since D' is involved. Trying 7 in., B is ^ of the former value, 6,200, or 5,300, and 
/ t= 0.038, making p = 120 lb persqm-perimle. ThisiasmBller than the specified 160 
lb, and hence a 7 in. pipe is amply large, but, being a size not in common use, it w;ould 
probably be preferable to select an 8 in. jnpo which demands only 65 lb per sq in. per 
mile. 

If the oil were quite viscous, say 1620 see, f?^bolt Furol (fi w 34), sp gr = 0,97 
(= 14 deg Baum4), a much larger jape would he needed. For 12 in. pipe, B is 63.0. 
This indicates 'viscous flow, for wUch (see p. 264), p = 19.1;il5/D‘, or 160/5.28 = 
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agreeing within iess than 1 percent with experiroents on weirs from 0.2 to 
4 ft in height with heads from 0.1 to 2 ft subject to the ratio h/d^ not exceeding 
4. For any particular weir and head, the discharge by this formula may 
be found readily by multiplying the ischarge read from Fig. 17 by the 
ratio of the parenthesis value to the 0.623 corresponding to the Francis 
formula (p. 259). Thus for a head of 1.605 ft on a weir 3 ft high the paren- 
thesis value is 0.605 -j- .0020 + .0428 = 0.630. This is 4.3 percent greater 
than 0.623, and the 6.77 cfs per ft read from Fig. 17 for the bead 1.605 ft 
is to be increased by this percentage, making it 7.06 cfs per ft of weir crest. 
Kehbock has suggested a dimenaooally correct formula yielding results 
approximating closely to those of the regular Rehbock fonnula, but not quite 
BO close to experimental data, riz. 


Q = 1^3.218 + 0.445^ J(/i + 0.0041)’* 

The added value, 0.0041 ft, is thought to bo duo to capillarity at the crest. 

A more generd formula providing precisely for a wide variety in distribu- 
tions of velocity in the approach channel (op. eit.), is 


Q = 3.33L|^^h + practical equivalent 

^6.CCpVhJ 


Q » 3.33r,h' 




the value in brackets in the last formula being the multiplier for the discharge 
by the simple Francis formula (Fig. 17). Here tia and rij, are, respectively, 
the mean velocities of approach above and below the crest level in the channel 
upstream from the weir, through Iho cross-section where h is measured. 
This formula can be used only when measurements have been made of not 
only the head but also the approach velocities, by current meter, Pitot tubo, or 
floats, etc. For precision it is necessary to have certain knowledge of the 
upstream conditions. 

Flow of water over dams varies from about 20 percent less to 20 percent 
more than for a sharp crest of the same ioogth and with the same head. 
For broad flat-crested dams, the flat top wider than the head, the coeffi- 
cient 2,64, instead of Francis’s 3.33, applies, or, with sufficient accuracy, 
the discharge is 80 percent of that given by the Francis formula. If the 
upstream corner is rounded, the discharge may be greater. Dams with 
Steeply sloping upstream faces (about 1 to 1) may have coeflicients 
nearly as high as 4, as will also a thin verUcal bulkhead With a rounded 
upstream corner (radius = 2 to 8 in. = thickness of bulkhead). A very 
gradually sloping approach, e.g., 6 horisontid to 1 vertical, or a rounding 
crest of large radius introduces an appreciable friction effect, and the dis- 
charge may be no greater than for a sharp-crested weir. Non-vertical 
upstream faces on sharp-crested dams increase the discharge if inclined 
downstream and decrease it if inclined upstream, the coefficient being 3.10 for 
a 1 to 1 upstream and 3.73 for a 2 horia to 1 vert downstream inclination, 
coefficients for intermediate inclinations being between these values. If 
air is not allowed free access under the falling sheet of water at the 
crest, the discharge over any narrow-top weir or dam is increased, but 
18 also made loss certain due to tile tendency of the partial vacuum so formed 
to break at intervals and cause pulsating flow. 

. Submerged weirs and dams, whoe the water eurface doT\’ii8tream from the dnm 
isat a higher level than the crest, donotshowmneh reduction in discharEe, as compared 
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balttcce of disctarges, as specified, might not lesnlt, but there Tvould bo valvoa in the 
pipes going to the reservoirs to adjust the discharge from time to time according to the 
needs, this being a matter for vUch the dnign the pipe sires, alone, does not pro- 
vide. If it U desired to make the pipes in A-B md B-C of the same diameter, more loss 
of head must be allowed from .4 to B, say 8 ft. This gives about a 33 in. pipe for both 
A-3 and B-C and a J5 in. pipe for B-I). If it is planned to limit the diameter for B-D 
to 12 in., the loss of head in B-f) tor this diameter and 5 cfs is first investigated. It is 
about 60 ft, and since there is only a total head of 30 ft available, a 12 in. pipe is cot 
large enough. 

Looping Pipe Problem. When a pipe branches into two or more pipes which again 
come together or are cross-connecW (Kg. 23), the arrangement is known as a '‘loop.” 
In such a case, there fa the same total loss of head for each branch. For example, for 
£re*protection purposes it is desired to have avaHabtc at B a supply of 2, .100 gpm and 
100 lb per SQ in. hydrant pressure with tho water flowing, 'i^at pressure must bo 
maintained at A with this volume of flow and preas ure at B7 Sofiitiba; For a fixed A/, 
common to two b ran ches, Q v aries nearly as '/Wjh. Henco the ratio of the Q’s 
is about VlO*/1000/VsVlioO »2.35. Dmding the 2,500 gpm into two parts, 
one 2.35 times tho other, the 10 In. pipe has 1,755 sod the 8 in. pipe 745 gpm. The 


friction head in each of the two branches is now 

calotflated and compared for the necessary eqoali- ‘ • . t ■ n. pt B ^ 

ty with the other branch. The foitnuhi is A/ =• 

/LGV32.1 D*. with /corresponding (in Fig. 21) to 1 t 

R ■ 81.fi(?p/*iO = 310, 000(foreoTd water) forthe 

10 in. and 132,000 for the 8 in. pipe. Figure 21. m pi . y 

line 0. (category B) gives / = 0.020 and 0.022 for ^ 

the 10 and 8 in. pipes, and the respective A/ values FlO- 28. 

arc 0.020 X 1000 X 1755V32.1 X 10» - 19.2 ft 

and 0.022 X 1800 X 745V32.1 X 8‘ > 21 fU Thisisafaircheck, and the loss ofhead, 
AtoB, maybe taken as 20 ft, or, say, 9 lb per eq in. drop in pressure, t'.e., tho pressure 
at A must be 109 lb per eq in. If the whole discharge flowed through the 10 in. pipe 
done, the loss of head would be 37 ft, or, 16 lb per sq in. drop in pressure. (For Iccsee in 
elbows, T's, and hydrant and slight correetioos to above, see p. 271.) 


Useful Relations. From the formula fc/ * /(L/D) (P/2p) , it is seen that 
hf varies as (L/II)F2 if / be assumed constant, which, for a moderate range of 
values, is approximately true. Introducing into this relation the discharge, 
Qi - zDW ji), it is apparent that A/ varies as (L/D’‘)Q\ Also, Q varies aa 
D’>^'\/hflL, D varies as Q^I(h//L)H, and L varies aa h{D^/Q\ These rela- 
\iions ena'die one, a'c tridi, Yo irnfae dioee e^'imutcs in cases Wnere Vt ‘is 
necessary to compare the (unknown) values of Q, A/, D or L for two or more 
pipes in terms of the other Omown or assumed) quantities. 


Percentage eSects due to a change, uncertma^, or error in any one factor: The 
above relations show that, for any pipe Hoc under consideration, the other factors 
remaining the same, a small percentage change in available friction head causes that 
percentage change in the discharge Q, or oorresponds to H that percentage change in 
diam (in opposite way). A small change in Q corresponda to twice that percentage 
obange in A/, or that in corresponds to Z^i times that percentage change in 

Q, or an opposite change of 5 ^mes that percentage in A/; in L corresponds to H that 
percentage change in I), or an opposite change of H that percentage in Q. 

The considerable eCect of small rarialioBa is dhttueter os the discharge and /notion 
head arc thus emphasized. To illustrate, H the diameters of two nominal 6 in. pipe 
lines are actually 5^ and 6^ m., a diflerence of 4 percent, the discharge of the latter, 
with the same A/, will be 10 peroent more and the trietkm head, uith the same wifi 
he 20 percent less than the fmmci, due soldy to the difference in diameters. If the 
smaller diameter is in whole or part tiie result of nisling, tuberculation, or incrustation, 
the increased roughness will stilf fortiicr decrease the discharge or increase the friction 
head if tho same Q is forced through the inpe. 
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The loss of head along the pipe for such turbulent flow varies as for voiy 
gmooth pipes at 'ordinary velocities and up to P for quite rough pipes at 
ordinary velocities or for the Bmoothest pipes at velocities over 100 ft per 
sec: also it no longer varies inversdy as the cross-sectional area, as for stream- 
line flow, but more neatly inveraely ta the circumference (or the rubbing 
perimeter), actually as about also it now. varies as a power 

of the viscosity much less than 1, probably about 0.25 to 0.16. 

The formula hf = fiLID)(y^l2g) may be used generally for the turbulent 
flow of liquids and gases in long pipes. The friction factor /is a dimensionless 
number, L is the length of the pipe, D its ^ameter, V the tncau velocity, 
and 0 the gravity acceleration. By extension, the same formula serves for 
ptscaus flow, when / = C4/B and R is the Reynolds number. The values 
of f in Fig. 21 (a modification of Pigott's diagram) cover turbulent flow, and 
the formula is applicable to the flow of both liquids and gases in pipes. 
It may also be written 

hf ^ 6270/LQVD* = =/Z-BV65.Cf)^ 

where hj and L are in the same units, D is in in-, Q in cfs, G in U.S. gal per min, 
and B in bbl per hr. For other forms of this formula, see General Formulas 
for Flow of Fluids in Pipes, p. 267. For Flow of Gases seo p. 272. 

In arriving at a reasonably reliable formula for the ordinary pipes of engi- 
neering practice, there is considerable difficulty, chiefly for the following 
reasons: (1) There exists no standard of roughness; (2) the degree of rough- 
ness of a pipe's interior surface does not remain constant in service. Tho 
experimental data do not indicate precise coefficients but show a rather 
wide range of values from which the investigator must select limits and 
averages according to his judgment. (See Pigott, Mcch, Eng., Aug., 1933, 
and Kemler, Tram. A.S.M.E., 66, 1933.) 

la one case & few months' rustiag of a 4 ia. wrougbuiron pipe increased the fric- 
tion 20 percent. In another, incrusUitione due to 17 years’ service increased the frie- 
lion of a 4S in. cast-iron pipe 70 percent An unlincd linen hose causes over twice tho 
resistance of a high-grade rubber-lined hose. One year’s growth of slime in a large 
aqueduct increased tho friction 20 percent. In these cases the discharges were reduced 
about half as much as the shove-staled percentages for tho Same head. 

Attainable Precision, A pipe, when new. may posably discharge from 1 to 10 per- 
cent more or less than did some other pipe line apparently exactly like it. Thb dif- 
ference in performance may be expected to change appreciably after water has been 
Sowing and standing in the pipes for several months, and quite pronouncedly after several 
years, especlaily with different waters and in different climates. Nevertheless, data 
are available that servo to indicate approximately how much such service effects as "a 
slight layer of rust." “a thin deposit of lime," "a growth of slime, " "conaiderablc 
tuherculation,” “heavy incrustation,” etc., may be expected to reduce the discharge 
through a pipe line or increase the loss of head if Uic same discharge is maintained. The 
formulas and diagrams given herewith make due allowances for such of these effects as 
arc stated with them. 

Reynolds Number and Critical Velocity. 'Whether the flow in a 
cwtaln pipe or other condmt is turbulent or 'wscous, i.e., whether it takes 
place above or below the critical vdoraty, is determined by the corresponding 
critical value of Reynolds number 7Dp/n, where V is the mean velocity, D 
tiie diameter, p the density (mass per imit volume), and pi the absolute vis- 
cosity, .of the fluid in the pipe. There is idscous or streamline flow if this 
number is less than about 2,000, or if Qp/DK *= (W lv!)p/Dn) ia loss than about 
1,670, where Q' is the volume per second, IF the total weight per second flow- 
mg, and w the weight per unit vriume. For non-circular conduits or 
passageways, 4m is to- be substituted for D, where m is the hydraulic radiue 
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'for a moderate raage.ot diameters siudi'BS.U found ia any; one cla^ of work, 
,e'.i7;,'rliouse*Hervdce pipes, Street mania, poi^'er conduits. Actually, these 
resistances are not-entirely, concentrated in.tho fitting itself. • They-creato 
a'disturbed abnormal flow that does not return to normal .until, some dis* 
tance downstream. ; The .values edven in Table 6 are for the total extra 
loss. .'I The second columnis based onA/D = 40 for A/ ~ V^/2g or, / = 0.025. 

Problem of Short Pipe with Several fiends. A f^rly smooth wrought-iion'pipe 
line 150 It Iccg is fo connect two Unka and must have a capacity of 15 cfs with a 20 ft 
head. There is' a aquare-^ged entry and there are four 90 deg ahert-tum elbowa and 
two teea (with 90 deg deficetionfl for-Uie main line). What size pipe ia proper? Solu- 
tion. TheHotal head is used UP'.iu' supplying the loss at entry, the friction loss along 
the pipe, '.the losses in the elbows and tees, and finally the terminal Tclocity-hcad. (See 
Table -5.) Then 20 = {0.5 -k/d-ZD) +4 X 0.75 +2 X 1.50 -!- i)VV2fl. or 20 = 
{7.5,+ 150//i3)VV2s. Pigure 21 ahowa that'/ does not change much as D'chsnges, 
aiaec for a fixed Q the amailcr O the larger la V. A value 0,017 seems to be about right 
for fairly smooth pipes from 12 to 20 in. with a velocity = about 10 fpa. Substituting 
from y = Q/A - 5/{t/4)D», whence V^/2g - 20 - 42.4/ZU + 

14.4/Zis.' Bytrial.Z) = 1.28 ft, sny 16 in. For this value of B, 7 ■» Q/{t/4)I>« ,= 11.6 
fpB. ' 

Flow o! Gases in Long Pipes. For steady isothermal flow of nearly 
'perfect goses through long pipes, throe cases ate readily distinguishable: 
(1) where the difference between Ae absolute pressures at the upstream snd 
downstream ends of the pipe is small, say less than 10 or 15 percent; (2) where 
the difference ia large but where the change in inertia due to change in velocity 
is hegligibls p comparison with the friction; (3) where both the diSorence 
■between the end absolute pressures and the change in kinetio energy .are 
relatively large. 

Fbreaso (l),forrau]a8otthelype8howiioiip. 267 are applicable, pi -pj » 
2720fLsQyD^, or » fLW^/(lAiiI)h). Here pi - p: is the drop in pressure 
in pounds per square inch between tho upstream and downstream ends, <3 
and W are, respectively, the volume in ds and the weight in pounds per 
second flooring; other symbols as on p. 267. For computing » (the spBcifip 
gravity of the gas relative to water at max denaty), the mean of terminal 
absolute pressures and temperatures may bo used. For case (3) , the formula 

is pi* -• pi’ = ■— ^ I ^•+ 2 log, { — J , and for case (2) the second term 
A^flWi\_l> . \P:/J 

in the brackets may be oniitted. For example, if the pipe is 6,000 diam 
long with/ = 0.020, the first term /L/D = 100; andforpi/pz = 2, the second 
term 21og, (pi/pi) =1.39 which is practically negligible in view of the 
magnitude of the first term and of the unccrtaintice in the proper value for f 
and other factors. ButifL/P = 1,000 and pi/pj = 25, the two terms become 
20 and 6.44, and the latter cannot be ignored. For case (3), it may be 
expedient to neglect the second term for a first-trial solution. In place 
of the ratio'pi/pi, the equal ratios iOs/wi or Ft/Ft may be substituted because 
steady flow in a pipe of uniform diameter ia assumed. , , ,, 

Flow of water ,in very small tubes is viscous flow. The formulas on 
p. 26,5, .'waih values of / from Hg. 21 may be applied.- 'For viscous flow of 
water in tubea-O.OOl-tol in. diam,-thd formula F = 500(A//L)D'((,d: lC)/60 
give's dose 'Agreement with Poweuflle'afomHda between 40 and 100 F., Vduea 
of hj and Z- must be in the same unite, fin d^F; D in in., V in fps.' 

. •' Flow of Light Crude OilslO^pe'a. The tMiatancB .to tbe flow of oils lighter than 
about 30 deg Baum6 (sp gr, 0.876) ia notmueh different from that of water. ' The value 
96 for C in the Ch(zy formula (F =■ C^/^, see p, 276) is sometimes used ii daigning 
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the units are not consistent. K Q is the volume flowing in ofs, s is the sp gr 
referred to water at max density. Z) is in in., G is U. B, gal per min, B is bbl 
per hr, TF is weight flow, lb per hr, to is weight density, lb per cu ft, and p 
is in poises, then the condition corresponding to the critical value i? = 2000 
is given by 

QslBy- =0.141; Gs/Dfi -63; Bs/Dn s 90; Ws/Iliw =608 
These values indicate where the flow, if gradually decreased, ceases to be 
turbulent and true viscous flow be^ns. Turbulent flow may prevail with 
the value of YDp/n as small as 1,200, and an intermediate or an alternating 
type of flow may occur under some conditions in a particular pipe for values 
between 1,500 and 3,000; in fact, under extraordinarily quiet conditions 
fully viscous flow may prevail lor much higher Reynolds numbers. 

General Formulas for Flow of Fluids in Pipes. If Ap is the pressure 
drop, lb per sq in., in a length of L ft of pipe of diam J) in. discharging ff 
g (U. S.) pm- or B bbl per hr or W lb per hr of a fluid of sp gr a referred to water 
at mas density and of absolute viscosity p. poises, and if Y is the mean velocity 
of flow in the pipe, fps, then the pipe formula may be written 

. 0.081/LsFJ XLtq^ 0.0134/L«G» O.OOOO/isSs /IF* 

Ap ^ = 2720 ^ 


The value of / may be taken from Fig. 21 and Table 4 for a value of the Rey- 
Tabie 4. Roughness Classlflcation of Pipes by Material and Diameter^ 
for Selection of Friction Factor f in Pig. 21 


Eametcr, m.: for (A), ncluaT inside Sam; lor U>), {A}, nominul inside 
diam: for (fl) and (C). nominal size of standard weiRht. [For extra- and 
double-extra-strong, use standard pipe of appros same Inside diam, e.o., 
>6 in. double-extra-strong corresponda to H in. standard weight] 


Curve 
No. 
to be 
used in 
Fig. 21 


(A) 

Drawn 
tubing, 
brass, tin, 
lead, glass, 
[uncor- 
roded, free 
from thick 
deposits— 
otherwise 
use (S) 
or {C}i 


(E) 


Clean steel 
and 

wrought 
iron. [If 
deterio- 
rated. u.ie 
(D) or (E)l 


(C) 


Clean 
galvanized. 
[If dclerio- 
rated, use 
(D)or(B)) 


(D) 


Best 
cast iron 
(coated), 

, cement. 
|ligbt rivetedj 
sheet ducts 


(£) 


Average 
cast iron, 
rough- 
formed 
concrete 


(F) 


First class 
brick, heavy 
riveted, 
spiral 
riveted 


O.JSup 


71 

48-66 

14-42 

6-12 

4-5 

2-3 

\-Wi 

H 

H 


14-24 

6-6 

3-5 

\i^2 

> 

34 

H 


2IMS 

12-16 

5-14 

3-4 

fif 


96 

42-90 

24-36 

10-20 

fr-B 

4-5 

3 


220 
B4-204 
45-72 
20-42 
16- 18 
10- 14 
8 
5 
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Such a stream (see FigB. 26,and 27) -will be effective aa a good fire stream for 
a height of 60 ft above the nozzle or tor a horizontal distance of about 57 ft, 
the nozzle being pointed at angles above the horizontal of about 75 deg and 32 
deg respectively, for farthest throw. 

VrHcoI Range.fr. ttorliontoi Range, fr. 



Gstta Losses of Pressure. With os many streams flovine os there are coaneotions 
on the hydrant, the loss of pressure ranges from about 2 to 10 lb per sq in., but the 
total loss from street main to bose conneotion need not exceed 5 lb with atnple-size 
waterwaya in tho pipe connections and a well-designed hydrant. Proiecting washers^ 
at the hose couplings cause an extra los of head; e.;., a sis^e washer ^ t in. thisk with 
a hole 2.28 In. dlam used in a 2)i in. hose waa found to cause an average loss of 0.56 lb 
per sq in., and a 2 in. washer caused a loss of 3.11 lb per sq in., the rate of flow being 
240 gpm or a velocity of about IG Ips. From this an idea may be gained of the tesistanco 
caused in small wrougbt-iron pipes by Mure to remove inside burrs due to cutting 
off with wheel cutters. F^ure to open fully hydnint valves causes much loss of 
pressure. 

Practical Becommendations Cor Piro'-prctection Installations. 
Hydrants should be located at such intervals that not over 300 ft of hose need 
be laid in any one line, and so that about ten first-class fire streams can ha 
concentrated on any large buildii^ The drop will amount to 14 lb' per sq 
in. for each 100 ft of the very beat in. hose, and aa high as 30 lb for a 
rough quality hose (when 240 gpm ue Sowing), A main pressure of 100 Ib 
per sq in. during a fire is dearable, but, if the hose lines are rough and 500 ft' 
long, fixe protection cannot he assured unless a pressure of 200 lb is main- 
tained at the hydrant For important buildings the mains and laterals te 
hydrants should be at least 6 in. in diameter and as abort as possible.' 

, .Water Hammer 

Water hammer is the series of shocks, sounding like haramor blows, pro- 
duced by suddenly checking the flow of water in a pipe. If a valve, turbine- 
gate, or faucet is suddenly dosed, tiio tdnetio energy of the arrested column ■ 
of water is expended, if no rdief devices are provided, in compressing the 
water and in stretching tho jMpe walls. Btartiaa at the suddenly closed valve, 
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IS,1 X ^ X ISOO/D^, whence D « 12.9 in. For a 14 in. pipe, p = 116 lb per sq in. 
per rfe. • As a check, / », 64/X ior Tificous flow, and f “ O.OOGS JLsB^D^. 

To Find DfseJiarffins Capaci'Jy. For 15 miles between pumpinE stations with working 
pressures, of 900 lb per sq in., what is the rate of flow for an S in. pipe, for an oil of 
specific gravity 0.92 and absolute viscosity 2.0? iSelvtian: To get an approximate value 
for /, assume a value for B, say 1,000 bbl per hr, rnnkins R ■= 1285 and / = 0.054. 
Then 900 = 0.0066 X 0.054 X 70J200 X 0.92B*/8S , whence B = 1,065 bbl per hr. 
CheckinE back on R and / with this value (d B, fi » 1,360 end j = 0.053, close enougli 
to the 0.054 used. Hence B =» 1,065 bbl per hr may he taken ns correct. 

if the oil were reiy xiscous, with m *= 40 and t = 0.96, then an assumed 1,000 bbl 
per hr makes R » 66.6, indicating fullj* viscous flow. Then 900 = 10.1 X 79.2 X 
403/8*, whence B = 610 bbl per hr. 

In cases of lurluleni flow, when adjusting incorrectly assumed values of Q or 
D, it should be remembered that, for the same kind and length of pipe, p 
varies roughly as Q‘/D^ (see Useful Relations, p. 270), or more exactly as 
as an average for clean pipes. 

Compound Pipi Prollm. K pipe Kne is to be made up of stretches of several different 
diameters in series, the same Q flowine throueh all Required to find the discharge' Q 
for a &vea total loss of head. Solution; Apportion the head properly among the several 
pipes, and then check to find if tlio Q'a are equal. Approximate results may he obtained 
quic^' by noting that, for a feed Q, h/ varies nearly as L/D\ where L Is the length of 
pipe of a certain diameter. Thus, if the total available frletlon bead Is SO ft, and there 
ate 3,000 ft of 12 in. and 2.000 ft of 8 in. pipe, (be ratio of the two iriction beads is 
{8000/12^)/(2000/S^ a> 0.198, i.t., about )i os much loss of bead in tbe 12 in. pipe as 
in the 8 in. pipe. Hence tbe available SO ft for friction bead is dinded into 13.3 and 
60.7 ft, or, per 1,000 ft. into 4.4 and 33.4 ft for the 12 and Sin. pipes, respectively, "ii'ith 
this apportionment of the friction head, the O’s nro computed in turn for the 12 and 
8 in. pipes, by tie formula hf =• 6270/LQVD’. tor Q in cfe. The value of / must cor- 
respond to tbe appropriate Ilejmolds number, J? = 14,2000?/pi>. Not knowing Q in 
advance, a rough guess is nmde in order to get a first appro-xlmation to /, say Q = 1 cfs. 
Then S {for the particular fluid involved, water at 32 F) « 14,200 XIX 1/0.0179 
X 12 B 60,000 for the 12 in. pipe. Figure 21 lino 4, for calegorj* B, shows / » about 
0.022. Then 4.4 » 6270 X 0.022 X 1000 X Q'-/n\ and Q « 2.8 cfs. Using this 
value in place of the assumed 1 cfs, R « 185,000. This changes / to O.OID, and Q 
becomes 3.0 cfs. For the 8 in. pipe R =» 300.000, / «=• about 0.018, and 33.4 « 6270 
X 0.018 X 1000 X CVS*, or Q » 3.J cfs, a fairly close check on the 3.0 cfs for tbe 
12 in. pipe. 

Branc/iinffPipeProblcm. It is sometimes necessary to design Bcvornl branching pipes, 
fed by a single pipe, to discharge certmn definite quantities. Such problems are usually 
solved by trial. Approximate results are readily 
obtainable in many cases by assuming a sintde value 
c( / for all the pipes. The pressure head where the 
blanching occurs is assumed (or else the loss of head 
to the branching) , and the dUchnrges for the several 
branches are calculated. The sum of these dis- 
charges must, of course, equal the discharge of the 
ttain pipe. If jt dogj not, » second trial is made. 

Is Fig. 22, the reservoir A is to supply rcservdis C 
and B, respectively, 10 and SO ft lower than A. 

.4-B = 4,000 ft, Q.(j a 2,000 ft, atdB-D = 5,000 ft> (Theaature of the problem is un- 
changed if A is a pump at a low elevation pumpong into two reservoirs or into two dis- 
tricts.) IVhat sizes of pipe are aecessarj'tosupplj’20 efstoCendSefs toB? Asa first 
trial, assume 5 ft loss from A to B, leaxung 5 ft forB-C and 25 ft for B-D. The discharge Q 
iorA-fiis20 -fo = 25 cfs. Now, guesaingamedhim/*=0.020,wehave,{or A-B, 5=> 6270 
X 0,020 X 4000 X 25VB5, whence B « 36B in. For B-C, 10 - S = 6270 X 0.020 X 
2000 X 20Vi)5, and B » 29 in. For B-D, 30 - 5 = 6270 X 0.020 X 5000 X 5VBs. 
and B ss 14.5 in. These appro-ximate diameters may now be used to obtain practically 
correct values of Reynolds number and then /from Fig, 21, and the diameters are then 
rsoaloulated. The nearest market mzes to these are the desired sizes. An exact 




27,6- 


^SYDBiULlGS 


. Belief Devicea. . Adequately, proporUooed , air .chambeiS' on.' pumping mains and 
BUTge tanks on water-power supply l»pes serve to absorb almost entirely the shock of 
•water hammer. Means must be provided, for replacing the compressed-air in the air 
ciamiereastiiffiffgijoaaiirorijcii&yfifiwjler., ^Uelac safety v&lres aiJi arf/ustaife 
springs are not so good tor water-bamnier aliocka, and are moro likely to be out of ciiiit. 

IFlow in Open Channels ' 

Flow of Water in Open Channels; ^"Open'channels may include canals,' 
flumes, rivers, etc., and also any dosed conduit, c.p.,‘ ti large pipe or a tiinnel, 
when it flows only partly full. For opon channels, instead of a loss of pressure 
head in a imit of length, its equivalent, dr the surface slope or surface fall of 
the stream, is taken. The flow in an open channel, if long and of uniform 
cross-section, tends to adjust itsdf to a steady uniform flow, so that the'sur-' 
face is parallel to the bottom. ' ' 

The Manning: Formula. Becau^ of the multitude of different shapes, 
the dimensions of the cross-section do not appear directly in the general 
formula, but indirectly in the hydraulic radius, or '-'hydraulic mean depth,” 
>n(aA/ic i.€., cross-seetionol area -f wetted perimeter). The Manning 
formula has been widely accepted, V = 1.48$m^S'A/n or.V o 

(raotrio). It is satisfactory for the steady uniform flow of ■water 
in open channels and is applicable obo to pipes for the ordinary turbulent 
flow of water at usual low temperatures. Here V is the mean velocity, n 
the coefficicni of roughness (practically equd to the old Kutter n, see Table' 
6), m the hydraulic radius, and S the hydraulic slope « surface fall/length. 
This may be regarded as a special form of the old Chtzy formula, V - 
Cy/inS, with C = 1.486mW/n. In terms of the pipe formula (stie p. 266), 
Manning's n « 0.0926 mH/li (ft sec units). 

Table 6. Values ot Coefficient of Roughness, n, for Open Channels 
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Siphona are arrangements of pipe or hose to cause liquids to flow from one 
level, e-Q., A in Fig. 24, to a lower levd C, over an intermediate summit B. 
Before flow will start the pipe must be 611^ with the liquid, either by pumping 
•from the end or by pouring in at the summit 5. -Valves'are located, usually,' 
'at A and C. B cannot be more than 34 ft above A (at sea level) fees the 
friction head from ^ to B leaa the vdodty head in the pipe. 'With this 
.limitation, calculations are made as for 
any pipe, the head being the difference in 
level between A and C. If the pressure 
at B is low, the dissolved air in the 'water 
is liberated and may accumulate in suffi- 
cient quantity to stop the flow, unless 
there ia prowsion for removing it. Alow 
summit,- a high velocity and a small pape 
tend to counteract the accumulation of . c i. 

gjj, Fia. 24.— Siphon. 

The loss of head due to curves, elbows, meters, etc., may be expressed 
either in terms of the velocity head of the flowing 'water or as equal to the 
loss in certain additional len^hs of atrmght pipe. When these lengths are 
expressed in pipe diameters instead of in feet, it has been found that the 
value is nearly enough constant for a certain source of resistance so that 
a single average value may be used as sufficiently exact for designing purposes 

Table 5. Loss of Head in Flow of Water through Elbows, Meters, Etc. 

(Also expressed in equivalent lengthe of straight pipe to cause equal loss) 
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the path o£ the float is obta'naMe. By properly distributing floats across the 
Btreara, a fair estimate of liie total discharge is obtainable if tho width and 
depths have been accuratdy measured. The use' of float measurements is 
commonly restricted to surface floats for tough approximations in reconnais- 
sance, checking other meaeurementB, aud in times of high floods when there is 
too much ice or dfebris to allow fiic rise of a current ineter, and to rod float 
measurements in channeis of fairly uniform depth where current meters or 
weirs are not available. For tiie surface floats any small pieces of wood will 
serve for one or two measurements. For more systematic work use 2 X 2 X 
12 in. wooden rods, weighted witii iron or lead so they will float upright with 
an inch or so above water, long rods reaching nearly to the bottom of the 
stream may be made in the same way, or 2 in. tin cylinders loaded with 
sand. 

For surface floats the common assumption, if nothing is known as to the 
distribution of velocilies from surface to bottom, is that the meaa velocity 
is about 0.8 of the surface Telocity, but there are frequent cases where the 
mean velocity actually ie from 90 to 95 percent of the surface, and occasion- 
ally the mean is greater than the surface. Hence, errors of 10 to 20 percent 
are to be expected on a surface float measuroment standing by itself. For long 
rod floats, used in uniform-depth channels and adjusted to sink within a few 
inches of the bottom, careful work will give tho discharge within 6 percent of 
the truth. 

Ourrent Meters. The best method of obtaining the discharge of a stream 
where no weir or dam exists and where the water cannot be measured by 
volume, is by using a current meter. This instrument is essentially a small 
wheel like a fan, propeller, or anemometer that revolves when hold in flowing 
water, the speed of revolution depending on the velocity of the water. The 
meter is commonly calibrated by dragging through still water at different 
speeds, noting the time and distance for a whole number of revolutions indi- 
cated by a telephone receiver, a counter, or a chronograph. Current meters 
are variously arranged to be lowered into the water by cable, wire or rod. 
A "tail” like that of a weather vane serves to keep the wheel pointed against 
the current. When suspended from a wire or cable, a weight below the 
wheel assists ia preventing the meter from being swept downstream. In 
• deep and swift streams, ot where the meter is held from high above the sur- 
face, a guy wire is used, extending upstream from just above the meter. 
When the meter is attached to a rod, the w^ght and tail are unnecessary. 
In order to hold the current meter in vaxioue parts of the cross-section of a 
stream, an overhead bridge, or a boat with anchors or guy lines, may be uti- 
lised. (For stream gaging in winter, ee^Eng. News, Sept. 12, 1912.) 

Careful observations make it posrible to determine the discharge within 
5 percent if the location has been chosen where the currents are everywhere 
fairly parallel to the banks, and if the bed of the stream is not too rough with 
large boulders, or too indefinite because of soft mud, for accurate depth 
measurements as well as velodty determimitiona. In canals, with all con- 
ditions favorable, results witiun 2 percent of truth may be obtained by 
experienced observers. 

’ The Price current meter, a nip-whcd meter with a vertical shaft (W. & h. E. 

' Gurley, Troy, N, Y.) and the Saskell current meter, a propeller-type inatrunienS 
having & horizontal shaft (E. S. Bitdde A Sons, Boston, Mass.) ■, are arranged oommonly 
.eo that the revolutions of the wbed opoate a make-and-break in an electric circuit, 
indicating by a telephone lecdva or by^a counter register. 
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opening projecting a little upetream from the body of the tube (see Pig. 36). 
The pressure holes in the pipe dioold be about 1 in.- upstream from the impact 
point of the tube, so that the .flow past them will be undisturbed by the 
presence of the tube in the pipe. 

■For abnormal flow in cunred passafas, or where^r a wall opening is 
subject to centrifugal ac^on due to the flow Ccuntction w Gsje 

not proceeding parallel to the wall, a two- 
opening tube is most convenient, as also 
where many tests in different pipes are to 
be made. , , 

A sheath, or elongated stuffing hot (Fjg. 36), 
into which the point o! the tube can be drawn 
back out of the pipe, is very convenient and is 
practically essential for high pressures where (he 
flow in the pipe cannot bo shut off. A corporation 
cock ()5, 1 in. or larger, tosuit the tube) may 

be permanently tapped into the pipe. Theabeath 
should have a union coupling adapted for connec- 
tion to the corporation cock. This ©w a ahnl- 
ofl that allows a ready insertion of the tube atony 
future time. A K in. tap and a gage cock ace 
Euitable for the pressure holes when a an^e-open- 
ing tube is used. 

The float gigs (Fig. 37) is used fordeicrmifiicg 
the level of a fluid surface and consists of ahoUow 
float of noncoirodible metal or other substance, 
dther spharical or cylindrical with convex or coni- 
cal top and bottom. A light, ri©d stem extends 
vertic^ly upward, having an indsc mark that is 
guided along the edge of a graduated scale oris 
attached to an automatic recording mechanism. 

For cases of great range of levels, a graduated Fiq. 36. 

lapeattacbedtothefloataadpassingoverapulley FlCS. 34-36.— >PitOt Tubes for 
or system of pulleys, and with # suitable counter- lasertioa fa Pipes, 
wdght, makes a sensitive indicator. The tape 

need be marked only every foot, if it passes the edge of a fi.ced auxiliary scale with 
subdivisions. 

For precise work the float should be confined against lateral movement by a vertical 
pipe with internal diameter M or M in. larger than the float. For the greatest accu- 
racy, where errors of 0.001 to 0.004 ft are inadmissible, the float should be made at least 
1 in. smaller than the pipe and ahoold be loosely guided (at the stem or by rounded radial 
fins on the float itself) to keep It away from Ihe pipe so as to avoid capillary lifting. 
To lessen oscillations due to surges nnd waves, the lower end of the float pipe is capped 
and one or more small openings are made near the bottom to allow ei)ualization of levels 
inside and outside. The area of the openings may be some 1 to 3 percent of the float- 
pipe section. For standing liquids in opar tanks or reservoirs, the float pipe maybe 
placed ather inside or outside the contwner, as is most convenient. For flowing water in 
open channels it is placed outside the channel and communication is made by a sroali 
pipe, which must end perpendicularly to the inside wail of the channel and without 
projecting into the channel; t.e., its end should be flush with the Inside wall, so as to 
avoid suction effect (see Fig. 37), . , 

Hook Gage, Point Gage, Plumb-bob Gage (Fig.37). These aredevices 
for locating the height of a liquid surface by observing its contact with 
the “pomt," attached to the movable graduated scale of the gage. The 
point gage has a sharpened point directed downward in place of the hook of 
the hook. gage. For, these gages the scale usually is engraved on a square,- 
bfass rod. A steel or bronze' tape is used for the plumb-bob gage. The 
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a wavo of increased pressure is transmitted back through the pipe frith con- 
stant velocity and intensity. The shock preraure is not concentrated at the 
valve, but if a bursting pressure is produced, it may show its eSects near the 
valve simply because it acts there first. The velocity of the pressure wave 
for ordinary cast-iron pipe, 2 to 6 in. in diameter, is about 4,200 fps; for a 
24 in. pipe it is about 3,300 fps; it depends on the elasticity of the metal and 
upon the ratio of itsthicknesa tothe ^ameter of the pipe. If the pipe were 
perfectly rigid the velocity would be that of sound through water, about 
I 4,700 fps. , , 

i The increase of pressure is proportional to the destroyed velocity of flow 
j and to the speed of propagation of the pressure wave. This increase is about 
: 60 lb per sq in. for each ft per sec of extinguished velocity for 2 to 6 in. pipes,, 

I and about 45 lb per sq in. for each ft per sec for 24 in. cast-iron pipe. These 

increases of pressure will be att^ed only in case the valve is closed in less 
time than one round trip of the pressure wave. 

When the pressure wave has travelled upstream to the end of the pipe where there is a 
reservoir or a larger main (the whole pipe then being under increased pressure with 
checked flow throughout), the elasticity of the compressed water and that of the dis- 
tended pipe reverse tiie flow nt that end of tho pipe, and a wave of normal pressure (that 
of tho reservoir or main) travels downstream, the flow being progressively reversed ns the 
compressed water expands. When Ibis wave of normal pressure reaches the valve, the 
kinstio energy of the column of water with revereed flow tends to create a'vocuuia at 
the valve. There the reversed flow is checked and the checking proceeds progressively 
upstream aocompanied by a wave of subnormal pressure. When this wave rcaohea the 
upstream end (the whole pipe then being under subnormal pressure) , Uie greater normal 
pressure in the reservoir or large main starts flow into the pipe, and a wave of normal 
pressure and forward flow travels downstream. When thb wave reaebes the valve there 
« loTwatd flow throughout the pipe, the conditions being the same as when the vaVve was 
suddenly closed, and a wave of increased pressure and of checked flow again starts 
upstream. A complete cycle of pressuro waves and reversals of flow occupies the time 
required for two round trips. The amplitude of the pressure vibrations becomes loss' 
with succeeding cycles because of friction, but the timo interval remains constant. 

If a high-pressure wave, in its travel through the pipe, enters a branch pipe with a 
closed, or “ dead," end, there will bo almost a doubling in the incroase of pressure when 
the wave strikes the closed end. In some pipe eystems daoeerous water-baminer 
pressures are built up, for, if the back wave from a branch pipe with dead end has 
access to another branch tho high pressure may reemve further augmentation. 

As the intensity of the excess prossore in tho "hummer” wave depends on the 
amount of "extinguished” velocity, the eame tacess prrasure is produced by suddenly 
reducing the velocity from? to 4 fps ae by entirely stopping a velocity of 3 fps. If tho 
: flow is not checked rapidly, so that the wave from the first 'movement of the gate has 

I time to travel upstream to the end and back again several times while the checking is 

m progress, the excess pressure is very much reduced. Hence, the wisdom of using 
siowsiloaing valves on long pipe lines. (See Relief Devices below.) 

! The excess pressure and the speed of the pressure waves are given by the 
: formula s: p a yV^; 8 « V'^/w, and also.p ° 7V(«>/g) (££'{)/({£'+))£);' 

^ “ 'V^{c/w)(Efi't)/(fE' + Z)S). [See Church’s “Hydraulic Motors,” "Wiley, and 
Am. Water Works Assn,, 1904; also "Symposium on Water Hammer," 1933, 
Joint A.S.M.B. and A.S.C.E.) In these formulas p is the excess pressure intensity 
S the speed of transmission of tbo pressure wave through the water in the pipe. 

! rhe first two simpler formulas consider the pipe as pcrfoctly inelastic.- The last two 
formulas take into account the eUstieity of the metal of the pipe. ■ 7 is the extinguished 
velocity, fps, w the .weight of 1 cu ft of water, {/■ « 32.2, B the bulk modulus of elasticity 
of water =; about 300,000 lb per sq in.. S' the linear modulus of the pipe motal “ about 
30,0^,000 Ib pet sqin. for steel, f the thickaess of the inpo metal, and D internal diameter 
of the pipe. The same system of .units should be throughout, If the ft lb sec 
system is used, the above values for S and W must be multiplied by 144, 
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Refehesces: Bridgman, "DimeDsional AobIj'sis,” Yale University Press. Campbeli. 
"An Account ofthePrineiplcsof Measurements and Calcuiation," Chap. XIII, Longmans. 

Dimensional analysis is a method by which a partial knowledge of a 
physical situation may be capitalized and put into available form. The 
kind of partial knowledge necessary is a knowledge of the general nature of 
the fundamental equations which govern the system (that is, we must know 
whether the sj-stem is amecham'cal, or electrical, or a thermodynamic system), 
and in addition, the nature of the boundary conditions which, together vtith 
the equations, determine the detailed solution in any special case. It is not 
required that the equations should be actually written out in detail; in fact 
the utility of the method is largely in its application to problems so compli- 
cated that the fundamental equations could not be actually written down, ns, 
for example, in. most practical problems of bydraiUics. 

The method depends on a property of all fundamental equations as ordi- 
narily written, namely that the form of such equations is independent 
of the size of various units. For example, the fundamental equation 
of mechanics, force » mass x acceleration, remains true no matter what the 
size of the units of mass, length, and time. It follows that any result that 
might be obtained by the solutioit of such equations must also be independent 

Common Quantities and Their Dimensions 


Mecb.\kical Quantities 


Quantity 

Area 

Volume 

Frequency 

Velocity 

Acceleration 

Density 

Angle 

Angular velocity 

Angular acceleration 

Dimension 

L* 

L’ 

r-« 

tT-‘ 

LT-i 

HL-* 

0 

V-l 

r-j 

Quantity 

Moment of couple \ 

Torque / 

Work, enetcj- 

Power 

Action 

Intensity of stress^ 

Pressure / 

SUain 

Elastic moduiuB 

Dimension 

....MIAT-i 

... 

....0 

....ML-'r-s 

Moment of momentum 

ifixri 

Viscosity 



UIA 



Angular momentum 


Capillary constant 

....MT-i 

Force 

MLT-'- 




Thooiai 

QuaxciTOB 


Quantity 


Dimension 





Quantity of heat 


H 

ML^7-i 

Heat capacity, per umt volume 



AfL-ir-sj'* 

Heat capacity, per unit lUiiss 



L'-T-H-y 







HL-^T-h-i 




Ut-I 

iUL’T-Sfi 

Enthalpy 


H 

AfLsr-i 


Two sets of dimensions sre given for thermal quantities; the first set may be used in 
all problems in which only ptienocaeoB of transto'enter, and me conversion of workinto 
beat does not play an essential part; the second set of dimensions must be used in 
connection with phenomena of coDveimoiu 
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1 in many localities.. 'iTbese'cauae’a’taiMd drop inidisoharging oapaoity/and sliould be 
^ allowed for. by increased cross scotion or dope; or both- . Channels m earth- are also 
subject ,to loss of water by seepage; sometimes so considerable ns to require 'special 
?' iuTeatigation. .liio state of uniformity of .cross section is as important as .mere local 

- roughness. A channel with frequent idihute changes of cross section must be regarded 
' as a rough channel even if the sides and bottom ore smooth in spp'earance.’. A'ciroular 

section Sowing only one^ bird or less full usudly has a larger value of n than the same 
section Sowing more than half 'fuD.- 

^ Erosion. All'canals'should be dedgned to ^ve v^oeities high enough to prevent 

- silt deposits and to’ retard ve^table growths. ' Earth' chnnnds, however, ''must not 
have such iogb velocities aa to scour loose the mateml of the aides and bottom. ' i Rdugbly 

{ approximate values of eroding vclomties, in feet per 'second, are: for oby. fins 'aand, 
medium sand, 1; coarse aand and fine gravel, 2; gt&vcl, 2 to 4. 


Table 7. Values of the Hydraulic Kadius, m, for Various CroBS- 
sections 



' Hence the term '‘hydraulic mean depth," sometiroes used for m. 


( Open Chatmrt Problem. It ia necessary to carry 160 cu ft of water per see in 
I a rectangular unplaned timber flume whose width is to be twice the depth of water 
i ■(m«<f/2). WhataretherequIreddimensioDsforvariouselopescf thefiutne? Solufion; 
Forunplanedtimber a value of n 0.013 is safe. For assumed values of d > 8, 4,6, ‘and 
6 ft, the cross-aeetiotial areas of stream are 18, 32, 30 and 72 sq ft and the mean velocities 
for 150 efs are 8.3, 4.7, 3.0 and 2.1 fps, respectively. By tbo Manning formula, reversed, 
„ n2 7* 

5 = and, for the corresponding values of «, (1.5, 2, ‘2, 5, and 8 ft)'tl»e slopes 

.aieicftmd to be, 3.1, 0,07, 0.20 and 0,077 it per 1,000 It, re^ectively. for .the aboye 
assumed sires. If it is required to find the dimensiona of a, canal 'mth.some desired 
depth or width for a given discharge and fixed slope, the procedure is to assume trial 
dime^ons, calculate the mean velocity (« Q/area) and see if the', value of m calculated 
by the Manning formula agrees closdy with the m for the assumed dimensions. If n’dt, 
new trials are made until therh is close agreement. 'If the sfiope is fixed; rip;, a semi- 
circle or a 90 'deg 7 flume, so that 7-= 'pTett Q (const X d*),andm » const X d, the 
vslueof d may be calculated directly by the Manning formula; •••'; 

Measuremeats of Flow in Open ChaimelB. "■‘Where a weir or a dam does 
not exist, the' velocitjf of flo'w ie generally deltoined by the use 'of floats or 
by a current m6ter' (Soe Hoyt and Grover, ‘‘Hiver'DiBcharge,"' Wiley). 
Headgates and water wheels, 'don'sideied''a8 'orifices; are Boihetimea used, 
and are fairly accurate if calibrated for g'ate'openings by weir, floats 

or ourreut meter. Calculation based on open channel flow formulas is 
sometimes. resorted to, in cases such as extreme flood -flows, where 
only high-water , marks, are left, in- backwater problems, etc., ' this 
; ’^^^odbemgpracticallyjthe only one available.. <1 ; 

' Floats; By observing' the time'^requirrf'for floating objects in a stream to 
pass over a measured distance, a ^bd estimate' of the velocity of the 'water in 
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of motion.-, ;There,i0,obviouB{y only, OEe of these, latter quantities, namely, 
the acceleration of 'gravity-iij^^m ith© deteiled-solutioa-.of the problem 
there should beifound, a conno^oa- between these' quantities and the time of 
swing. The list of the variables a^d thmr, dimensions is as shown in the table 
on.page 282.,,. ; ,, ; m- ' i-'' • -i ;l ‘ -j' ‘ 'i ' 

. , There are here S.variables, eip/es^ in terms’of three fundamental-units. 
Hence there are in.-general.itwo-independent-dimensionloss products. > One 
of. these is pb'viQusly to, ithe*angle. .,^e, other is.flome product.of' powers, of 
the remaining quantities. ;iValucB'mu8t be -found- of a, ,l>, e, ,Bnd d -so that 
l“7nVt^ is dimensionless. , It is at once obvious that h = 0, because ilf enters 
only into m, and if h-.were not aero, there -would- be oo way by which M could 
disappear from -the product, -iltis also .ob'viouB .that a -c, in order that 
L ishould cancel, and d = 2c. *= -—20, in. order -that I’ should cancel. Hence 
the second dimensiotdesB product.is (I/pP)'*,ror simply IM*. since any.po'w'er 
of a dimensionless quanti^ is itsdf dimenaonless. ‘ Our general theorem 
now states that, id] = const., where /i is arbitrary. This relation 
may atpnoe be put in another form, namely: l/gi* or, finaJly,d = 

VT^./jfui), -where /sfui) is an arbitrary function of the angle. Dimensional 
analysis permits therefore the statement that the lime 6f swing of a pendulum 
is: independent of its mass, directly proportional to the square root' of its 
length, and- inversely proportional to the squaro’root of gravity, but it'"does 
not give information about the way in which it depends on the angle. Thi^ 
latter information can only be obtained by actu^ detailed solution of the 
equation of motion (which is not here even written down) ; it is known that 
aBamatteroffact/o(u))ieapproximatolyequal, foreman angles, tori’ ' ' 

‘ (2) The proMem of steady Sow ot liquid in o pipe of circular' ^otiolJ 
under a pressure head. Tho equations which govern aro the equations of 
hydraulics; these equations conttun the viscosity of the liquid, but not’its 
density. "The'boundary conditions contain the diameter and length of the 
pipe and the difference of preasure between the two ends. From a ooih'pleto 
solution of the problem the delivery through the pipe in unit time could bo 
found, and this would be expressed k terms of the quantities just mentioned. 
The list of quantities and dimenaons ie: ' 


Quantity 

Symbol 

DimeDfiiou 







l*re8Bure. difforence 










1 - 1 


.'■'^^ext, form ‘the two dimcnsio,nle8B.producta. One of these is evidently.r/l, 
and the second ‘may be fdrihed fromr.P, e.'and D, and ia or espresaed 

in dimenmonal' form, This must be 

dimensionless ini, M, and'T, which pves the three equations: 

0— 6 — c + 3d = 0, condition on exponent of L ^ 

I h-\-c = 0, condition on exponent of Af , ' ' 

- 26 - c - d = 0, ,conditioE on exponent of T . ’ . , 
The solution is: d «= -(a/3);h « (o/3);c = -(o/3), whoro'ois arbitrary 
Hence the dimehsionloss product is or simply r’Pv“i2)“h 
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Fresaure Due to Deviated Flow 

Force or Fressure Due to Deviated Flow. Fressure.of a Stream 
against Stationary Solids. ‘When a flowing liquid is turned from its course 
by a body such as a curved vane or a pipe bend, a pressure is exerted on that 
bedy. The total force exerted in any direction is equal to the mass of 
ivatfir being debated, multiplied by the change of velocity in that direction. 
If the angle turned is B (see Figs. 28 and 29), the pressure or thrust in 
the direction before the turning is P* = (Qw7/ff)(l - cos B), where Q is 
the quantity flowing per second, w the weight of unit volume of liquid. V tho 
velocity of the liquid, and g the gravity acceleration constant. If A is tho 
cross section of the stream before turning, 
the equation may bo written Pi =24io(l — 
mB)V^I2a, thus introducing the velocity 
head in the flowing liquid. Taking Q in cu 
ft per sec and Y in ft per sec the formula 
becomes, for water, P# = 1.945^(1 — cosP). 

Por B = 90 deg and 180 deg respec- 
tively (Figs. 31 and 32), it becomes P* * 
l.QtQF and 3.88QF. The pressure in a 
direction at right angles to the original 
direction is Py « iQwV/g) sin B, or 2Ato 
sin BFV2g, or, for water and ftplb-scc units, 

1.94QF sin 3. With solids shaped as in 
Pigs. 29 and 33, the components of the pres- 
sure in directions other than the original 
direction neutralize each other due to the 
divided stream. The total resultant 
pressure due to turning the water aside (P 
in Fig. 28) isP = (.QwV/o)\/2{X — cos B) 
and its direction is 90 deg from midway 
between the original and final directions of 
the flowing liquid, i.e., angle C in Fig. 28 ® 

90 deg - If a stream impinges 
squarely against a wall, as in Fig. 30, tho 
effect is the same as it would be in Fig. 29 with P = 90 deg. 

Gages for Measuring Pressures, Velocities, and Levels 

The Pitot Tube. The Pitot tube shown on p. 252 is not readily adapted 
for insertion through a small hole in the wall of a pipe. Figures 34 and 35 
illustrate representative tubes of more compact t3q)e. Such tubes have 
coefficients less than 1. For tubes as in Fig. 35, 7 - 0.84‘\/2^, i.e., tho 
indicated water column difference his about (1/0.84)* or 42 percent greater 
than the of Fig. 7. Very, slight changes in the shape of a .compact-type 
side-pressure-opening tube, as in Fig. 34, or in the location of the pressure 
openiugs, cause a change in the coeffident of tho tube. For Fig. 34, 7 = 
0.84 to 0.88\/^, depending on location of side openings and shape of tube; 
tor precise work such tubes should berated. A single-opening tube' in con- 
uection ^vith a “wall piezometer” (tJ!., either a sin^c hole as Fig. 7, a pair of' 
diametrically opposite holes, or a ring jjiezometer, see p. 259) is the simplest 
arrangement and least liable to errora resulti ng fr om imperfectiotisin construc- 
tion. The coefficient is unity, i.e,, 7 = V^» lor & tube that has' its impact 
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The solution .is & = -• 2a, c = — a,d = ■— a,e = — a. 

Whence . is dimcnaonlesa. 

For the variables for tho other product there should be choseu a set not 
containing h, or I, v, t, q, and h, and it is required that be dimension- 

less. Work similar to that just curied through shows that hqk~' is dimen- 
sionless, i dropping out, ^ce e = 0. Hence the result is: 

s= const, 

which may be rewritten in the form; 

This shows that the rate of heal transfer is proportional to the temperaturo 
difference, as was to bo expected, and also that the heat transfer depends only 
on tho product of velocity and heat capacity. A single set of experiments in 
which the way in which heat transfer varies with I is determined, would 
evidently now be sufBcient to fix the form of/, and hence completely deter- 
mine the solution. 
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“point” should not be-a "needle point/' but a conicid point with a vertex 
angle of 90 to 120 deg, so aa to produce a maximum of optical effect for slight 
variations from perfect contact of the point with the liquid surface. The uae 
of a stilling box, such as the float pipe-above described, is desirable especially 
for the hook gage (see Fig. 37). 

Is use, the hook-gage point la moved up from beneath until it just pierces the 
liquid surface. ■ The point gage and plumb-hob are manipulated by lowering 
from above until a "bubble” shows contact with the liquid surface. If used for flowing 
water or ft large surface of a tank or reservoir, where there are waves or surges, and where 


Ktok riMi 



from Elerallofi 



$Ue Elereibn 


Fio. 37.“-Hook, Plumb-bob and Float Gages. 


a Bulling box is not available, the gngc should be set so that the sverago time durations 
during which the point is alternately rabmerged and exposed shall be oa nearly equal os 
the obBerver can estimate. Even with a stilling box there nay bo surges of small 
amplitude, and several sets of obmvalioDB nay be necessary to assure & detorminstion 
within 0.001 ft. 

The float gage is the best of tbe gages mentioned for sensitiveness and 
accuracy. It automatically shows the small variations of water surface 
level, and the observer needs merely to watch the index on tbe float-stem. 
Any desired degree of damping out of minor or temporary fluctuations of 
water level may be aocompIiBbed by changing tho size of tho opening or by 
regulating a shut-off cock in tbe connecting pipe. 

Wivmrvur dfiero nr s percopti’ftAj vfftraitftra <60 watirr snrftce, maximum 
and minimum readings should be taken, corrcBponding to the crests and 
troughs of the waves, Tbe average will give the mean level in most cases. 
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Flow of a Viscous Fluid. 

Let u,v,w= compOQCQta of veloai^ along the z*« y-i 2-asoB 
p = fluid denai^ = 

yolume 

".-/t.=.'Coefficient,of,vi 8 cosiiy:.i --n 'T [t'.-; 

■- t'ss'timO' .'i i’ '.I -.I.'- ',11 • \ 

The;differential equations ofjjthiB problem are of ,tho type ,, 

3u ■ , flu .. bu . ait ■- 

■ ^ ■ si' + "si t ’5 +“ 

ABBume 7 « icvVm where fcr ia the scale factor for &li velocitiea. . ' 

■5 , ,Z ■- fci IjB ■where fci is the scale factor for nU lengths. ^ 

, : p = Ip Pm where kp is, the kale factor for the fluid density. .‘“1 ‘ ( 6 )' 

■ ' fi ?= where fcpia the scale factor for'the fluid viscpMty.' ;'; 

t'ia i, ^ where fcj is the acalo factor 'for all .time.” 

The scale factor h is obviously not independent of the othws. ^ Since ‘ 

•.'"7=- and 7» -A fcvV, = rp. 

V : ■ t'- tm • kiln 

Upon substituting ( 6 ), equation (5) becomes 
hv' 
k, 


,) - ^'ht 1 

k '^T ' ' ■ 


fey, dun , kv* ( dun , 'da« , du»\ 

■' ' ■ tt-fer nn. 1 ei^,' ,= 3 v.'\ 

; fcp'ij* \d®m’ 

The similarity conditions in this casc.are -i 1 

kv fcr* kpky ''tv: 

‘ ■ ' 1” kt kt Apfej' \ 

^he relation ^ ^ is aatomafically ktiafiod since fey - " The other 

;; k. hi ’ ■ ; k',\ 

cohditionis ■' ' ‘ ' ‘ !'i: ' 

fey* feyfey * hp y , 

~r -TTi or .^-feyfei*! 

' ./ fej fepfei* I kft 

This condition states that , ... 


7 » In 


This quantity fJ = — is the, Reynold number. In order to have similar 

conditions of flow on model; and fullscale,.it.ia ^iccessary.toa^thejRe^olda 
number be the saine for each. 

'•■Wbeiiever the'-equstions'of a problem are known, :th'e' above ’'method.of 
rmalysis is applicable;" •Tfic'method can ateo be applied, if only the general 
nature of the factb’rs'invcflYod'in'a-prohiem are'khown.'. 'J'';; j!!' 

Consider, for instance, the tmblem of determining the resist^ce’.of 
ships. - Tn'ordet'foi'Uhe'^thBiflf^flow'iabout ’the ship to'be similaf; it is 
necessary that the scale -fwAor-ibr- the forces fey i=)F-/FAibe^the' same for all 
the types of forces acting on a Hmall fluid'Olement.' k Assume ithat thn wave 
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of tte size of the units. But the con^tioa that this be true mvolves the way 
in which the numerical magnitude of tho various quantities which enter the 
equations vary with' tho size of the fundamental units, and this in turn is 
determined by the dimensions of these quantities. 

In applying the method, the first step, therefore, is to write out the diraen- 
Bions of dl the quantities which enter. The dimensions of a quantity are 
determined by its definition in terina of'tho quantities which are selected as 
fundamental. {For example, the dimenaons of velocity are LT~\ because 
velocity is defined as distance travelled in unit time.) The choice of funda- 
mental quantities is in large part a matter of convenience, and there is, 
therefore, nothing absolute about the dimenmons of any quantity. In most 
engineering problems, the ordinary mechamcal quantities, mass (Ilf) , time (T), 
and length (X-), may most conveniently be taken as fundamental, with the 
addition of temperature (t), in problems involving temperature effects. In 
the table on page 2S2 are given tho dimensions of some of the most usual 
quantities. 

The theorems on which dimensional analysis is based are the following. 
(1) Any equation which continues to hold when the size of the fundamental 
units changes can be thrown into such a form that the variables enter tho 
equations only through certain combinations which ore dimensionless. To 
determine the possibfe number of such dimensionless combinations we have 
the IT theorem (2) which states that the number of such combinations is in 
general equal to the difference between the number of variables snd the 
number of fundamental units, but in exceptional cases may bo greater 
thsn the difference. There is also another theorem (3) by which it can bo 
proved that any dimensionless combination must be expressible as a product 
of powers of the variables. 

An application of these theorems results in the statement oi the following 
important result of dimensionless anolytis: Any penerol conncciion between fhe 
wriahlcs cun he expressed tn ikcf<trm of an arWrory function of oU the iruiepend- 
ent dimensionless products of the tanoWes set cgiuil to c conslanf. 

The information contained in expressing the connection in this form is most 
Useful, in spite of the athitiary character of the function., because of the 
reduction in the number of the arguments from the large number of independ- 
ent variables to the smaller number of dimensionless products. The whole 
theory of models is contaiiied here, in winch, by making a cliaage in a com- 
paratively small number of physical variables, the effect of changes in all the 
variables can bo told. 

Examples. (1) Beginning with the dassical' pendvdum problem, 
what is known about tho time of swing of a pendulum? This is evidently A 
problem in mechanics. The solution of the equation of motion will contain 
the parameters needed to describe the pendulum, namely its mass, length, 
and initial angular displacement, and the solution will also contain any 
quantities with dimensions which are necessary in writing down the equations 


Quantity | 

Symbol 

1 ■ Dimensiona 



i L 


n 



LT-i 


w 
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The general theorem now states that an^ arbitrary-function 'of- 'these two 
products is to be sot equal to a conatant, (r/Oj'f coiist; 

or, •= hif/l) ;'or, D - (r^P/a^jCr/O; \riicro/i, /i and ft aro'arbitrary 

{unctions.' 

• Hence the ■delivery varies as the' prossurt'difforenco, and inversely' as tho 
viscosity. Suppose now that it is known in addition,' as' very simple con- 
siderations show, that the flow is' proportional to the pressure gradient, that 
is, to P/i. Then the formula shows that/* must be proportional to,r/{, so 
that: D = const. X (r‘P/t{), and tho additional and important’ result is 
obtained that the delivery is directly proportion^ to the fourth power of tho 
radius. - > ' • • ' ' ’ ' • " ' ■ , 

If the condition that the section of tho pipe bo circular, is given up and it is 
assumed to be elliptical, with major and minor axes, ri and r*,' then there'is an' 
additional dimenaioniesB product, ri/r*, and tho rc^t may be put'in tho form: 

£» =(nW/(n/r*),’ 

where f is an unkno'wn function, but as before, tho result is obtained that 
the delivery through a pipe with a section of given geometrical shapo is 
proportional to the fourth power of the linoar dimensions of tho soction, 

(3) Rayleigh's Problem of Heat Transfer. A solid body, of definite 
geometrical shape, hut variable absolute dlrocndone, is fixed in a stream of 
liquid, and maintained at a definite temperature higher than the temperature 
of the liquid at points remote from the body. Required to find the rate at 
which boat is transferred from the body to the liquid. 

In writing the fundamental equations which govern this problem, tho fact 
that heat and mechanical energy are convertible will evidently not be mode 
use of. This fact may therefore be ignored in framing the fundamental 
definitions which determine the dimensions, and the quantity of heat, JT, 
may be used as one of the fundamentd quantities. It is furthermore evident, 
since the mechanics of the situation is not involved, and the linos of flow in 
the liquid are determined only by tho goometry, that tho viscosity of tho 
liquid will not enter those equations wluch determine heat transfer. Tho 
quantities and dimensions are: 


Quantity 

Symbol 

Dimensions 




Uinear diroeiwinnFi of hniiv 



Vilocitv ' 



Umperaturo JifTerenne 



mm 






_ There are 6 variahles and 4 fundamental quantities, and hence two diraen- 
Bionless products. In general, these two products may be composed of any 
two sets of four chosen from the six variable Since the problem concerns h, 
one of the products is chosen so as to contain h. It is required that 
or be dimeoKonIcss. This gives tho equations: 

0 4-5=0, condition on exponent of fi 

. —a — c - =0, condition on exponent of T 

b + c ~ 3e = 0, condition on exponent of L 

d - c >= 0, condition on exponent of t 
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THERMAL PROPERTIES OF BODIES 
The Measarement of Temperature . 
Thermometers. Tlie scale of the coDstaiibrvolume hydrogen ther- 
mometer is taken as the standard tempernture scale. Within the limits of 
ordinary use, the scale of the mercury thermometer agrees closely mth the 
standard scale, but above £00 F the divergence between the two scales may 
be appreciable. 

, .The ordinary mercury thermometer may he used to about 600 F; 
this limit may be extended to 1000 F if the capillary tube above the mercury 
is filled with nitrogen or carbon dioxide under high pressure. The lower 
temperature limit for the mercury thermometer is -39 F. For lower, tem- 
peratures, alcohol, pentane, or petroleum ether may be used as the thermo- 
metric substance. For stem exposure corrections, see Temperature 
Measurements, p. 1783. Very high temperatures are measured by various 
forms of pyrometers (see pp. 1785-1790). 

Thermometer Scales. Letf and C denote the readings on the Fahren- 
heit and centigrade (or Celsius) scales, respectively, for the same temperature; 
then ' 

C=«(P-32), F=HC-i-32 

Tabic 1 gives corresponding readings on tho two scales. 
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Hill. Stodola-Loewenstcln. " Steam and Gas Turbines,” McGraw-Hill, Vol, 2, p. 1010, 


Engineering problems' iliat are loo complicated for mathematical or 
graphical solution are generally studied by model tests, This procedure is 
used extensively in the design of ^Ips, wrplancs, hydraulic pumps, and tur- 
bines as well as in problems dealing with heat flow and complex elastic struc- 
tures. In each case, a model is constructed which is geometrically similar to 
the full-siae project. Mensurementa are made of the performance of the 
model induding velocities, powers, temperatures, or stresses as the case 
may be. The problem of the theory of models is to determine the requisite 
conditions under which the performance of the model is similar to that of the 
full-size construction and to predict the behavior of the latter. ^ 

Consider for instance the buckling of a column. For a buckled column, 
the radius of curvature R is expressed in terms of the bending moment M ~ Py 
and Z, the moment of inertia of the cross section, as 

' '( 1 ) 

_ R El El ■ . . w 


where P is the buckling load and y the sideward deflection of the column. 
The idea of the theory of models is that it makes no difference what tbe 
absolute scale is, by means of which tbe length I, tbe load P, or the clastio 
modulus E is measured. Thus assume that the relation between full-scale 
and model condition is expressed as 

I = klm] R =» klRm', V » htSm', ? = hPm\ E = hsEm (2) 
where the subscript m refers to conditions on the model. The ratio hj 
expresses the ratio between all corresponding length dimensions of model 
and full scale. If the model conditions are to be similar to full size,, then 
equation (1) must also be satisfled in terms of tbe model scales, i.e., 


J_ _ PmVm 
Bm Enlm 

But if into (1) we Bubstitute the relations (2), we get 
1 _ {kpPv,){kiyn) 

kiR„ ~ {kEBM*Im) - 
or 

I _ , Pii^n 

'• ■ Rm kEh* Emin 


(3) 


.(4) 


In order' for 'equation (4)' to agree“with''(3), it is necessary that 1, 

. ' •> km^.f.'- 

t.e.,kp ==kEk^.' Thus if the buckling load is 100 Ib.on a quarter-scale model 
constructed out'of a plastiC'With.Ho of the’ modulus of. elasticity of the full- 
scale model, then the, full-scale structure -will carry 100 X 30 X (4)^ = 
48,000 Ibl . . , ; ^ ' . . 

' ^ In dealing with problems in dynamics' or heat flow,' the fundamental equa- 
tions describing' the ' problem are generally differential i'equations. ; ^Tbe 
procedure in -these cases is. analogouBii- ;i. '■ •. ' , >■ 
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niDlion is principally tbe result of the interactioii between gravity iorcea 
and the inertia forces of the fiuiS. The gravity forces on a fluid element of 
length I are proportional to pqI\ the inerl^ forces to mass X acceleration = 
I 7 * I 

(p{3) . h s (pJ3) •— = p7* • f* since 7 = *. By the criterion for similar flow, 

PffI* = fcjf • PmOM 

Therefore, 

7„* 


, P £ i-.Jl L 

0_ fl- U “ o» V^i L* 


^ 

Pm ffn fm* Ps* 7ni* fm* £?f ffn^tn 

y 

The quantity F » — p; is called Froude’s number. In making a teat of a 

Voi 

ship model in a towing tank, this quantity must be kept tho same as full 
ecale. 

In the problem of vibrations of an elastic body, tho important forces 
are the inertia forces and tho clastic forces. The inertia force « mass X 


acceleration 


= (pi*) ‘ clastic force a stress X area = cr ■ I* = 


(E • P which is dimensionally tho same as Fi* since tho strain 6 is dimension- 
less. The criterion lor similarity is that 

, 1> EC ‘‘fi 'V „ 

'e„W ” b" E„ 


where (7 * Cauchy’s number. 

The problem of heat conduction is governed by the equation 


ff 

at ““[si* 


where 0 = temperature, t = time, o = — , fc = coefficient of heat conduction, 

7C 

7« = Bperifio heat per unit volume, v = weight per unit volume, j;, v, c = 
rectangular coordinates. The similarity conditions lead to 

h , h 
h 

=£efc. or «• 

where Ft is tbe Fourier number. ^ 
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' Table -4 . 1 Fwezing'Points of liquids at Atmospheric-Pressure 

'(DeE-P)-'--;' I'- 

Ammonifi......... — 107.dC8ldumdJoride{fliit. Methyl alcohol..,;,, ^14' 

Anilins; , 20. « Bol.) l — ‘10 Rapesecdoil "2! 

BfiMbl...... 41.^EUieri‘. ; —180 Turpentine 14 

Carbon bisulphide,. — I68.I Elhylalcohd — 174.< Sulphuric acid —10. 

Carbon dioiiae. -IJfl. 2 Glycerin ,,64 Silt (NsCl) sol, sat. . — ( 

Chlorofoim — 82.^ Naphthalene.; 176 ‘ Sea water. , 27 

linsaedcul — 4 Toluene. .J -14! 

.( I Mercury ).. . . — 38 ! , , ; . " 

Mirturea of glycerin imd water ,1 Mixtorra of ethyl alcohol and water 
' ’■ (Boliey) (F. Beilstcin) • ’ ■ 


xciiicu. flnMiifin Preerlng Percent PreerinB Percent FreeBing 
by weight- -point; byweirfit point, by weight- point, • 

dglyoerin . ,f flegF. o( alcohol degF o^ alcohol deg F 


e'6. fioilisf Points (D9g'F) at Atmospheric Pressiu’o 


Zioo 

Sulphur. . . . 
Mercury, 
Lioaeed oil. 
Faiaffia.... 


Glycerin 

Pboapborus. . 
Naphthalene. 
Aimino 



Calcinm ohlorido (eateol). 35$ 


Turpenrine 32D.O 

Toluene 231.D 

Bodium chloride [sat 226.4 
I sol) 

Helium'.’. —452 0 



’ Belatiou ,o£ Color to Temperature of Iron or Steel 

Deg F . Deg F 

Dark blood red, black red . 090 Orange, free Bcaling heat 1650 

Dark red, blood red; low red. 1050 Light orange . 1725 

Dark cherry red..'.; •.•.••••• ^1^^ Fellow. 1S25 

Medium'clier^.rod. .; , 1250 Light yellow,.'.'. \. .. 1975 

Cherry.'fuUjed.r. 2375 White.. 2200 

Light oherry, light red. ..... ' '■ 

- — — -Expalnsion-of -BodieS'by Heat— - - 

Coefficients of Expansion. The coefficient of linear expansion of 
a solid is defined as the increment of length in a unit of length for a rise in 
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Table 8. Coefficients of Expansion 

(For pnie metals, see p. 608) 


CoBrsiamTB ofLiksab Expansion 
(Mean v^ues of 10,000a' between 32 and 212 F) 


UBTALS 


Tyoe metal 0.108 

1 Masonry. . . . 0.025 to 0.050 


fl.fm 

1 OTHER UATEiniir.fI 

Paraffin 


Brass, cast 

O.lfM 

Bak^tc, bleached 0.122 

I 32F-61F 

n 597 







o.too 


100F-120F 

.2.612 

Constantau (60 Cu, 40 


Carbon— coke U.UJll 

Porcelain 

0.02 

Ni).' 

flfW 

Cement, neat 0.060 

Quart* 



0.102 

Concrete O.OBO 

Parallel to axis 

0.044 



Ebonite 0.468 

Perpend, to axis,. , 

II ll/V 


Ofrti 



0,0032 

Soft forged ;.. . 

(1 

Tbemometer U.04> 

Rubber.-. 

0.426 


U.OH 

Hard 0.033 

Vulcanite 

0.400 



Plate and crown. . . 0.05D 

Wood (11 to fiber): 


Mg) 

0.131 

Flint 0.044 


0.053 

Phosphor broDse 

fi.m 


Chestnut and maple 

0.036 


0 in 


Oak 

1) 1)2/ 


0.107 



o.m 

Steel: 


Guttanercha D.S73 




O.Ctid 

Ice 0.283 


0 019 


0,(»1 



11 IJ?7 

Nlctel (10%Ni).,.. 

0,U75 

Marble 0.02 to 0.09 

1 Oak 

U.03U 


CotmciEHTs or Ctotcai, ExrANsioK 
(Mean values of 1000a'" at ordinary room temperatures} 


ptantoe 


Hydrochloric acid. 


Sulphuric acid, 

sp% 




0,52 


0.45 


. . 0 61 


1) 111 


.... 0,54 

Alcohol (methyl) 

, OKI, 

Olive oa 

0.41 

Water 

.... 0,115 

Benseno 

, 11 77 

Petroleum, Pennsyl- 


! BDUDS 



. 0.70 

v-tni-i 

050 


.... 0,035 




0 41 


0.62 

(CaClt);5to 50% 


Petroleum. Texas 

(1 42 


.... 0,61 


. 0.2f 


0 50 


.... 0.67 

Chloroform 

, (177 

Raposced oil 

fl 50 


.... 0.40 







Glvcerin 

, (1 ?f 

Salt 26% solution 

0 24 


.... 0,028 

Hydrochloric acid. . , . . 

. 0.27 

Sulphuric aoid 

0.31 




The linear shrinkage of castings is approximately as follows: 


Bar iron, rolled. 

Bell metal 

Bismuth 

Brass 

Bronze 


1:6S Cast iron 1:9G 

1:65 Gun metal 1:134 

1:265 Iron, fine gr^ed... 1;72 

1:65 Lead 1:92 

1:63 Sled caatinga 1:50 


Steel, puddled 1:72 

Steel, wrought 1:G4 

Tin 1:128 

Zinc, cast 1:62 


8 Cu + ISn (by wt). 1:134 


The coefficients of cubical expansion for different gases at ordinary tem- 
peratures' are about the same. From 0 to 212 F and at atmospheric pressure, 
the values multiplied by 1,000 are as follows: for NHj, 2.11; CO, 2.04; CO 2 , 
2.07; H 2 , 2.03; NO, '2.07. 

, Measurement of Eeat 

Units of Heat. Many units of heat liaxi^ been dependent on the experi- 
mentally determined properties of some substance. To eliminate experi- 
mental variations, .the unit of heat may be defined in terms of fundamental 
units. The International Steam Table Conference (London, 1929) defines 
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Table 1. . Converaion of Thermometer Eeadlngs 


' 'DbGEBES.CeITTIQIUDB TO''DEGaESS'FAEnENirEIT- - 



TABIi OF VaUIES fob InTEEtFOLATIQN W THE AhOVB TaBLH - 
I>egreo8 centigrade 1 2 3 4 'S'",'C 7;^ 8 , 9 

Degrees fahrenheit. 1.8 3.6 'SA 7.2 '9.0 • 10.8 ^ 2 . O' 14.4 M6 . 2 
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If the pressure readings of a constant-volome hydrogen thormomefer are 
estrapolated to zero pressure, it Is iound that the corresponding temperature is 
-273.16 C, or -459.69 F. It is convenient to have a so-called absolute 
temperature scale on which aero corresponds with zero pressure on the. 
hydrogen thermometer. Such a 'scale has fundamental thermod 3 Tiaraio 
significance and agrees very closely with the thermodynamic temperature 
scale.' The absolute scales in use are: ■ ^ 

Degrees Kelvin (K) = degrees centigrade + 273.16. 

Degrees Rankine (R) = degrees Fahrenheit 4* 459.69. 

Fixed Temperatures.. When calibrating thermometers, it is con- 
■venient to have fixed temperatures. The following are recommended by the 
D. S. Bureau of Standards.' 


1 

Substance 

DceF 

DegC 

Substnneo j 

DegF 

DcgC 

Dgidd naphthalene bolls nt 

424.2 

449 

217.9 
j 2J2 

Liquid copper-silver eu- 

1434 

779.0 

Liquid benzophenone bolls 



SoUd silver .melts at. ... . 

1761 

960.5 

1063 

Liquid lead solidifies at. ... 

621 

1 327 

Liquid coDPer solidifies at 

1981 

1063 


m 

> 4W4 


2Mb 

1452 

liquid sulphur boiU at, .. . 


444.7 


2822 

1550 

Liquid antimony solidifies 

St 1 

1166 

1 630 

Solid platinum melts at. . 

3191 

3722 

1755 

2050 

Liquid aluminum (97.7 per- 
cent pure) solidiues at... 

i 1218 - 

1 

^ 699 

Solid tungsten melts at. . . 

6134 I 

3390 


Table 2. Melting Points of FTon-metaDlc Elements, Deg F 


Helium 

.... -456* 

Areon 

.... -SB 

Phosphorus,., 

... Ill 

Hydrogen 

.... -434 

KrvDlda 

... -272 

Iodine 

... 236.3 

Neon 

.... -416 

Xenon 

.... -220 

Sulphur..,;. 

... 235 

Ilucrine 

.... -367 

Chlorine 

.... ISO.' 


... 2568 

Oxygen 

Nitrogen 

1 1 

Bromine 

.... +19 

Carbon 

...>65110 


*At 25 3ta. 


Table 3. Melting Points of Various Solids, Deg F 

(For pure metals, sec p. 008; for refroclones see p. 731), 
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Alloys: 

Bismuth solder. . 206-262 
Brass and bronce 

(about) 

80 Cu + 20 Zn.. 

50 Cu + 60 Zn., 

20CU + 80 Zn.. 

Dolta metal 

20 8a + 80 Pb.. 
S0Sn+ 50 Pb... 
80 Sq+ 20 Pb... 

Fasible alloys: 
83Bi+33Pb+333p.250 





1225 y{«iiKFPb Pressure lb per SqlaAbSiTisOsgR) ■ 

Fig. 2. — Hildebraid Function for Enthalpy of Vaporization 

fi and with Bpecific heat Cj, proridod cheimcal reaction, heat evolution,' or 
heat abeorption do not occur, tiie specific heat of the mixture is 

Cb = (iDlO + WtC!)/(ttl + tCj) 
and the temperature of the •mixture is 

fn “ (Wlfth + + WiCj) 

In general, i„ = Strrf/Stcc. 




EXPANSlOiijOriliODlES 'BY HEAT 297 

temperature of 1 ,deg_., .Libjw™,jthe._co_efficienib' of'.'cubical expansion 
of a solid, liquid, or gaa is the increment.of volume of a unit volume for a 
rise of-temperature of 1 degt^ Denotine -these coefficients -by o' and- o'"-, 
respectively, ^ J ■ ■/.; 

' ' ' _ i df • ' ' ^\dv' 

I I ~ '■ “ ^-liU . . y,i>‘ '■ : 

in.wbich J denotes length,- 7 volume; and I temperature. For homogoneous 
Boiids a'“ s= 3a’ and the coefBcient of snpertcial euqjaiiBiDn a" =20'. 

-:The coefficients of expansion are, in general', dependent upon the tempera- 
ture, but for ordinary, ranges of ^temperature, constant mean values maybe 
taken. If, lengths, areas, and volumes at 32F (OC) be .taken- as standardi 
then these magnitudes at other temperaturee ti and tt ore related as foUoirs; 
• li' _ 1 + g'ti At _ l+ a% ■ •' 7i _' l 

h 1 -j-o'tj I j4i l-ba"ti 7j 1 


Since for solids and liquids the expansion is smalli'the preceding- formulas 
for these bodies become approximately ' . • 

ii-;i -a'ii(t, -ti). Ai~At =o"4,0s -(i). vi'-Vi ='o"'7i(i! r (i)i 

:'For certain metals, the variation of the coefficient of expansion with 
temperature is pven by an equation in which, denoting by.fo the 'length-, at 
33 F, and by f the length at temperature (, the following relation is obtained; 

The following table gives values of the consents. 



Gruneisen finds that o' varies directly as tiio specific heat. _ - - 

Tabled. Compressibility of WatBr'(B;-'v)'X'105, 
{Abstracted from Keenan and Keyes, "Thertnodynamic Properties of Steam") 
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Tabl0l3, Vapor PriBsaures of Cerl^n liquids at Pressur,e'-up to 1 Atm 

(See also special tablesi'pPi'SZS to 344 for other liquiis an<i‘f or vapor' pt^sures at higher 
pressures) 


'■ 


Pressures, inm 

'of mercury 


Substanec . 

10. 

,100 

,200 

400 

- COO. , 

J,760 



..Temperature, deg 

F . 



-2S.« 

451 

71 •? 

101.7 

'171 f' 

.133 1 


- 9.5 ! 

71 7 

109.4 

141 y ■ 

Ih3 •; 

176 7 

Carbon tetrachloride 

1 ~ 4.0 

77? 

in? '3 

134 6 

156,1 

UII2 








Diplienyl.' ; 

1 246.0 

357 5 

m 5 

•441 1 

471,8. 


1 26.6 1 

94, « 

Hli.H 

145,5 

167 4 

■ivi n 


1-56.2 

' 17 6 

55' 4 

.63 5 

83 1 

947, 

Ethyleneglycol....’.' ' 

1 190.5 1 
1 3.74 

2S0.S 
(i9 6 

313.0 
93 7 

348:S 
171 0 

3y2,0 ■ 
138 7, . 

384.7' 
•148 4 


1 363 

501 

555 

613 5 

650 5 

rn 5 

Water..,; 

1 52.3 

1 

123.6 

141,2' 

176.5 

M4 

2IZ.0, 


General Principles of Thermodynamios 
Thermodynamics is the study ot changes in which energy is involved- 
The quantity of matter under consideration ie.callcd the system, and every* 
thing.else is.spoken of as the surroundings. Any change the-systom-may 
undergo is known as a process. Any process or series of processes that 
TCtii'rns the system to its original condition or state is called a cycle, , ^ 
j.Eeat Is energy in transit from oiie mase to another because of a tempera- 
ture difference between thb two. Whenever a force of any kind acts through 
a^distance, work is' done.1 J.ikc heat, work is also ener^ in transit. W6rk 
is to be differentiated from the capacity of a quantity of energy to do ’work; 
{Notation. ' 

I , A =1/J = reciprocal of mechanical equivalent. '• 

. B = availability {byidefiniUon, = ff — TjiS). - 

Cp’= aiieoific heat, at conetent pressore. ; / 

” ' c, = specific heat atjoonstant volume. , j 

— B-= total energy associated with a system. 
f/,A_=,enthalpy,,Btu (by definition fc =« + Apu). , , , 

'• ' J^'ss'mechahical equivalent of heat =778.26 ft-lb per Btu « 4.186i 
joules per cal_. 

h,= Cp/cv.. i I , ^ , . , . - 

jif = molecular wei^t. ■ ! 

p = absolute pressure, Ibpcr-sq ft. ‘ 

, • £J, g ■= quantity, of heat absorbed by the s^tepi from' tho surroundings, 
r; !.r Btu. ’■ .. ! '!•' ' 

B'=,'perfect'ga8'cbn8tent, • ' I ' . > 

=.'entropy. — I _ ... 

.... I = temperature, .degF.,, , 

' 'r,'=V';fi'459''’"' ' -'t'mt^ = de&K., ■' 

sin'k.’or’ii' •■.. ‘ "i. 

"U; « w intcr'ual energy, Biu. ‘ 

V = linear velocity, fps (or total volume). 
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{he Steam Table (IT) calorie ae H«o of a wattlunir. One British thermal 
unit (Btu) is defined ns 251,996 IT cal, or 778.26 f^b. 

Previously , tiie Btu "was defiutd as tbe heat neeemty to raise one pound o( one 

degree Fahrenheit at some arbitrarily chosen temperature level. Similarly, the calorie 
was defined as the heat required to heat one yam of water one degree centigrade at 
15 C (or at 17.6 C). These unita are rou^ily the same in value as those jnenticned above. 

Heat Capacity and Specific Heat. The amount of heat required to 
raise unit mass of a material 1 deg in temperature is called the heat capacity 
of that material. The ratio of the amount of heat required to raise unit mass 
oi a material 1 deg to that required to raiee unit moss of water I deg at some 
specified temperature is the specific heat of .the motorial. For most engi- 
neering purposes,' heat capacitica may he assumed numerically equal to 
specific Leafs. Two heat capacities are generally used, that at constant 
pressure Cp and that at constant volume c». For unit mass, the instan- 
taneous heat capacities are defined as 



Over a range in temperature, the mean heat capacities ore given by 
1 ' I , 

" t: - bjli " It - Ujti 

Denoting by c the heat capacity, the heat required to raise the tempero- 
tuie of w lb of a substance from li to fj is Q « lucff} — h), provided c is a 
constaiU. 

In general, c varies with the temperature, though for moderate temperature 
ranges a constant mean value may be taken. If, bowover, c is taken as 

A 

variable, then Q « m I, «ff. The meon heat capacity from 0 to f deg is 

Jo ; 

pveii by Cn * - ( cdt. ' If c * aj + drf + fist* + • • • 
tjo . 


Cm * ai + + • • • 

Specific Beat of Water at Constant Pressure 
(Interpolated from Keenan and Keyea Tables) 



Specific Heat of Water at'l Atm.(I.C,T.) 


Temp, deg P 32 ‘.50- 100 160 212 

1-Ml 1.W2 1.004 ,1.009 1,021 


■ Specific Heat of Solids. For elcmenta near room temperature,, .the 
specific heat may be approximated hy the rule of Dulcmg -and Petit; that 
tie specific heat at constant volume for bne'atomio- weight of ari'y' solid 
element is 6.4. Fpt solid compoundB M about lodra temperature, Kopp’a 
approximation is often useful. This states that the specific heat of a solid 
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Btarts and fiaisbcB with tbe system in tlie same state is called a reversible 
cycle. ■ - ' • ' 

Plow Processes! ' With steady flow, the conditions at any point in an 
apparatus through which a fluid is flowing do not change progressively with 
time. Steady-flow processes involving only mechanical effects are equivalent 
to similar non-flow processes occurring between two weightless frictionless 
diaphragms or pistons moving at constant pressure with the system as a 
whole in motion. Under there circumstances, the total work done by or on 
a unit amount of fluid is made up of that done on the two diaphragms 
jjjvj - piBi and that done on the rest of the surroundingB /pd» - p2it2 + jjiPi. 
Differentiating, pdv- dips) = -trfp. The net, useful flow work done on 
the 'surroundings is -Jtidp. This is often called the shaft work. The net, 
useful or shaft work differs from Uie total work by pan — piUi. The first-la'w 
equation may be written to mdicate this result 

/S - pisi + — (Ft* - +^1 -Xi' 

or since by definition 

Ju +pv -Jh 

A. + _ + X.! 

If all net work effects are mechanical, 

Jq ^vdp «■ Jhn + 

Since in evaluating fvdp the pressure is that effectively applied to the sur- 
roundings, the integration cannot usually be performed except for rever- 
sible processes. 

If a fluid is passed adiabatically through a conduit (f.e., without beat 
exchange with the conduit), without doing any net or useful work, and if 
velocity and potential effecte are negligible, hu A process of the kind 
indicated is the Joule-Thomson flow (see p. 361), and the ratio [dT/dp) for 
such a flow is the Joule-Thomson coefficient. 

If a fluid is passed through a non-adiabatic conduit without doing any net 
or useful work and if vefocity and potentiai effects are negfigibie, Q = 

This equation is important in the calculation of heat balances on flow appa- 
ratus, e.g., condensers, boat exchangers, and coolers. 

The second la'W of thermodynamics (p. 305) is a statement that 
conversion of heat to work is limited by the temperature at which conver- 
sion occurs. It may be shown that 

1. No cycle can be more efficient than a reversible cycle operating between 
given temperature limits, 

2. The efficiency of all revereiUc cycles absorbing heat only at a single 
constant higher temperature Ti and rejecting heat only at a single constant 
lower temperature Tj must be the same. 

3. For all such cycles, the efficiency is " 

- IF rr-r* 

, ' ' , / r (3i ~ Ti 

This is. usually called the Carnot t^cie efficiency. ,By the first . law 
IF =», Qi Qs, . , ... 

(Qi+QO/Qi-(ri“r,)/T,< 
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gases (bsygen/nitrogcni etc.), tho ^dfic Kwts vary with temporaturd'but 
for mal? purposes may b'6' aaaumtd coofitant over considorable ranges of 
temperature. ' For diatomic gases,' fc’is appnmmntcly 1.40. For mord com- 
plex gases,’ generalizations are' not -posable, 'Specific heat increa'aea tilth 
molecular complexity, and tho ytdue. of k decreases^ _(Bee also Table 15). 

Properties of gases -arc, usually, most readily correlated on the mol basis. 
A pound mol is the weight in pounds equal to the molecular weight. Thus 
1 pound mol of oxygen weighs 32 lb.‘ -At the some pressure and temperature, 
the volume of one mol is the same for all perfect gaMs, i.c.,' following tho gas 
laws. For perfect^ gases, Mcp — itfe, = AMR = 1.987. 

■ c, =.M/{k - 1); cp = ARk/{k - 1) ' ■- 
.Table 10, Specific Heata of Gases at 1 Atm ' 


Equation for Cp in Btu per mol 


Temp 
range, 
'deg R 


KittOBen,... 
Carbon monoxidet 
Hydrogen,., 


C&rbon dioxide. 
Methane 



CjHi 
CjHtO 
CH<0 
CeHs 
C»Hi! : 

CijHse 


icoo )\ 


Ijood-woo 

540-5000 

54WQOO 

54M000 


a) 


/ o,??(r-4otio) >| 
' ^ 1000 


-m^f) 

4.22 -i- 821 lX!0-*r 
14,400 • 

' T , 

8,33X1(h^r 

13.»XlO-»3’ - 

21.1 X 10-»T 

\f>.(ax\(nT’- ■ ■■■ 

28.9X10-»7’ 

14,4 -I- 533X107*2’ .•.‘' 

19.6 + 60.0 xio^r . ■ ■ 


16,2- 


27,0 


1800-5940 

720-1440 

720-1440 

680-1120 

' 680-1100 

520-1120 

720-1440 

.n^m 


Beardsley, ‘‘Bmpiricftl Spedfie Heat Equations Baaed upon Spectro. 
BwmioData,'’ea,_Sc6ooJrecA,5(o1«Bnp.iM.'®i.-iflua,2,,1938;;- 

scowarz, ‘Die Spezifisohen Wftrroen der Gaae eti Hilfaworte tur Boruobune voii 
Ueichgewchten,” ArcLEiknUllcnv., 9,--1936,.p.'38B; ' ® ” 

“arks and Huffman, Am. CAem. Sec.. JHto. 60. 1932.,-,. V ...■ , • , , 




THERliOpTNAMICS 


308 

This function ia of particular itaportance in processes, ■where .chemical changes 
occur. For reversible iso^en:^ ata^-flow; 'processes, or for reversible 
eonstantr-presBure iaotherihol non-flow procesea, change in free energy ia 
equal to net work. 

Helmholtz free energy, ^ == >17 — 75; ia equal to the work during a 
conatantr-volume ieothermal reverable nonrflow process. 

All three of thcBcfuiictiona.B,.2, a^ i^.aro point functioiis^ and like E„H, 
ahd'S their differentials are'complsfe or pcrfcct._ ^ ' " 

Perfect Differentials. Maxwell Relations. If e is some fua(ition.uf 
X and y, in general 

^'“‘(S).‘“ + (|).* ,,, 

Sphstituting M for and W for. ^ r ; 

' ■ dz^Mdx+Hdy ' 

' i'’''a/3sV ' flJtf dN ,■' ' \ •' ' 

But — 1 r- ) = -r hr I or This is Euler's entenon for mte- 

9y\Sx/. ' dx\l)y/ . 9y ■ to.....' , ..,’ 11 . 

grabiUty. A perfect differential has the characteristics of to stated above. 
Many important thermodynamic relations may he derived frotn the ajipro^ 
priate point function by the use of this, relation, Some, of those relations 
follow:, . , . ■ I I ■ '! ' ' 

Table 14. Maxwell Relations 


fuaction 

i>iltercDUsl ' 


Au,« fr .lT 1 

du « rto 7 Apto' , 

Vto/. •V9«A- 

• fc ■■ tt + Aps • 

iJi • T + A* dp 

oi\ 

UpA W? ' 

ti - T* 

df •• —$dT — Apd# 

:fBp\ 

Wf '^\« 2 ’A 

Ti ,, 

dx = -idT + A* ip . 1 

f'if'i - 

UpA ‘^WA 


By holding certain vsrialflcs consUoi, a aecond set of relations is ohtained. 


•, Dilfefential 

independent variable 
held constant 

Relation ' 

du'» rdj -''Apdii 

« . 

'j = '-Ap ' 


pt 

(a- 

d/i = r ds + As dp 

. 

(1).'-- ' ■ , " 


' 

• P 

(ih 

d^ = ~«dr — Apd* 

•. T . 



* 


dj «!— i.dri+'Atdp:-. 

,j:- Li Ti. ' 



p' -1 
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To rmae the temperature of toi lb .of a substance having a specibo.heat ci 
from fi to t„, the weight of a second BuSetence required ia . ' 

Wj =tPlCi(l*.-rtl)/cs(fe -fm) 

Tot iflising two bodies of tbo same (perfect) goa at constant piessure, 

= [CVi + 7j)/(ri/3’i + VM\ - 459.60 

Specific Heat of Solutions. For aqueous solutions of salts, the specific 
heat may be estimated by assomjnB the spedfic boat of the sobtion equal to 
that of the water alone. Thus, for a 20 percent by weight solution of sodium 
chloride in water, the specific beat would be approsiiuataly 0.8. 

Latent Seats. For pure Bubatauces, the heat effects accompanying 
changes in state at constant pressure are Imowii as latent effects, because no 
temperature chauge is evident. Heat of fusion, vaporization, sublimation, 
and change in crystal form are examples. Heats of vaporization at low 
pressures ior pure liqruds of similar chemical characteristics are well corre- 
lated by the methods proposed by Hildebrand. Such a correlation is given 
in Jig. 2. 

Ezample, For water at 25 lb pet eq in. abs and 2t0 F, tbe heat of vaporitatiea U 
25 

952 Btu, Ilcfctring to Fig. 2, ^^2.5^^-^-^ «= 4.4. and the correspouding value of 

the molal heat of vaporization ie 24.6(240 + 460) •* 17,200 Btu per lb mol or 056 Btu 
pec lb. 


Table U. Heat of Fusion, Btu per Lb 


aiMmin..™ 

. 167.5 

Potassium 26.2 

D’Arect’s metal..,' 

10.4 


21.4 


Upovfitz's astal,. • 
Robs’b metal • 

12.3. 

12,3 


, % 0 

Sodium.... 49.5 

, 2U 

Tin 25,4 

Wood’s metal ..... 

14 0 

rhrntriiim 

. 110 0 

Zinc 46.8 


20-71 

Si 

. 115.2 
76 

Alloys: 

20.5Pb4-02.6St.. »:6 

Benzol (CiHi) 

55.0 

GoM 


36.9Pb+6l.3 8n.. 28:0 

(CaCh + 0H>O).:. 

7? 5 

IrOD, gray cast 

, 40f)! 

63.7Pb+30.3SB.. 11.6 


76 5 

60,0 

77.8Ph-f22.2 8n.. 17.0 


144.0 


78.4SB+2I.'6Zt.. 42.3 


64 1 

Mercury 

VO 

03.56 Sn-f 6.44 Zn. 31.6 

PhosthoruB 

9 05 

Nickel 

133 

97.32 Sn+2.6BZn. 27,2 


45 fl 

Palladium 

Mh 

Britanida metd (9 

Sulphur.....,....,., 

15.8 

Platinum 

45.4 

Sn + lPb) 50,4 


Table 12. Latent Heat, of Vaporisation at Atnh'ospheric Pressure, 


Btu per Lb ' 

Ethylakolwl(98uerceQt).. 406 

Methyl alcohol.,., 482 

Aniline 198 

Hetmne 156 

Heptane 133’ 

Octane.;..,,.,, , 128 

HydroEen.......... 194 

Nitrogen.' 86 

Oxygen 92 




CMotcform tlG 

Ether 167 

Kcroacne.. ..... IQS-tU 

Acetone 239 

Carbon bisulphide.... 152 
Carbon tetrachloride 835 




Vapor Pressures. , At a spedfied temj^tuia, a'piire liquid can exist in 
equilibrium contact with its vapor at but one pressure, .ita vapor pressure. 
A plot of these pressures against tiifi cbrrMpon'dihg temperatures is known 
as a vapor-pressure curve. '.i , ; 
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Pr^S6^lt-a.tioa «£ Thermal Properties. - For calculation o{ numerical 
results, experimentally determined properties of substances must be available. 
These properties may be presented in several different ways. 

1. As equations of state, e.g., the perfect gas laws and' the van dor Waals 
equation. 

2. As chaTts or graphs. 

3. As tables. ■ 

4. As approximations 'rrhich may be useful when more reliable data are not 

available. ' 

The Perfect Gas Laws. At low pressures and high enough tempera- 
tures, in the absence of cbcnuca] reaction, all gases approach a condition 
such that their P-V-T properties may be expressed by the simple relation 
pp =JiT 

in which is a constant. If t Is expressed as volume per unit weight, the 
value of the constant R will be different for different gases. If v is expressed 
as the volume of one molecular weight of gas, then R is the same for all gases 
in any chosen system of units. 

In general, for any amount of gas, the perfect gas equation becomes 
pV = NMRT ' 

Table IS. Properties of Gases 



For, values at 60 F, mult^ly'hiy LOlSi. . 

' 'Very rough values' applying to low pressures and temperatures onlyl See steam' 
tables, pp, 328 to 335, for more exact values. ■■ i 
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; ti,= volume, cu ft.;; t- .c.- -.••.i:-. ■!' 

' tfl = weight of substance under consideration, lb. 

If = external work perfoTtn^ on sarroutidinga during a.change of state. 

JC = distance above or below a chbscii.datum. 

■' ■ '' • 




Z = free energy, (by definition, Z ~ H -r TS). >- , r 

^ = Helmholtz .free energy, (by definition, if- = U-'- TS). ■ 

In this notation, 'Small letters denote magnitudes referred to, unit-weight of 
the substance, ■ capital letters corresponding magnitudes referred to u>. units 
of weight. ThuSi.n denotes the volume of lib, V ^.wv, the volume of la Ib. 
Similarly, Cf, = uni, 5 = w,, etc. . Subscripts aro used to indicate .different 
states;, thus, pi, ti, T\, Ui, sitrefer to state 1, ps, si refer to state 2. 

Qi! is used to denote the Heat absorbed by a body during tho change from 
state 1 to state 2, and Wi: denotes tho external work done during the same 
change. - , 

The two fundamental and general laws of thermodjmaroics are: (1) Energy 
nay be neither created nor destroyed. (2) It is imposablo to bring, about 
any change or series of changes the sole net result, of which is transfer of 
energy as heat from a low temperature to a high temperature, or, in other 
words, heat will not of itself flow from low to high teiliperaturos. 

The first law of thermodynamics, the statement tb&t energy can bo 
neither created nor doaUoyed, may bo stated mathematically 


JQ-W=JEit'\ 

In this equation, W and Q are tho heat and work effects ss the system passes 
from the initial to the final state. Care must bo exercised in' giving tho 
oonect sips to Q and TF. Heat added to the system or withdrawn from tho 
surroundings is positive, and work done by tho system is positive.' All 
terms in tho first-law equation must be expressed -in tho same energy units. 
The total energy associated with a system E is often called it's internal or 
intrinsic energy. Sometimes parte of this may bo soparatod: e.ff'.,''the 
energy duo to motion or the kinetic energy idF*/2p, which is important only 
when Sow velocities are considerable, or that duo to position above or below 
a chosen datum, the potential energy which ia nearly always' -negligible. 
The residual energy of -the system is U. The first law might therefore be 
written" • -j '? 

Since as stated aliove; the last two terms are often negligible they will be 
Omitted for simplicity except when such oniission would introduce ..appre- 
ciable error. ' 

; "Work .done in overcoming a fluid pressure ia iheaBUied, by-.TT' =;Jp dc, 
where pis' the pressure' ejfeciiiicfy applied to the surroundings for doing work 
and dr represents the change in volume oHtosyattm. 1" „ ’ 

Reversible and Irreversible Processes, ;A>reY6r3iblo process is one in 
■winch both the system and surroundings may be returned to their original 
states.^ After an irreversible process, this is not possible. No process 
myolying friction or an unbalanced potential can be reversible. No loss 
in abilityth do work is ^suffered -'bfeoaTi^ of-'a reversiblo processsbut there is 
always a loss in ability to do work beca'OBo of an irreversible prbeehs. All 
actual procesaes are irreversible. '.-Ai^'.Bories of reversible processes that 
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;.;No,,entirely|SatisfactOTy Hiethod for calculation ;for gaseous mixtures has 
been developed, b.ut the use of average eriti^ constants as proposed byKay, 
Chm., flS, 1936, p. I0J4) ja eaiy .-and. gives satisfactory; results 
under conditions considerably removed from the<, critical. He assumes the 



Fic. 3. — ^The p Cbm-t (Low Range), 



gaseous mixture.can be-troaled as if it were a single.pure gas with a pseudo- 
critic^ pressure and temperature estimated by a method of molal averapng. 

, 0, ;(re)„l«ur, = (J'.)«9b + {T^im + (rc).y, + • • • 

i‘;. (Prloaljre = + (pc)<!/e + ;> 

where (Te)® is the critical teiupcratnre of pure a, etc.; (pe)aiBthB critical pres- 
iufelif pure a, o'tc.; and is tiie jnol fraction of a, etc. For a gaseous 
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By algebraic roarrangemeht, ' ' 

, (Qi/ri) + (Wir;), Vo 

Clapeyron Equation. 

0 


dT ATVii ; 

This import^t relation is useful in calculations relating to constabt-pres- 
sure evaporation of pure Buhstances. In that case the equation may be 
written ' ' ■ 


Vo = 


ho 1 
AT {dpJdT) 


where the symbols are as on p. 321. 

Entropy. For reversible cyclical processes in which the 'temperaturb 
varies during heat absorption and rejection, i.e., for any rcocrsiblc cycle, 

= 0. Consequently, for any rcrcrwlilc proccaa is not a function of 
the particular rereratZilc path followed. This integral is called the -entropy 
change, or ^ = iSa - 5i = 5i:. The entropy of a substance is depend- 

ent only on its state or condition. Mathematically, dS is 'a complete or 
perfect differential and 5 is a point function 5n contrast with Q and 17 which 
are path functions. For any reversible process, the cliango in entropy of the 
system and surroundings is zero, whorcas for any irreversible process, the 
net entropy change is positive. 

All actual processes arc irreversible and therefore occur with a decrease in 
the amount of energy available for doing work, i.c., ’'rith an increase in 
unavailable energy. The increase in unavailable energy is the product of 
two factors, To the lowest available temperature for heal discard (practicaUy 
always the temperature of the atmosphere) and tho net change In entropy. 
The increase in unavailable energy is Tt AS^i. Any process that occurs of 
itself (any spontaneous process) will proceed in such a direction' as to re'sult 
in a net increase in entropy. TTjis is an important concopt’in the 'application 
of thermodynamics to chemical processes. 

Availability of a system or quantity of energy is defined as 21 = i/ - ToS. 
In this equation, all quantities except To refer to the system irrespective of the 
state of the surroundings. To is the lowest temperature available -for heat 
discard. The preceding 'definition assumes the absence of velocity, poten- 
bal, and similar effects, ^ When these are not negligible, proper ^lowance 

must be made, e.n., S = H — ToS + ' By substitution of 

- 2d Q J , 

y = ToSij in the appropriate first-law expressions, it may be shown that for 
sny sfeady.flow process, or for wiy constant-pressure non-flow process, 
decrease in availability is equal to the m^Trimurn possible (reversible) net 
discard at To. ' ' 

l^he availability function B is of particular value in the thermodynamio 
analyaie of changes occurring in tho stages of a turbine and is of general 
’Guilty in determining thermodyna^c effidenciee, i,e„ the ratio of actual 
Work performed during a' process io that which theoretically should have 
been performed. 

Free energy, the Gibbs function, is defined as 

2 -TS ■ ■ 
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3.. Isothermal. (Constant Temperature) : j)s/pi = Vi/Fj. • 

c/: - Ul = 0. Wtt = teBrio&(r,/Fi) = piFi logeCrj/F). 

8»-ft»Qu/r = u.A2?loB,(72/F.). 
Table 16. Polytropic Expansions 
(See also p. 1636 for a chart of p, V , T , n relations for air) 



' ‘ n 1 

n ■ • • ■ 

p« 

1.4 

1.3 

1.2 


1.4 

1.3 

1.2 

1.1 


i" . '■■■ 

7»/Vi - 

(pi/pj)'/’ 



1 

1:1 

1.070 

1.076 

1.083 

1.090 

1.028 

1.022 

1.016 

1,009 

1,2 ' 

1.139 

1.151 

1.164 

1.180 

1.053 

1.043 

1,031 

, 1.017 

1.3 

1 . 2 C 6 

1,224 

1.244 

1.269 

1.078 

1,062 

1.045 

1,024 

\A 

■ 1.271 ' 

1,295 

1.323 

1.358 

I.IOI 

1.081 

1 , 058 ' 

1.031 

1,5 

1.336 

1,366 

1.401 ' 

1.445 

1.123 

1.098 

1.070 

1.038 

1.5 

1.399 

1,436 

1.479 

1.533 

1.144 

1. 115 

1.081 

1 . 044 ' 

1.7 

1.461 

1.504 

1.557 

1.620 

1 164 

1.130 

1.092 

1.050 

1.8 

1.522 

1,571 

1.635 

1.706 

1.163 

1.145 

1. 103 

, 1,055 

1,9 

1.581 

1.^8 

1.706 

1.791 

1.201 

1.160 

1.113 

1.060 

2.0 

1,641 

1,703 

1.782 

1.879 

1.219 

1,174 

1.123 

1.065 

7 5 

1,924 

2.023 

2.145 

2.300 

1.299 

1.235 

1.165 

1.087 

3.0 

' 2.193 

2.330 

2.498 

2.715 

1.369 i 

1.289 

1.201 

1.105 

3 5 

2:449 

2.624 

2.842 

3.126 

1.431 1 

1.336 

1.232 

1 .I 2 I 


2.692 

2.907 

3.117 

3.505 

i .487 1 

1.378 

1.260 

1.134 

45 

2,926 

3.187 

3.500 

3.925 

1.526 i 

1.415 

1.285 

’ 1,147 

50 1 

3.156 

3.449 

3.824 

4.320 

1.583 : 

1,449 

1.307 

1.157 

5 5 

3,378 . 

3.712 

4 . M 2 

4.710 

1 627 

1.482 

1,328 

1.167 

6 . 0 , 

3,598 ! 

3,970 

4.447 

5.100 

1.666 

1,512 

1,348 

1,177 

6.5 

3,809 ' 

4,218 

4.760 

5.483 

1.707 

1.540 

1.366 

1.186 

7.0 

4.012 

4 467 ! 

5.058 

5.861 

1 742 

1,566 

1.383 

1,194 

75 

4,217 

4,710 ^ 

5.360 

6.250 

1.778 

1,591 

1.399 

1.201 

8.0 

4,415 

4.930 1 

5.650 ; 

6.620 

1.811 

1.616 

1.414 

1.208 

9.0 

4.800 

5,420 1 

6.240 

7.370 

1.873 

1.660 

1.442 

1.221 

10.0 

5.188 

5.885 1 

6.820 

8.120 

1.931 

1,701 

1,458 

1.233 

11.0 

5.544 

6,325 

7.376 

8.845 

1.984 

1.739 

1.491 

; 1.244 

12.0 

5,900 

6.763 

7.931 

9.574 

2.034 

1,774 

1.513 

1.253 

13.0 

6,247 

7.193 

8.478 

10.30 

2.061 

1.807 

1.533 


14.0 

6,587 

1 7.614 

9.018 

11.01 

2.126 

1.839 

1,549 


15.0 

6.919 

8.030 

9.551 

11.73 

2.168 

1.866 

1.570 

„ , 1.279 

16.0 

7.246 

8,438 

10.08 

12.44 

2.206 

1.896 

1.587 

1.287 

17.0 

7.566 

8.841 

' 10.60 

13.14 

2.247 

1.923 

1.604 

1.294 

18.0 

7.882 

' 9.238 

1 11.12 

13.84 

2.284 

1,948 

1.619 

1.301 

19.0 

8.192 

9.631 

11.63 

14.54 

2.319 

i .973 

1.633 


20.0 

8.498 

10.02 

12.14 

15.23 ■ 

2.354 

1,995 

1.648 

1.313 

22'.0 

9.097 

10.78 

13.14 

16.61 

2.418 

2.041 

1 .674 • 

i .324 

24,0 

9,680 

11.53 

14.13 

17.97 

2.479 

2.082 


' ' 1.335 

26.0 

10,25 

12.26 

15.10 

19.34 

2.537 

2.121 


... 1.345 

28,0 

10.81 

12.98 

16.07 

20.68 

2.591 

2.158 

1.743 

1.354 

30.0 

11.35 : 

13.68 

17.02 

22.02 

• 2.643 

, 2,192 

1.763 

1.362 

32.0 

11,89 

14.38 

17.96 

23.35 

2.692 

2,225 ' 


1.370 

34.0 

12.42 

15.06 

18.89 

24.68 

2.739 

2,256 - 


1,378 

36.0 

12.93 

15,74 

19.81 

25.99 

2.1 M 

2.287 


1.385 

38.0 

13,44 

16.41 . 

20.72 • 

Z 7.30 

2.827 



1.392 

40.0 

13.94 

17.07 

21.63 

28.60 

2.869 

1 

2,343 

1,850 

1.395 
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■ By eQuatog theso^tirioue'yjrmB'jii th'c third column 'whioh'arcrequal, pno 
mayobtain- " '■ ■' 

. /Ml ' 

’ ' \ds)t^\Ss/p ' ‘ "\dv'/, \dv/T 

}dh\ /M /if\ >/'^Y' 

UA "U/r . . , Wp WA- -- . 

' By matbematical manipulation of equations previously given, the following 
important relations may. be forraulated: _ , ,, , , 

(%)r “ 

Relations involving g/tr, hi arid 8! ' „ 

dj - c^r + - ‘tiT - Ar(|i)^d!> 

d» = «il + A - fjdt 

dft-e,dr-4[T(^)^-.]dp' 

A . d. . - A(|)^dp 

Since q •— AiF » wu apd h = « + Ape, for reversible procesaos - - 
’ du = Tii — Apda and dA = du + Apdu, rt-.Atdp, . ; ; . 
it follows that ' • 

B«ttWT.bleM,i(|)^=-(g)-- ,, , ;■■ 

'I-':’ 

Similarly, ' > .'■'■■ ' i' ‘ ' .,. 

V' 

These last two. equations. giye in.tenns of ji,.»,_and T_tbe .necessary relations 
that must hold for any.systein, .however; complex. An.equation.in p, .arond 
T for the properties of a substance is called qn-t^uatiph'of state.: iiThese two 
equations applicable W. any. juhBtenco^ibr ^dtem; hre hnbwn a6,;thermp- 
dynamic equations of 'state'.' ' -.’/•lA"; .r-!; ' -ii’ , ■■■! ■. 
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from Moss and Smith, “Ehpiieemiig'’‘C{Hnputj^on9^ for- Air'and' Gases,” 
Trons. 1929) wHeh iBicaIculated‘for,.(i: ,-!)/};■= 0.29, or-.h 

1.3947. /These values apply to nonu^.air -with 36 percent humidity and to 
perfect diatomic gases. For values of (^jO greater, than 10, the entries 
in Table 16 for n = 1.4 are av^able; Ihew pvc the quantity T + I. 

Determination of Exponent n. Lay off succesave values of p and 7i 
measured at chosen points on the curve under investigation, on logarithmic 
cross-section paper; or, lay off values of log p and log V on ordinary cross- 
section paper. If _n is a constant, the points' trill lio in s straight line, and 
the slope'of the line gives the value of n. 

If iTJoirepresehtative, points' (pi, Fi and pi, Ts) be chosen, then 

; . n-= (logpi r-log.pi)/(logy* -logFi)' 

Several pairs oi pointe should he used to test the constancy oi n. 

Changes of State with 'Variable Specific Heat. In case of a consider- 
able range of temperature, the assumption of constant specific heat is not 
permissible, and the equations referring to changes of state must be suitably 
modified. Experiments on the spedfic heat of various gases show that the 
specific heat may gometimes be taken ns a linear function of the temperature; 
thus, a a hT; cp ^a' bT. Id that case, the following e^rebions. 
apply for the'chango of internal energy and entropy, respectively! , /, 

- Ui = tplafr: - Ti) + 0.5h(r:» - Ti*)] 


5! - fii = m[a log. (f»/r,) + HTi - f,) + AE log, (Fj/Fi)] 
and for an isentropio change, '• 


TFu - J{V, - V,) 


AB log* (pj/pi) - {a + AR) log, (Tt/Ti) -f h{Tt - Ti) , 

• AR Iog.-(7,/7j) » a log, (Ti/r.) + 6(3*, - Ti) 

Graphical Representation. The change of state of a substance may 
be shown grapUcally by taking any two of the six variables p, 7, T, S, V, 'H as 
independent coordinates and drawing a curve to represent the Buccessi\'e 
values of these two variables as the change proceeds. "Whilo any pair may 
be chosen, there are three systems of graphical representation that are spe- 
cially useful. 

ii p and V. , The curve {Fig. 6) represents the simultaneous values of p 
and V during the change (revernble) from state 1 to state 2. ThC' area 
' ■ j- t ! TFs i - • 

betweenthecurveandtheaiisOriBgivenbythemtegral I pd7 and th'ere- 
: ;• . I • J7i I. • : , 

fore represents the external work ’ITii done by tho gas during the change. The 
area included by ‘a clokd cycle represents the work' of the cycle (as ih the 
indicator diagram:of the, steam ei^c). • 1 , 

2. ,T and S (Fig. 6). ,;The absolute temperature ^,15 taken as the ordinate; 
the entropy S ag the abscissa. The Brea.,be<^w6ea, the, curve of change pf 


■ . rst 

state and the fi-axis is given Iw the intogral I TdS, and it therefore repre- 
\ ^ . '■ JSi ; 'i 

Bents .the heat On' absorb^ by tiie substance from 'external soure'ea proHded 
there are no irreversible effects." .On tlih.‘?-£ diap^, an isothermal' is a 
straight line, as Afi,:parailel to tlie'iS-axia;-a rpserntfe adiabatic is.a straight 
line, as CD, parallel to .the T-axiB. 
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•wliere V iB-now tiis total gas volume axid -N is the' number -of molecular 
weights of gas in the volume 7,’wlule' K is the molecular weight and 'MR 
the universal gas constant. If the timouht of gas is expressed as' tt) Ib,,th6 
preceding equation becomes ' • ' ' 

pV >=viRT 

For all perfect gases, il/J2 in Ib-ft.is 1546.. One pound mol of any perfect 
gas occupies a volume of 359, cu ft at 32 ’F and 1 atiri. ' 

For many engineering purposes, use of tho gw laws is permissible up to 
pressures of 100 to 200 lb per sq in. if the absolute temperatures are at least 
twice the critical temperatures. Below the critical temperature, errors 
introduced by use of the gas laws may usually be neglected up to 15 lb per 
sq in. pressure although errors of 5 percent arc often met when dealing with 
saturated vapors. ' 

The van der Waala equation of state, p = - b)] - a/o-, is a 

modification of the perfect gas law which is sometimes useful at high pressures. 
The quantities B, a, and h are constants. 

Approximate P-V-T Relations. For most gases, suitable P-V-T data 
are not available. An approximation useful under such circumstances is 
based on the observation of van dcr Waals that in term's of reduced properties 
most gases approximate a common reduced equation of state. The reduced 
quantities arc tho actual ones divided by the corresponding critical quan- 
tities, e.o., the reduced temperalure Tr = rarttt»i/?’ctW 5 QJt the reduced ^'olumo 
iR = Hwwai/toritlMl. the reduced pressure pR = paciusi/pciiiicul- The gas 
laws may be made to apply to any non-perfect gas by the introduction of a 
correction factor it 

pV = iiNMRT 

When the gas laws apply, ft - I aud on a molal basis it = pV I MRT. If 
on a plot of n versus pR lines of constant Tr are drawn, for different sub- 
Btanoes these are found to fall in narrow bands. Single Tr linos may be drawn 
to approximately represent the various bands. This has been done in Figs. 
3 and 4. The first chart is for low ranges of pR and Tr and is based on data 
for hydrocarbons above methane. Tho second for high ranges of pR and Tr 
is based mainly on hydrogen, nitrogen, and oxygen. To use the charts, only 
the critical pressure and temperature of the gas need be known. 

Hxample. Find the volume of 1 Ib of steam at 6,500 lb abs and 1200 F (by steam 
tables, * = 0.1516 cu ft per lb). . - , , 

For Water, critical temperature “ 705.4 F; critical pressure = 3,200.4 lb per eq in. 
abs; reduced temp *= 1600/1105 = 1.43; reduced pressure =• 5,500/3200.4 = 1.72 

M (see Fig 3) = 0,83, t = 0.83 = aU9 cu it. Error = 100(0.162 - 

(18)(S500)(144) 

0.U9)/0.152 = 1.7 percent. If the gas laws bad been used, the .error would have been 
17 percent, ; i . . . i 

For gases not conforming to these charts, sati^actory approximations may 
bo obtained by using so-called pseudo constants empirically chosen. 


Pseudo-critical Constants 




318 


TBERUdDYNJ-lliCS 


'If the cyde is traversed 5a‘'flie revCTse 'sense,' Qa = toASTulogHVi/Vi) 
is'tlieheatabsorbodfromdiecoIdbody;(brine),andtheratioQ«: A(^ = Tt: 
{T - To) is the coefficient of performance of the refrigerating machine. 

Stirling and' Ericsson Cycles. Jn the Stirling air ensue (Fig, 9), the 
adiabatics of the Carnot cycle are replaced by constant-volume curves; in the 
Ericsson engine, by constimt-preBSUre curves. By 
the use of a regenerator, the heal Qn rejected during 
the operation 23 is stored and is given back to the 
medium dui'ing the operation 41. In the ideal 
case, Qu ='Qu, hence the heat absorbed from the 
source is Qn = wAST ]ogi Vt/Vt, as in the Carnot 
cycle, and the efficiency is identical with that of 
the Carnot cycle. ■ ■ 

Air engines of the Stirling and Ericsson type, 
in which the medium is separated from the furnace . . 

by a metal wall, have been fiulnres, and have been q I i I 


replacedbytheintcrcai-combusUontype.inwhich 9 -Stirling Cvcie 
tbeaircomesintodirectcontactwiththe/uelinsidc ’ ’ 8 y ■ 

of the working cylinder. The rapid chemical action supported by the medium 
itself makes possible Uie rapid heating of large quantities of gas to a'very high 
temperature. By proper cooling of the outtide surface of the metal walls, the 
dotorioration of the metal is prevented even at high temperatures. 

The ideal cycles usually employed for internal'Combustion engines may be 
classified in two groups: (1) Explosive— 

Otto. (2) Non*explo8ive— Diesel. Joule. 

The Otto Cycle (Fig. ID). Isentropic 
compression 12 is foUowed by ignition and 
rapid heating ct constant volnmc, 23. 

This is followed by isentropic expansion, 

34. Assuming constant specific heats the 
following relations hold: 

6-1 

— ~ Tl — f ^ — 

Ti " r* " \vj 

k-l 6-1 


fSi) * - fll\ 
\pj ~ W 


Qa = vrcpiTi - Ts) 

(IF) = JQa[l - (T./Ts)] = 

Jiw,(rs - r* - r. + ro 


Efficiency 1 


Ti 


" W 

— te) 


hzl 0 



Fig. 10.— Otto Cycle. 


. If the compression and expamdon' curves arc polytropics with the same 
value of 71, replace 6 by n in ihe firat relation above. In tb's case, • 
(TF)"='[(psFj-p470 -(psFj-jjirOVfn-l) ‘-wR{T,~Ti^Ti:\-T{)/in-l) 
The mean effective pressure of the diagram is given by 
P*i =apir(pj/p0’- 1] 

where o has the values given in the following table. 
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mixture made' gases a, h;> C,' etc;, .thc'pseudo^ritical .conatants ’havihg 
been determined,, the gnBcousmixture is handled on the /ii charts as ifut were 
a single pure gas.. • ,, 

Perfect Gas Mixtures.. Let F-denote^the total .volume of the mixture, 
wi, Us, W3 . the weights, of the’ constituent ^'gaflesl’'^!w R:, Ri . . . the 
corresponding gas constants, and Rn ttie constant for, the .mixture. ..The. 
partial pressures of the constituents, t.c., the pressures that the con- 
stituenta would have if oocupying;the total volume F, aro-pi « wiBiT/Y, 
j3i = ifliRsf/Fi etc. ,t • ., ,, ; ■ 

According to Dalton's law, the total pressure p of the mixture 'is the 
sum of the partial pressures; t.e., p = pi + p: + Pj + • Dot' w = 

iBi + trj -H ws'H* • ■ •denote the to^ weight of 'the mixture; then pF = 
tBflmrand’Bw *= 2(u)iK{)/tc. Alsopi/p « wiRi/uiBw. pijp - ,wiRi/viRm, etc. 
'Let Fi, Fj, Fj . . . denote the volumes that 'would' be occupied by the 
conslituenta at pressure p arid tompctatuTc T (these aie'givcn’by the volume 
composition of the -gas). Then F = Fj + Ft + Fj + • • • and the appar- 
ent molecular weight nin, of, the mixture is Wn. = 2(iriF<)/F. .ThonlHm = 
154C/mm. The subaoript i denotes an individual constituent. . | 1 • 
Volume of 1 lb at 32 F and atm pressure *= 359/mm/ ! " ' 

Weight of 1 cu ft at 32 F and alni pressure « 0.002788mm. ' , 

The specific heats of the mixture arc, respectively, ' ' 

Cp = r(»,-Cpi)/W, Cv = IiWiCri)/V3 ' 

Internal Energy, Enthalpy, and Entropy. li a 'perfect gas.witli ooii- 
etsnt specific heato changes from an initial etatb pi, Fi, Ti, to 'a final state 
Pji Fs, Tti the following equations hold: ' ' ■ 

j7, - [7, a - r.) = A(p:F. - piFi)/(fc 1) : ' . < 
vCfiTi - r,) « AkijnVi - pxVi)f{k - 1) : < 

Si - <Si = to^c, log, + AR log, = uf^Cp log, - AR log, ’ 

In general, the energy per unit weight is « «e,7' +«(),. ' • r, 

the enthalpy is A = + Ak, ... 

1 ' and the entropy is s «'c, log, r d* 

“ Cji log, r,- AR log,p + s'« ='Cj,logeC +.Cplog, P +;,s'!g | 

The ^two fundamental equations lor perfect gases are '' ; ^ ‘ 

,,•> ' dq - c^dT Apdv, ■ . dq = <^T ~ Atdp \ 

• Special Changes©^ State for PerfectcGases : /> ; rlf 
' - ; ' ^ (Specific boats assumed constant) 'l-l! ('; , j 

In the'following formulas, the subscripts 1 and,2;referj,to the initial and 
final states, respectively. , , , • ' i i • i' 'i i 

i. Constant Volume : pj^jn ;= rj/Ti; ' , •'/' , (j • 'r' !'■ i 

Qjj « i/ji,- jj^ a — tj) •- AF(jA'- pi)/(i - 1).' :i ’ j.F 
Si -7 si-,»= ti«^log,(riM),‘,p ^ ; , ■ 

2- Constant Pressure : FjM 4 r^/Fi. • V. rI \ ; ,, 

i*', , I ; ‘ , JlTPjj = p(fe 4 ( 

' ' ' ' Cii"® u'Cyfti ■— io “ i)V’' 1 [ 

gf sr^TO^ogj^ri/rO'. 
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effected is best shown on the fiSphuie (Kg. 14). "With single-stage compres- 
sion';' 12 represents the’ compressnon frdm'pi to pi, and if the constant-pressure 
line, 23 is drawn cutting the isothenud ^ough point Tin point -S,' the, area 
1'1233' represents the work If. ‘When’ two stages are used; 14 represmts the 
compression from pi to an intmn^ia'te pressure p',' 46 cooling at corisUnt 
pressure in tho'intero'ooler betwech'tie cylinders, and 56 the compression in 
the second stage. The areaunder 14663 representethe work of the two stages 
and the area 2456 the saving effect^ by compounding. This saving is a 


Fio;- 13. , Fia. 14. 

■ . ' Air^compressor Cycle. > - , . 

maximum when Ti Tt. and this is tho case when the intermediate pressure 
p' is pven by p' =• s/pipt. 8ecp. 1649. 

The total work in two-stage compression is 

-7ipiri((p7j>i)<""»/* + (pt/pO'"'”/* - 21/(n - I). 

Vapors 

General Characteristics ol V^ors. Let a gas be compressed at con- 
stant temperature; then, provided this temperature does not exceed a certain 
critical vduO, the gas bc^ns to liquefy at a definite pressure, which depends 
upon the temperature. At the beginning of 
liquefaction, a unit wei^t of gas will also have a 
definite volume Vg, depending on the temperature. 

In Fig. 15, AB represents the compresaon and the 
point B gives the saturation pressure and 
volume. If the compresHon is continued, the 
pressure remains constant with the temperature, 
as indicated by 'BC, until at 0 the substance is in 
the' liquid state .with the volume »/. 

The curves c/!and v,, giving thh volumes for 
vario'us temperatures at the end and , beaming of 
liquefaction, respectivdy,maybe,(»lled the limit 
curves. A point B on curve Bj repre^ts the 
statedfsatuiatedvapdriapointConthecurve Fiq.'15. 

*/ represents the liquid 'state'; and a pmntJtf be- -h. ' 

twoon B and C represents a miitnre of vipor-and liquid of which the part a ~ - 
MC'/BC'ia vapor'snd the parti —x'.=-BM/BC is liquid.. The ratio x iS; 
called the qu^ity of the miztUiO.. - The repon' between the curves «/. and. > 
T(.i6 thus the regiodbf liquid'&nd vapor mixtures.: The.regionto the ri^t'of 
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4. Reversible Adiabatic. Isentropic; piVi^ ~ pzViK 
Tj/ri = = w + 1). 

AWu = Uv - U: = tDC,(ti - ij). Qi: = 0. ' «i - 8j » 0. • 

Fi! - Cpifi - M/ih - 1) = diYiU ■- - 1) 

, . . =p,Y,~/(h~i)=py>r/»-i) 

For values of r, 8D6 Table 17. . ■ — . 

6. Polytropic. This narno is pven to the change of state which is repre- 
sented by the equation pT''" » const A pofytropic curve usually repre- 
sents actual expansion and compression cuntee in motors and.air compressors 
for pressures up to a few hundr^ pounds. By giving n different '\'Q]ues and 
assuming specific heats constant, the preceding changes may be made special 
cases of the polytropic change, thus, 
for fl. = 1 , pfl = «50Q6t. isothcrtnal 

n - k, pt* = const. isentropic 

n 5= 0, P = const, constant preasuro 

n = «, V * const constant volume ’ 

For a polytropic change of a perfect gas ffor which c, is constant), the 
specific heat ia pven by the relation 'c, « c,in - k)l(n - 1); hence for 
1 < n < fc, Cn is negative. This is approximately the case in air compres- , 
8lou up to a few hundred pounds pressure. The following are tho principal 
foraulas! jnVi" TifTi «* {Vi/rs)“"‘ = 

Fis ss (piVi -! p:F!)/(n “ 1) a piFifl — (p:/pi)^"“'*'"‘]/(n - 1). 

Oil * tacnffi - h). 

AFii; Ui — tfiiQit * fc — 1:1 — n:k - n 
The quantity Y - (pi/pi)**^'^^^ ~ 1. occurs frequently in calculations for 
perfect gases. Values of this quantity aro given in Table 17 (condensed 
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u/jr =«?-«/ ^'increase of intemd energy during vaporization. 

*/» = Sf —Sf ~ h/ffT = increase of entropy dflring vaporization. ■ 
Apv /5 = vfork performed during vaporisation. 

The energy equation to the vaporization process is 

A/» =* «/ff + ApB/j 

The properties of a unit weight of a mixture of liquid and vapor of quality i 
are given by the following expressions. 

V =V/ -(-Xt/g 1i = U/ -f £U/g 
h = hf + xAfy * = «/ + xs/t 

Tables of superheated vapor uauidly give values of a, h, and » per unit weight. 
The internal energy u per unit weight can be found from the equation 

11 = ft — Apt 

or with p in Ib per eq in. 

V = k - 0.1852pti 

Charts for Saturated and Superheated Vapors 

Certain properties of vapor mixtures and superheated vapors may be 
shown graphically by means of charts. Such charts show the behavior of 
vapors and have a practi- 
cal application in the solu- ^ ^ ^ ^ ^ , / , i . 

tion of oertain problems. 

1, Temperature- *5 * 
entropy Chart. Figure *g 
16 shows the temperature- ^ 
entropy chart for water I 
vapor. The liquid curve is d> 
obtained by plotting cor- •« 
responding values of f and £ 

8/, and the saturation curve ? 
by plotting values of T and g 
Sfl. The values are taken ^ 
from Tables 20 and 21. | ' 

The two curves merge into 
each other at the critical 
temperatureT =* 1105.1H. 

Between these two curves, 
constant pressure lines are Entropy 

also lines of constant tem- Fio. 16.— Temperature-entropy Chart for 
perature;butatthc8fltura- Steam, 

tion curve the constant 

pressure lines show a sharp break with rising temperature. The constant 
quality lines x = 0.2, 0.4, etc., are equally spaced between the liquid and 
saturation curves. 

Kgure 17 is a temperafcnre-entropy chsai for air from Hausen {"Der 
Thomson-Joulc-Effckt," ForjchiMipjoTi)., 274, 1926) and is in motrio centigrade 
units; pressures are in. metric atmospheres (kg per sq cm). Lines of constant 
enthalpy are included and are valuable for throttling processes. 

Figure 18 shows a temperature-entropy chart for isobutane. The form 
of the saturation curve is worthy of note. In the case of water vapor, this 
curve has amegative slope throu^ut;*but in tiie case of isobutane, the curve 
has a positive slope except near the critical temperature. In the case 0 / water 
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• In the case ol internal generation oi hont;througli friction, aain Bteam-tiir- 
.cJidO' ". "■ { ' ■ -• 

hbeSj/the increasd of entropy ia ^^yen-by L - (seo p. 307) and the area 
under .the curvBjrepresenta the heat ,Q'. thus generated, In this case, an;adia- 

n pfrnicrhf linA nnrnllf^l in tllA 'T.nxU,' 





Fig.!?. 


3; H and S. In the system of rcpresenlotion devised by Dr. MolUer,' the 
enthalpy H is taken as tboordinatcaodthoentropySaBibeabsciBsa. If on 
this diagram (Fig. 7) a Una of constant prcaauro, m 12, bo drawn; tha'baat 
absorbed during the change at constant pressure is . , 
riven byQw « ffj - //i.andthisisreproscntcdby sj 
the lino segment 28. The blolller diagram is 
specially useful in problems that involve tbo flow of 
fluids, throttling, and the action of steam in tur- 
bines. A Mollier diagram for steam is pvon on p. 

326, and for ammonia on p. 340. 

‘ Ideal Cycles with Perfect Gases 
Gases are used aa heat mediums in several impot- q 
tant types of, motors. In air comjwcssorB, air 
ea'rihes, and air refrigerating machines, atmos- 
pberic air is the medium. la the interaabcombustion engine, the medium is 
a mixture of products of combustion . , Motors using gases are operated in 
certain well-defined cycles, which arc described bdow. lii the analyeeB given, 
ideal conditions that cannot bo alt^ed'Hy 
actual motors aro assumed. However, con- 
clusions derived from such analyses are 
usurily approximately valid for tho modified 
actual Cycle, 

In the following, the subecripts 1, 2, S, etc., 
refer to corresponding' points shown in. the' , 
figures.-.- -The -work-of the cycle is dendti^ by 
(If) and .the net, beat, absorbed by (Q),/ '• I 
Carnot Cycle. The Carnot cyde (Kg. 8) 

^of historic interest. .:Il conM8t8,of.two iaothermal8.and two iflentropics. 
The heat ahuorbed alonigthe.uppBriBotiicrmal(12i8Qij i= wARriog, (Vj/Fi), 
and the beat transformed into work, represented by the cycle area, is i(F) (= 
0'-fi - (To/rii: 



j ", 



4 



,V 


’ Fio. 8. — Carnot Cycle. 


Qidl - 
Hence, 


■ ' ' '(If) W ttB(r - rid 14 (Vj/Vi)' 




. T.HBBMODYNAMICS 


Following a constant entropy line from tie point 240 lb, 580 P, It is found that, this 
line, intersects the linc ,p = 60 lb on the aatumtion curve and that thevalue of ^st tho 
point of interacotion is 1177.6 Btu, Hence tile steam in the second state is just satur- 
ated, and the decrease in enthalpy ia'1308.S — 1177.6 "130.9 Btu.’ 

3. Pressure-enthalpy Chart. For refrigeration media It is. convenient 
to use pressure and enthalpy na the variables to be plotted. Such a chart for 
ammonia is shotm in Fig. 21, p. 340. 

■ ' -vcri _ . 

■cal TemoeririJ/re— pt— I- [ 


0 0,^ 0.4 06 08 10 12 1.4 L6 1.8 20 22 
Enfropy 

Fioj 19. — Entbnlpy-entropy Chart for Steam. 

Chanfes’Of State. Superheated Vapors and Mixtures 

of Liquid and Vapor ‘ 

Isothermal. In the only important cases, the fluid isainixture of liquid 
and vapor is hoth initial and Btates. " ; ^ 

{ = const. p — const. n, xs » initial and final qualities 

• Qii' = --ii). Ui — Ui ='vmfg{zt.— a:i) 

■ ; ' tcpT/ff(ii — n). St-Si = QKfT " 

Constant Pressure. If the fluid is a mixture at the bcgiimisg land , end 
of the change, the constant pressure change is also isothermal. If the initial 
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Vi/Vi = 3 4 6 0 8 10 12 14 16 

(„bU) 0 = 1.70 1.94 2.13 2.31 2.62 2.88 3.10 8.31 3,50 

ti = 13). 0 = 1.09 1.92 2.11 2.28 2.67 2,81 3.03 3.22 3.39 

(f, = 1.2) 0 = 1.68 1.90 2.08 2.25 2.51 2.74 2.94 3.12 3,27 

The Diesel Cycle. In the Diesel oil engine, air ia compressed to a high 

pressure. Fuel is then injected into the air and, as the temperature is above 
tile ignition point, burns at nearly constant pres- 
sure (23, in Fig. 1 1) . Isentropic espanaon of tlie j, 
products of combustion is followed by exhaust and 
suction of fresh air, as in the Otto cycle. 

The work obtained ia 

(If) = Jw[c^(T, - T,) - UTa - Till 
and the efficiency of the ideal cycle is 
1 - ((Ti - Ti)MT, - fs)] 

The Joule cycle (Fig. 12) coneiste of two lacn- 0 
tropics and two constant-pressure lines. The Fio 11, — Diesel Cycle, 
following relatione bold; 

- y*/Vi = n/Tt = Ti/7i 

I* 

\Vi) “VpJ 

(If) « JviCpiTi -Ti -Ti + Ti). Efficiency » (TF)/JQ;s » 1 - {Ti/Tt) 
For the use of the Joule cycle in refrigeration, eco p. 349. 



Fig. 12.— Joule Cycle. 


Air Compresaion. It is assumed that the compressor works under ideal 
reversible conditions without clcarmice and without friction losses and that 
the changes are over ranges where the gas laws are applicable. Where the 
gas laws cannot be used, analysis in terms of pt charts (p. 311) is convenient. 
If the compression from pi to, pi (Fig. 13) follows tho law p7" = const.,' the 
^ork represented by the indicator diagram is 

-If = n(piVi - pi7i)/(» - 1) = npi7i[(pi/pi)('‘"iVn - i]/(n _'i). , 
The temperature at tho end of compression, is given by T 2 /T 1 = 5 , 
(pi/j)i)(n~i)/ft. .The work W is smaller the smaller tho value of n, and. the 
PUrposeiof the water jacket is ‘to reduce n from the isentropic value' 1,4.' 
Uuder usual working conditions, n is about J.3. ' - - ■ • 

When the pressure 'pj is high, -it is advanta^us to'divide the proeoBs' into . 
wo or more stages and cool the air between the cylinders. The saving 
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curve -if is iiie reglotv ot •supeihea.'lwd TOpot. ■ The curve Sj dividing tbeso 
legions reprcacntfl the 80 -|alled saturated Tapor, ' 

For saturated vapor or a iwxture of 'vapor' and^ liquid, tho' pressure is a 
function of the temperature only, and tho volume of tho mixture depends upon 
tho temperature and quality *. That is, p = /(f) , t == F{1, x) . 

For the vapor in the superheated, state, the volume depends on pressure and 
tempcrature'ii) = Fi(p, 01. und the^ may be varied independently. 

Critical State. If the temperature of the gas Hes above a definite tempera- 
ture tc called the critical tomperature, the gas cannot be liquefied by 
compression alone. The saturation pressure corresponding to tc is the 
critical pressure and is denoted by pt. At the critical state, the limit curves 
tf and »5 merge; hence for temperatures above it is impossible' to have a 
mixture of vapor and liquid. Table 18 gives the critical data for various 
gases; also the boiling temperature h coixcspondiag to atmospheric pressure. 


Table 18. Critical Data for Various Gases 
(Condensed from the Int^atioiuil Critical Tables) 


Substance 

(i 

, degF 

degF 

?• 

atm 

cuft 
per lb 

Sub- 

slancQ 

. b 

. degF 

u 

^dcgF 

V> 

. atm 

■ P« 
cu ft 
: per lb 

Air 

1 -J17.6 

-220,3 

57? 

0 0457 

CtH.... 

-177,5 

pfin 

48.2 

0,079 


-452.0 

-450.2 

? 76 

0.231 


- 48.1 

206.26 

42,01 

0,071 

Hydrogen . 

-422,9 

-399,8 

12.8 

0.516 


31 5 

307,4 

37 48 

0,071 

Argon 

-J02.3 

-187.7 

48.0 

0.03 


97.0 

387.0 

33 

•0,069' 

Nitroeen.. 

-320.4 

-252,8 

55 5 

0.053 


156.1 

.454.6 

29 5 

0.0685 

Ozyges.... 

, -29? .2 

-m,8 

575,6 

, 49.7 

10.037 

CiIIk... 

1 209.2 

517.1 

27,65 

24.8 

fi? 

I 0.0685 

Chlorine . . 

-30,3 

291.3 

76.1 

0.028 

CiHs... 

,-118.5 

■ 96,3 

0.0693 

HCl 

-17,1 

124,5 

81.6 

0.038 

CjHi... 

,-155.0 

49,3 

51)9 

0.073 











NO 

, -239.8 

-136,7 

65.0 

0.031 

CiHi... 

231.3 

609.1 

41.6 

: 0.055 


-129,1 

97 7 

71-7 

0.036 

CH«0 . . 

1 147-3 

464.0 

78 7' 

0.059 

NHj. ...... 

-28 

270.3 

IM 5 

0.068 

CjHtO.. 

173.0 

469,6 

63,1 

0.058 

HlO.,;... 

211 

705.45 

218.53 

0.0503 

C»HsO.. 

153 

455 

,47 

, 0,060 

80i 

14 

• 315,0 

77,7 

0.031 

C 4 H..O. 

nil B 

380.8 

35.5 

1 0.061 

CO: ' 

-313,6 

-220.33' 

34.53 

0.053 

CHCU.. 

142,2 

505.4 


1 0.031 . 


-109,3 

88,0 

73.0 

0.035 

CH,Cl.. 

- 10.25 

289.6 

: 6^8 . 

1 0.043 • 

CH, 

U5.il 

-258.5 

, 525 .A' 
-116,5 

26.0 

45.8 

0.099 


54,2 

%9.ll 

|51 

1 0.W 


Thermal Properties o£ Saturated Vapors and of Vapor and Liquid 
Mixtures 

Notation; 

®/ = volume in cu ft of 1 lb of saturated liquid, 
r ;®ii = volume in cu ft of 1 lb of saturated vapor. 

. cy. =» specific heat of saturated liquid., . . , . 

Cff = specific heat of saturated vapor. , , 

\ = specific enthalpy of saturated liquid and vapor, respoctively.,,, 

Up = specific internal energy of saturated liquid and vapor, respectively. 
«/= specific entropy of saturated liquid. . 

Sp = specific entropy of saturated vapor. , 

I : ®/b = Vp r- r/.ss increase of volume during vaporization. . 

= = heat of vaporization, or heat required to vaporize 1 lb, of 

, liquid at constant pressure and temperature. , 

■ r may be used for h/, when several hea'te of vaporization (as n, n, r 3 ,,etc.) 
are under consideratioE. 
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CHART FOnVArORS 

vapor, therefore, isentropic expanaon of dry vapor (3 = const) ■will fao 
accompanied- by condensation, isentropic coitipression by superheating. 
For isobutane, in theregion 'where the saturation curve has the positive slope, 
the conditions are reversed; isentropic expansion is accompanied by super- 
heating, isentropic compression by condensation. 


MniimmuisssSmm 

- vimmLwuBssmsmmt., 

Immwmmmmuagmmml 






■m 0 01 0.2 03 04' , 05 06 0.7 08 09 

Entropy, k Co!/ Deg C kg 

Fia. 17, — Temperature-entropy Chart for Air. (From Hauscu, “Der 
, Thomson-Joule Effekt,”^’or 8 cA«TH 78 arittre«, 274, 2926.) 


2. Enthalpy-entropy Chart (Mollier Chart). In this chart, the 
enthalpy k is taken as the ordinate and entropy as the abscissa. Figure 19 
shows a Mollier chart for water vapor. A large-scale chart (Fig, 20) covering 
only the region near the saturation curve ia shown on pp. S2d and 327. 

The following examples illustrate the use of the Mollier chMt.' ! ' 

1. Steam enters a superheater at a pressure of 2^ Ih containing 2 percent water. 
It leaves the superheater at a temperature of 580 F. Required the heat per pound of 
Eleam to'effeot this change. 

The initial and final points are located on the Mollier chart. From the enthalpy- 
scale, k « 1184.2 and ii? = 1308.5; therefore gu = 1308.6 - 1184,2,= 124.3 B.t.u. 

2. Steam at p = 240 lb, i = 580F expands ieentropically to a pressure of 60 lb. 
Required the final condition of the steam and the decrease in enthalpy. *’ 
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Table 20. Properties of Saturated Steam.— (Continued) 


tjpecmo 1 

« volume 

:ees, Temp, 

1 Entlmlpr 

Eatropy 

i 

j energy 

^ I Liquid I Vapwl Uqmd | Evap 

Vapor 

! Liquid I Evap 

j Vapor 

1 Evap 
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Elate is in tiic mixlnro YC&on and the final etate U that o{ a superheated vapor, 
the following are the equations for Qu, etc. Leffi:, ui, i»j, and «j be the proper- 
ties of 1 lb of BUperheated vapor in the final state 2; then 

■ Qij = v{hi — hi),' ’ hi “ h/i + iih/ji , 

U 2 ~ Ul ~ — «l), . ttj » li/l + XlUfi\ 

Sj - Si “ U)(«S — 81 ), 81 » 8/1 + Sl 8 /jl 

TTis * icpCiis - »i), oi * «/i + 

Constant Volume. , Since V{ the liquid' volume ia nearly constant, 
anB/ 0 i » 

xi = xi 5 /ffi/»/ 0 *, or - xj = xiUjiAsi approx 
Qi! = Ui ~ Vi - «(«! ~ ui). Fn e 0 
Iwntropic. « = const. 

II the 9uid is a mixture in the initial and final stateB, 

^/i + ** «/» + 

If the mitral state is that of superheated vapor, 

81 * «;: + 

iu which 81 is read from tiio tablo of superheoted vapor. The final value u 
is determined from one of these equations, and the final ener^ ut is then 
Uji + xvufsi- 0i5 * f). Fi; = J(lfi — Vi) ** /irfwi — us). 

For water vapor, the relation between p and v during an isentropic change 
may be represented approximately by the equation pt)" ® const, The okpo- 
neat n is not constant, but varies with the initial quality and initial pressure, 
M shown in Table Vi. 


Table 19. Values of n (Water Vapor) 



The isentropic expanaon of superheated steam ia fairly represented by 
p<P » const, with n = 1.315. 

The volume at theendof'cxpaiiBion (or eomptession) ia Vi « Vifpi/p:)*/", 
and the external work is 

F,i = (piTi - pF7)/tn - 1) = piTiU ' 1) 

If the initial state is in the region of superheat and the final state in the 
mixture region, two values of n'mustbe'usedin = 1.315 for the expansion to 
the. state of saturation, and the appropriate value from the first row of 
Table 19 for the expansion of tho mixture. 

Tables of Thermal Properties of Vapors 
Tables 20, 21, and 22, abstracted from Keenan and Keyes, “Thermo- 
dynamic Properties of Steam,” pve internationally accepted vdues which 
2 'T:e belteved to bo correct wi'ftin very narrow tolerance. They aro a ropre- 
fientation of the results obtained from an organized body of research and 
^Breed to in a series of intemational conferences. 
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Table 20.' ' Propertiea'of^atwat^ -Steam.— (Confinuci) 


Temp, 

• deg r - — ^ 1 - ' - - L ■ 

laquidj VaporjLiquidj EWpjvftporj licjuidj Evap I Vapor! Vapor 


'-755.0,1204.4 0,5487' 0.8147 l.'4634 

750.1 1204.2 0.6536 0:8060 1.4596 

745.4 12)4,0 0,6534. :0,7976 1,4560 

740.8 1203.8 0.6631 0.7893 1.4524 

736.1 1203.5 0.6676 0.7813 1.4489 

731.6 1203.2 0.6720 0 7734 1.4454 

727.2 1202.9 0.6763 0.7658 1.4421 

722.7 1202.5 0.6805' 0.7584 1,4389 

7)8.3 1202.1 0.6846 0.7512 1.4358 

714.0 1201.7 0.6866 0.744! 1.4327 

709.7 1201.2 0 6925 O.WI 1.4296 

705.4 1200.7 0,6963 0.7303 1.4266 

701.2 12M.2 0 7001, 0,7237 1.4237 

697.1 1199.7 0.7037 0,7172 1,4209 

692.9 1199.1 0.7073 0.7108 1.4181 

688.9 II96.6 0.7108 0,7045 1,4153 

684.8 im.O D.7I43 0.6983 1.412G 

680.6 1197.4 0 7177 0,6922 1,4099 

676.8 ll%.e 0.7210 0.6662 1.4072 

672.8 1196.1 0.7243 0.6803 1.4046 

668.8 1195.4 0.7275 0,6744 1,4020 

664.9 1194.7 0.7307 0.668? 1.3995 

661.0 1194,0 0.7339 0,6531 1.3970 

657.1 1193,3 0.7370 0,6576 1.3945 

653.3 1192.6 0.7400 0.6521 1,3921 

649.4 1191.8 0.7430 0,6467 1.3897 

639.9 1189.9 0.7504 0.6334 1,3838 

630.4 1187.8 0,7575 0.6205 1.3780 

621.0 1185,6 0,7644 0.6079 1.3723 

611.7 1183.4 0.7711 0.5955 1.3667 

602.4 1181,0 0,7776 0.5836 1.3612 

593.2 1178.6 0,7840 0.5719 1.3559 

584.0 1176.1 0,7902 0.5504 1.3505 

574-7 1173.4 0.7963 0.549! 1,3454 

565.5 U70.7 0,8023 0,5379 ■ 1.3402 

556.3 1167.9 0,8082 0.5269 1.335i 

538.0 1162.1 0.8195 0.5053 1.3249 

519.6 1155.9 0,8305 0,4843 1,3149 

501.1 U49.4 0,8412 0.4637 1.3049 

482.4 1142.4 0.8515 0.4433 1.2949 

463.4 1135.1 0,8619 0.4230 1.2849 

424.4 1119,2 0.8820 0,3826 1,2646 

382.7 1101. I 0.9023 0.341! 1.2434 

337.2 \m.2 0,9232 0.2973 1.2205 

284.7 1054.8 0.9459 0.2487 1.1946 

217.8 1020.3 0.9731 0.1885 1.1615 

62.0 934.4 1.0320 0,0332 1.0852 

0 Va.l 1,0380 0 1,0580 
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entropy Chart for Steam, 


Entropy, BJu per lb Deg F 
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Table 21. .Superheated Steam Tables. — {Continued) 


Ijj j Tempewture of steam, deg F 


r 1,1231 1.2154 1.3005 I.W 1.4564 1.5337 1.6074 1,7516 1.6928 

h 1238.4 1272.0 1302.8 1331.9 1359.9 1367.3 1414.3 1467.7 1521.0 

* 1.5095 1.5437 1.5735 1.6003' 1.6250 1.6481 1,6699 1.7108 1.7486 

T 0.9927 1.0798 1.1591 1.2333 1.3044 1.3732 1.4405 1.5715 1.6996 

6, 1231.3 1266,7 1298.6 1328.4 1357.0 1364.8 1412.1 1466.D 1519.6 

8 1.4919 1.5279 1.5588 1.5863 1.6115 1.6350 1.6571 1.6982 1.7363 

t 0.8852 0.9686 1.0431 f.»24 1.1783 1.2419 1.3038 1.4241 1.5414 

h 1223.7 1261.2 1294.3 1324.9 1354.0 1382.3 1409,9 1464.3 1518.2 

8 1.4751 1.5131 1.5451 1.5734 1.5991 1.6228 1.6452 1.6868 1.7250 

s 0.7947 0.8753 0.9463 1.0115 1.0732 1.1324 1.1899 1.3013 1.4096 

h 1215.7 1255.5 1289.9 1321.3 1351,1 1379.7 1407.7 1462.5 1516.7 

t 1.4586 1.4990 1.5323 1.5613 1.5575 1.6117 1.6343 1.6762 1.7147 

5 0.7^7 0.7934 0.K2S 0:9077 0.9601 1,0108 1.1082 1.2024 

h 1243.2 1280.6 1313-9 1345.0 1374.5 1403,2 1459,0 1513.9 

t 1.4722 1.S0S4 1.5391 1.5665 1.5914 1.6147 1.6573 1,6963 

t 0.6154 0.6779 0.7328 0.7633 0,8308 0.8763 0,9633 1.0470 

h 1229.8 1270.7 1306.2 1338.6 1369.2 1398.6 1455.4 1511.0 

t 1.4467 1.4863 1.5190 1.5476 1.5734 1.5972 1.6407 1.6801 

t 0.5264 0.5873 0.6393 0.6863 0.7300 0,7716 0.8506 0.9262 

h 1215.0 1260.1 1293.0 1332.1 1363.7 1393,9 1451.8 1508.1 

« 1.4216 1.4655 1.5002 1.5303 1.5570 1.5814 1.6257 1.6656 

t 0.4533 0.5140 0.5640 0.6084 0,6492 0,6878 0,7604 0.8294 

h 1198.3 1248,8 1289.5 1325,3 1358.1 1389,2 1448.2 1505,1 

t 1.3961 1.4450 1.4825 1.5141 1.5418 1.5670 1.6121 1.6525 

* 0.4532 0.5020 0.5445 0,5830 0.6191 0.6866 0.7503 

K 1236,7 1280.5 1318.5 1352.4 1384,3 1444.5 1502.2 

i 1.4251 1.4656 1.4989 1.5276 1.5535 1.5995 1.6405 

r 0.4016 0.4498 0,4909 0.5277 0.S617 0.6250 0,6843 

h 1223,5 1271.0 1311.0 1346.4 1379,3 1440.7 1499.2 

I 1.4052 1.4191 1.4643 1.5142 1.5409 1.5879 1.6293 

r 0-3174 0.3668 0.4062 0 4403 0.4714 0.5231 0.5803 

h 1193.0 1250.6 1295.5 1334.0 1369,1 1433.1 1493.2 

* I-3B9 1.4171 1.4567 1.4893 1.5177 1.5666 1.6093 

t 0.3027 0.3417 0.3743 0.4034 0.4553 0.5027 

h 12Z7.3 1278.7 1320.9 1358.4 1425.3 1487,0 

I 1.3850 1,4303 1.4660 1.4964 1.5476 1.5914 

r 0.2506 0.2907 0,3225 0.3502 0.3986 0.4421 

6 1200J 1260.3 1307.0 1347.2 1417.4 1480,8 

» l.»15 1.4044 1.4438 1.4765 1.5301 1.5752 

J 0.2858 0.2489 0.2806 0.3074 0.3532 0.3935 

h 1167.0 1240.0 1292,0 1335.5 1409.2 1474.5 

i 1.3139 1.3783 1.4223 1.4376 1.5139 1.5380 

r 0.1633 0.2135 0.2457 0.2721 0.3159 0.3538 

8 1121.0 1217.4 1276.0 1323.3 1400.8 1468.2 

» '... 1.2665 1.3515 1,4010 1,4393 1.4986 1.5465 
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Table 23. Properties of Mercury Vapor 
(& and « are measured from 32 F) 

By In a. SicldoDi General Electric Co. • 


Prea- 

Ib per 
sq in. 
abs, 

P 

Teap 
dog F 

i 

Specific 
vo\, 
cu ft, 
per lb, 

' *9 

Enthalpy, Btu j 

j Entropy 

Sat 

liquid, 

h 

Vapor- 

ization, 

Sat 

vapor, 

h. 

. Sat 
liquid, 
f/ 

Vapor- ' 
ization, 

s/u 

Sat 

vapor, 

04 

402.3 

114.5 

' 13.81 

128.1 

141.9 

0.02094 

1 0.1486 

0.1696 

0.6 1 

426.1 


14.70 

IZ7.6 

142.3 

0,02195 

0.I44I 

0,1660 

0.8 1 

443.8 

59,71 

15.36 

127.2 

142.6 

0.02269 

0.1408 

0.1635 

LoJ 

458.1 


15.89 

1^.9 

142.8 

0.0B28 

! 0.1382 

0.1615 

1.5 

485.1 ' 

33.14 

16.90 

126.3 

143.2 

0.02436 

1 0.1337 

0.1580 

2 i 

’505.2 

' 25.31 

17.65 

125 8 

143.5 

0.02514 

0.1304 

0.1556 

3 1 

535.4 

17.34 

, (8.78 

125.2 

(44.0 

0.02629 

0.1258 

0.1521 

4 

558.0 ■■ 

13.26 

1 19,62 

124.7 

144.3 

0.02714 

0,1225 

0.1497 

5 

576.2 

10,77 

20.30 

124.3 

144.6 

0,02780 1 

0.1200 ' 

0.1478 

fi 

591,4 

9,096 

20.87 

123.9 

144.8 

0,02834 ■ 

0.1179 

0.1462 

7 

603.0 

7.882 

21,37 

123.6 

145.0 

0.02882 

0.II6! 

0.1450 

8 

616.8 

6,963 

21.81 

123.4 

145 2 

0,02923 

1.1146 

0.1439 

y 

627,5 

I 6.244 

22.21 

123.2 

145.4 

0.02960 

0.1133 

0.1429 

10 

637,3 

5.661 

22.58 

122.9 

145.5 

0.02993 

0.1121 

0.1420 

IS 

676.3 

3.892 

24.04 

122. 1 

146.1 

0,03124 

0.1074 

0,1387 

21) 

706,2 

2.983 

25.15 

121.4 

146.6 

0.03220 

0.1041 

0,1363 

2$ 

730.4 

2.429 

26.05 

120.9 

146.9 

0.03297 

0,1016 

0.1345 

30 

750 9 

1,053 

, 26.81 ' 

(20.4 

(47.2 

0.03360 

0.09953 

0.1331 

3S 

769.0 

1. 781 

1 27,49 

120.0 

147.5 

0,03416 

0.09774 ■ 

0.1319 

40 

784.8 

1.576 

1 23.08 

119.7 

147.8 

0,03464 

0.09621 

0.1308 

43 

799.3 

1.414 

1 28.62 

II9.4 

148.0 

0,03507 

0.09486 

0.1299 

SO 

612.5 

1.284 

■ 29.11 

119.1 

148.2 


D 09364 

D.129I 

60 

636 i 

1.086 

29,99 

118.6 

148.6 


0 09IS4 

0.1276 

70 

856 6 

0.9435 

30.75 

118.1 

148 9 


0.08976 

0.1264 

80 

874.8 

0.8349 

3143 

117.7 

149.1 



0.1254 

yu 

891.6 

1 0,7497 

32.06 

II7.3 

149.4 

0.03771 

0.08687 

0.1245 

100 

906.9 

0.6811 

32.63 

117.0 

149.6 


0.08565 

0.1237 

120 

934 4 

0,5767 

33.60 

116.4 

150 1 



0.1224 

1411 

958 3 

1 0,5012 

34.55 

115.9 

150 4 

. 0,03931 

; 0,08175 

D.12I2 

160 


0 4438 

i 35.35 

115.4 

150 8 


0.08019 

0.1202 

ISO 


0.3990 

36.09 

115.0 

15I-I 

1 0.0W5B 1 

0 07881 ^ 

0.1193 


Dipheuyl (CsHs)t has the following properties (Chipman and Peltier, 
Ind. Chem. Nov., 1929, p. 1106) : boUing point, 491.5 F; density of the 
liquid 53 lb per cu ft; density of saturated vapor, 0.242 lb per cu ft; heat of 
vaporization, 134 Btu per lb: all measured at the boiling point. The vapor 
pressures (p, lb per sq in. abs) at various temperatures (i, deg F) are as follows: 


i 200 250 300 350 400 450 500 

p o.oeo 0.227 0.701 1.832 4.117 8,638 16.29 

i 550 600 650 700 750 800 

28.54 47.01 73.55 110.1 158.6 221.0 


Dowtherm is a mixture of diphenyl oxide and diphenyl. It is used as a 
liquid heating medium at elevated temperatures. Its low vapor pressure 
permits high temperature trithout attendant high pressures. Table 24 
(Badger, Ind. Ckem., Sept., 1937) pves properties of a mixture containing 

73.5 percent of diphenyl oxide and 26.5 percent of diphenyl which melts at 

53.6 P. 
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Table 20. Properties ot Saturated Steam.— (Con<mue^ 


1 

Aba 
press, 
lb per 
sqm. 

Temp, 
degF 1 

Specific 

volume 

. ^thcdpy 

Entropy 

Internal 

energy 

Liquid 

Vapor 

liquid 

Cvap 

Vapor 

Idquid 

Evap 

Vapor 

Evap 

180 

373.06- 

0.01827 

7 537 

346.03 

850 8 

1196 9 

0.5325 

1 n?17 

1 5547 

767.1 

. 182 

373 96 

0.01829 

7 5(15 

347.00 1 

H5H O' 

1197 0 

0.5336 

1 m% 

1 5537 

766,2 

IM 

374.86 

0.01830 

7,479 

347.96 

W9? 

119/ 

0.5348 . 

1 0175 

1 55'i'3 

765,4 

186 

375.75 

Q. 01831 

7 454 

348.92 ' 

848.4 

1197 3 

0.5359 

1 11155 

1 5514 

764.6 

188 

376.64 

0.01832, 

2,429 

349.86' 

847.6 

1197.5 

0.5370 

1.11136 

l.55Ub 

763.8 

,190 i 

377.51 

0.01833' 

7 404 

350-79 

846 8 

1197 6 

0.53S1 

1 0116 

1 5497 

763,0 

192 1 

378,38 1 

O.OI834I 

7 m 

351.72 1 

K46 1 

119/ f 

0.5392 

1 imh 

1 54)W 

762.1 

194 , 

379.24 

0.01835 

7,356 

352.64 1 

H451 

1197 5 

0.5403 

1 ll0'/6 

1 54/9 

761.3 

196 ^ 

380.10 

0.01836' 

7, 3H 

355.55 

H44 5 

1198 1 

0.5414 

1.0056 

1 5470 

760.6 

198 

380.95 ; 

0.0183^ 

2.310 

334.46 

843.7 

1 198.2 

0.5425 

1.003/ 

1.5462 

759,8 

200 

381 79 1 

0.01839 

1 7 788 

355.36 

843 0 

1198 4 

0.5455 

1 0018 

1 5453 

759.0 

203 1 

383.86 1 

0.01842! 

7 734 

357 58 

H4I I 

1198 , 

0.5461 

(1 W/l 

1 3437 

757.1 

210 

3RS 90 ! 

0.01844 

7 W 

359.77 

H'W? 

1199 i 

0.5487 

n w/s 

1 341? 

755.2 

215 

387 89 1 

0.01847 

2 134 

361 91 

H'47 4 

1199 

0.5512 

(1 w 

1 53«'7 

753.2 

220 

389.86 1 

O.Q18SO 

2,087 

364.02 

835.6 

1199.6 

0.5537 

0.9835 

1.5372 

751.3 

223 

391 79 

0.01852 

' 7 047? 

' 366.09 

833 8 

1199 9 

0.5561 

0 9797 

1 3333 

749.5 

230 

393 68 

0.01354 

i ! 9993 

'368.13 

«'« (I 

l'/(N) j 

0.5585 

0 9/511 

1 3334 

747.7 

235 

393 44 

0.01857 

1 1 957'^ 

370.14 

830 3 

l'/(HM 

0.5608 

1),9/(l« 

1 5316 

74S.9 

240 

397 37 

0.01860 

1 

372.12 

87H5 

1700 6 

0 5631 

0 9h6/ 

1 57‘IH 

744.1 

243 

399.18 

0.01863 

, 1.8803 

374.08 

826.8 

1200.!^ 

0.5653 

0.9627 

1.5280 

7:42.4 

250 

400 03 

0.01865 

' 1 8438 

376.00 

875 1 

1701 1 

0 5675 

0 9588 

1 3763' 

740.7 

'280 

404 42 

0.01870 

1 TW 

379.76 

K'M 8 

1701 5 

0.5719 

0 9‘,|(i 

1 5779 

737.3 

.270 

40? 78 

0.01875 

\ 710? 

, 3K3 47 

81H5 

1701 9 

0.5760 

0 9436 

1 5196 

733.9 

260 

411.05 

0.01860 

1 6511 

, 386.98 

«1S'-1 

17(1'/ '1 

0.5801 

(1 9'463 

1 5164' 

730.7 

290 

414.23 

0.01885 

, 1.5954 

, 390.46 

8111 

1202.6 

0.584] 

0.9292 

1.5133 

727,5 

300 

417.33 1 

0.01890 

' 1 5433 

393.84 

809 0 

1707 8 

0.5879 

' 0 97751 

1 5104 

724,3 

.320 

423,29 ' 

0.01899 

. 1 4485 

400.39 

80341 

\W 4 

0.5952 

. 0 91W4 

1 5046 

718.3 

340 

428.97 ' 

0.01908 

, 1 '3645 

406.66 

79/ 1 

1703 / 

0.6022 

(1 mi 

1 499', 

712.4 

360 ' 

434.40 ! 

0,01917 

1 'W5 

412.67 

/91 4 

I'/IM 1 

0.6090 

1) msi 

1 4941 

I 706.8 

380 ' 

439.60 

0.01925 

1.2222 

418.45 

785.8 

1204.3 

9.6153 

0.8/38 

1.4891 

1 701.3 

400 

444.59 

0.019} 

1 1613 

424.0 

780 5 

1704 5 

0.6214 

0 8630 

1 4W 

' 695.9 


449.39 

0.0194 

1 1II6I 

429.4 

/;5 2 

1204.6 

1 0.6272 

0,8527 

1 4/95 

690.8 


454.02 

0.0195 

I (1556 

434.6 

7/0 0 

IW6 

1 0.6329 

If H4'/6 

1 4'/5S 

685.7 


458.50 

0.0196 

1 111N4 

439.7 

'/64 9 

, I/(I4 6 

. 0.6383 

(I H'3'3II 

1 47n 

680,7 


462.82 

0.0197 

0.%7U 

444.6 

759,9 

I2U4.S 

0.6436 

0.8237 

1.46/3 

675.7 
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Ammonia Vapor. The properties'ol saturated and superheated ammonia 
vapor have been deiermiMd accuratsij by thc'Bureaa of Standards {Cire., 
142, 1923). The principal propaiicsarepTeninTables 25 and 26 and Fig. 21. 

In the Bureau of Standards table, tiie entropy s/ and the heat of the liquid 
hf are taken as zero at -40F iii^a,d of at 32 F, aa is customary in most 
tables. ' j , ' ' 

Table 25. Properties of Saturated Ammonia 
(t and t are measured from — 10 F) 


Temp, 
deg F 

PtM- 
aure, lb 

Speci5c volume, 
cu ft per lb 

Biitbaipy,.Btu 

Entropy 

per sq 
in. aba 

5s( ‘ 

Sat 

Sat 

V'lnnr- 

Sat 

Sat . 

Vapor- 

Sat 



vapor 

Uquid 

ization 

vapor 

liquid 

izatioi 

vapor 

i 

P 

V 


6/ 

A/ff 

hf 

«/ , 

4/p 

- 4, 

-40 

10.41 

0,02322 

24.86' 

0.0 

597.6 

597.6 

0.000 

1.4242 

1.4242 

-38 

11.04 

0.02326 

23.53 

li 

596.2 

598.3 

0,0051 

1.4142 

•1.41M 

-36 

11.71 

0.02331 

72 77 

4.3 

594.8 

VW 1 

O.OIOI 

1.4045 

1.4144 

-34 

12.41 

0,02335 

71 10 

6.4 

. 593.5 

599,9 

0.0151 

1.3945 

1 .4096 

-32 

13.14 

0.02340 

20.00 

8.5 

592.1 

6U0.6 

0.0201 

1.3847 

1.4045 

-30 

13,90 

0,02345 

W97 

10.7 

590.7 

6DI.4 

0.0250 

1,3751 


4001 

-26 

14,71 

0.02349 

I8,UI 

12.6 

589.3 

602.1 

0.0300 

1 1655 


,3955 

-26 

13.53 

0,02354' 

17.09 

14.9 

587.9 

602.8 

0.0350 

1,3559 


3909 

-24 

16.42 

0,02359 

16.24 


566.5 

603.6 

0.0399 

1.3464 


,3KH 

-22 

17,34 

0,02364 

b.43 

19.2 

585.1 

604.3 

0.0448 

1.3370 


.3818 

r20 

18.30 

0,02369 

14.66 

21.4 

583.6 

605.0 

0.0497 

1 3777 

1 3774 

-18 

19,30 

0.02374 

13.97 

?3 5 

582.2 

605,7 

0.0545 

1 3184 

1 3779 

-16 

20,34 

0,02378 

13.29 

25.6 

580.8 

606.4 

0.0594 

1 3II9X 

1,3686 

-14 

21.43 

0.023S3 

(2.66 

27.8 

579.3 

61^.1 

0.0642 

1 3(9)1 

1.3643 

-12 

22.36 

0,02384 

(2.06 

30.0 

577.8 

607.6 

0.0690 

1.2910 

,1.3600 

-10 

23,74 

0,02393 

(1.50 

32.1 

576.4 

6^.5 

0.0738 

1.2S20 

-1.3559 

- 8 

24.97 

0,02399 

(0.97 

34.3 

574.9 

609.2 

0.0786 

1 2750 

1 3516 

-6 

26.26 

0.02404 

(0.47 

36.4 

573.4 

61».8 

0.0333 

1.2641 

•1.3474 

- 4 

27.59 

0,02409 

9.991 

36.6 

571.9 

610.5 

0.0880 

1 7.55'3 

1.3453 

-2 

28.98 

0.02414 

9.541 

40.7 

570.4 

61i.1 

0.0928 

1.2465 

1,3395 

. 0 

30 47, 

0.02419 

9.116 

42.9 

560.9 

m s 

nfl975 

I 7377 

1.3352 

2 

31.92 

0.02424 

S.714 

45 1 

567.3 

612.4 

0.1022 

1.2290 

-1.3312 

4 

33.47 

0.02430 

8.333 

47.2 

565.8 

613.0 

0.1069 

1.2204 

1.3273 

6 

3S.S9 

Q.mj 


49.-t 

5H.2 

d.'J.d 

o;i!}S 

{.ZU9 

l.)2M 

8 

36,77 

0.02440 

7.629 

51.6 

562.7 

614.3 

0.1162 

l,2U33 

1.3195 
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• Table 2lV 'SuperHeatfid Steam Tables ^ " 

-{Abstraotcd'from 'Keenan and -Keye3,-'‘Thermodynamic-Propertie3 of Steam") 
(p » specific volume,, ou ftp« lb;i « enthalpy, BUi per lb; j = entropy) 


Pressure, lb per 
„ sq ra.,ab8 . 
(SatuTation '' 
temp, deg F) 




-Temperature of steam, deg F 

• , 


' 

3« 

380. 

420, 

4». 


550 

m 

650' 

' 700 



73 60 

74 8? 

26.04 

-27 75 

78 46 

7.9 97 

31 47 

37,97 

•34 47 

1(227.96) . . 

k 

1710, 1 

12.2** i 

1748 7 

1761 6 

1786 6 

13111 S 

13M ^ 

1358 6 

1382.9 


1.8053 

1.8205 

1.8505 

l.82lb 

'1.WI8 

.1.9,160 

1,9392 

1.%/l 

1.9829 

, 40 


11 684 

12 315 

l?fl38 

13 555 

14 168 

14 930 

15 688 

16 444 

17,198 

(267.25) 

h 

t7n7.( 

1776 7 

1246.2 

1766 6 

1784 1 

IVW (' 

1333,1 

13V/ * 

1381,9 

1.7252 

1.7493 

1.//I9 

1.7934 

1.8140 

1.8385 

1.B619 

1.8843 

1.V058 

60 


7 708 

8143 

ft 5W 

fl9ft« 

9 403 

■9 917 

in 477 

10 935 

11 441 

, (292.71) 

h 

1703.( 

l'223 6 

1741 6 

1763 4 

i2».( 

1307 4 

•1331 f 

liVh * 

I3WI9 

t 

1,6766 

1.7155 

l.;i25« 

l./47t 

I./678 

,1,7927 

1.8167 

1.6388 

1.8605 

80 


5 718 

6 055 

63M 

6704 

7,070 

7 410 

7 797 

ft 180 

8.562 

(312.03) 

h 

1198, t 

1220 3 

il240.9 

1261 1 

1781 1 

-13115 1* 

,133115 

13SS,1 

1379 9 

s 

1,6407 

1.6669 

1.6909 

1.7134 

\.m 

i./>y8 

1.7836 

1.8063 

1.8281 

100 


4 521 

4 801 

5 071 

5 333 

5 589 

5 906 

6 21ft 

6 577 

6 835 

(327.81) 

h 

1194.: 

1216 1 

rm 1 

1758 f 

1779 1 

1304 ? 

132.9,1 

1354 1 

1378 9 

s 

1,6117 

1.6391 

1.6639 

1.6869 

1.7085 

1.7540 

,1.7581 

1,7810 

1.8029 

120 



3 964 

4 195 

4 418 

4 636 

4 902 

5 165 

5 426 

5 683 

(341,25) 

h 


1213 7 

1235 3 

17S6 5 

1777 / 

1307 6 

1377,7 

1357 f 

,13/2 8 

i 


1.6156 

1.6413 

1.6649 

1.^ 

,1.7127 

1.7370 

1.7601 

1,7822 

14Q 



3 365 

35fW 

3 764 

3 954 

4 186 

4 413 

4 63R 

4 861 

(353,02) 



17119 4 

1737 4 

1754 1 

1775 7 

1300 ( 

IW' 

1351 6 

.1376 8 




im 

i.62i; 

1.6458 

1.6683 

1,6945 

1.7190 

1,7423 

1,7645 

160 



2,914 

3 098 

3 773 

3 443 

3 648 

3 849 

4 048 

4 744 

(363,53) 



IW5 5 

\m 4 

1751 6 

17/3 1 

IW 1 

137S 1 

1350* 

1375 7 



1.576t 

\.m 

1.6291 

1.6519 

1.6785 

1.7033 

1,7268 

1,7491 

.180 ' 



2 563 

7 73? 

7 891 


3 230 

3 411 

3 588 

3 764 

• (373,06) 

k 


12UI 4 

im 1 

1749 1 

1771 ( 

\K, 6 

1373 S 

1349 ? 

1374 7 



1.5596 

1.5884 

1.6139 

1.63/3 

1.6642 

1.6894 

1.7130 

1.7355 

'200 




7 418 

7 585 

7 776 

2 895 

3 060 

3 221 

3,380 

'(381,79) 




1227.5 

1246.5 

1768' 

1295.! 

1327 1 

M483 

1373.6 




1.5/38 

1.6001 

1.6240 

1.6513 

!.6'/67 

I./0U6 

I./232 

- • '220 ■ 




2.198 

•7 335 

7 465 

7 671 

7 77? 

7. 9?n 

3.066 

(389,86) 




1719 ' 

1743 1 

1266.; 

1794 1 

r3?t) 7 

1146 1 

,1372.6 





,1.5603 

1.58/4 

1.611/ 

1.6395 

1.6652 

1.6892 

1.7120 

■ 260 ■ 



, 

18257 

1 9483 

7 063 

7 199 

7 330 

7 457 

2.582 

^;-‘;(404.42) 




1212.4 

1738 •* 

1767 * 

I79II S 

1317 7 

1344 ’ 

,1370.4 




1.5354 

1.5642 

1.589/ 

1.6184 

1,644/ 

1.6692 

1.6922 

300 

; 



1 5511 

166V 

1 7675 

1 R89i 

?nn5 

7 HR 

2,227 

; (417.33) 











'8 



1.5176 

1.543* 

1.5701 

\.m 

,1.6165 

1.6Si2 

1.6751 

■: ,• '350 ' • 




.. ,j 

1 3984 

1 4973 

\ 6010 

1 7036 

1 ,807,1 

1.8980 

'i; (431.72) . 

fi- 

le 


A.i.. 


1224.8 

1.5197 

1251.5 

1.S4S1 

1287.1 

1.5792 

,lilU,9 

^1.6070 

1338.5 

1,6325 

1365.5 

1.6563 

0 '.400 ■ 



« : 


1 1978 

1 7851 

1 3843 

1 4770 

1 5654 

1 6508 

1 (444.59) ; 

:fii 

' . 



1716 5 

1745 

17// 

'I'3II6 5 

1335 ; 

1362.7 

1 




1.4977 

1.5281 

1.5607 

1.5894 

1.6155 

1.6398 



Entholpy, Bf u per Lb 




LOW-PRESSURE STEAM 


335 


Table 22. Steam Table for UBe in Condenser Calculations 
(Abstiaoted from Keenan and Keyes, “Thermodynamic Properties of Steam '') 
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THBBMODTliAMICS 


Properties of Other Befri^erants. Complete and consistent data are not 
avaUable on most of the worUng fluids used for refrigeration. The data 
presented in this section on refrigerating fluids other than ammonia are, in 
many cases, not of as high order of accuracy as the values given for steam (see 
also pp. 1854 to 1857). 

Table 27. Properties of Saturated Sulphur Dioxide 

(& and « are measured from —40 F) 


Temp, 
dee F 

i ■ 

Pres- 
sure, Ib 
per 
sq in. 
aba 

P 

Specificvolume 
ou ft per lb 

Enthalpy, Btu 

Entropy 

_Sat^ 

»/ 

Sat 

vapor 

_8at 

*/ 

Vapor- 

ization 

hfs 

Sat 

vapor 

Sat 

liquid 

t! 

Vapor- 

ization 

B/i 

Sat 

vapor 

»j. 

-40' 

3.136 

0 01044 

22.42 

0.00 

178.6 

178.6 

0.0000 

0,4256 

0.4256 

-30 

4.331 

0,01033 

16.56 

2.93 

177 (1 

179,9 

0.00674 

0,4119 

0.4186 

-20 

5.88; 

0.01062 

12.42 

5 98 

175 1 

181.1 

0.01366 

0.3983 

0.4119 

-10 

7.863 

0.01072 

9.44 

9.16 

173.0 

I82.I 

0.02075 

0.3847 

0.4054 

0 

10.35 

0.01082 

7.28 

12.44 

170.6 

183.1 

0.02795 

0.37)2 

0.3»2 

]Q 

n 4? 

0.01092 

5.682 

15.80 

168.1 

183.9 

0.03519 

0,3579 

0.3931 

20 

17 IK 

0.01103 

4.487 

19.20 

165.3 

184.5 

0.04241 

0.3447 

0,3871 

30 

21,70 

0,01114 

3.581 

22.64 

162.4 

185 0 

0.04936 

0.3316 

0.3812 

40 

27.10 

0.01126 

2.867 

26.(2 

159.3 

185.4 

0.05668 

0.3187 

0.3754 

so 

33,45 

0.01138 

2 348 

29 61 

156.0 

185.6 

0.D6370 

0.3050 

0.3697 

60 

411 93 

0.01130 

1.926 

».10 

152.5 

185.6 

0.07060 

0.2935 

0.3641 


49.62 

(101(63 

i.m 

36.58 

(48.9 

(85 3 

0.07736 

0.2811 

0.5585 

80 

W 68 

0,01176 

1.321 

40.05 

(45 ( 

185.2 

0.08399 

0.2690 

0.3529 

90 

71 .25 

0.0(190 

I.I04 

43.50 

I4(.2 

184.7 

0.09038 

0.2569 

0.3473 

too 

84.52 

nni?iM 

0.9262 

46.90 

137.2 

184.1 

0.0965/ 

0.2452 

0.3417 

no 

99.76 

0.01219 

0780 

50.26 

133.1 

183 3 

0.1D25 

0.2336 

0.3361 

120 

120 9 

0.01236 

0,659 

33 38 

128.8 

182.4 

0.1083 

0.2222 

0.3305 

)3£l 

136.5 

0.01233 

0.S59I 

56.85 

124.4 

(61.2 

0.1 138 

0.21)0 

0.3247 

140 

ISS.i 

0.01272 

0.4758 

60.04 

119.9 

179.9 

0.1189 

0,1999 

0.3189 
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Table 24. Properties o! Saturated Dowtlierm Vapor 


Temp, deg F 


' Enih&lprr Btu per Ib, 
above 53.6 F 

Sperific 

Qeal, 

liquid 

Density, lb 
per ou ft 

lb per sq 
in. abs 

Sat 

bqutd, 

Vapori- 

sitioD, 

hit 

Sat 

vapor, 

hf 

Liquid 

Vapor 

500.0 

14.7 

222.0 

\ 123 

345 

0.63 

54.1 

0.28 

510.0 

18.1 

228.0 

: 121 

349 

0.63 

53.7 

1 0.32 

' 520.0 

20.4 

234.0 

120 

354 

0.64 

53.2 

' 0,36 

559.0 

22.7 

240.0 

119 

559 

0,64 

55,0 

0,40 

5«.0 

25.1 

247.0 

118 

365 

0.65 

: 52,7 

0.44 

550.(1 

22.0 

, 253.0 

U7 

m ■ 

0.65 

52.3 

0.45 

5W,Q 

30.8 

1 260.0 

U5 

375 

0.65 

51,9 

0,54 

570.0 

34.6 

1 267.0 

lU 

381 

0.66 

51.6 

0.60 

580.0 

36.6 

: 274.0 

m 

386 ' 

0.66 

5!,2 

0,67 

590.0 

41.4 

' 281.0 

III 

392 

0.66 

50.8 . 

0.75 

600.0 

44.3 

288.0 

no 

396 

0.66 

! 50,4 

0.68 

610.0 

46.2 

295.0 

109 

404 

0,67 

, 50.1 

1.00 

620.0 

53.0 

502.0 

107 

409 

0,67 

49,8 

1,10 

630.0 

37.6 

309.0 

106 

415 

0.67 

. 49.3 

1,17 

640.0 

63.6 

316.0 

105 

421 

0.67 

49.1 

1.24 

650.0 

68.4 

323 0 

104 

I 427 

0.67 

48.6 

' 1,29 

660.0 

74.2 

330.0 

102 

432 

1 0.68 

48.4 

1,34 

670,0 

B0.8 

337 0 

toi 

438 

■ 0.(8 

47.9 

1.40 

660.0 

87.7 

344 0 

99 

443 

D.68 

47.5 

I.S 

690.0 

95.4 

351.0 

98 

449 

0.68 

47.2 

1.6 

7M.0 

104.0 

358.0 

97 

455 

0.68 

16,9 

1,7 

710.0 

113.0 

365,0 

95 

1 460 

1 0.68 

46.3 

1.8 

720.0 

119.0 

372 0 

93 

, 465 

, 0.68 

45,9 

1.9 

730.0 

131.0 

379 0 

92 

471 

1 0.68 

45.5 

2.1 


142.0 

. 386.0 

90 

, 476 

1 0.68 

44.9 

2.3 


150.0 

, 393.0 

89 

1 482 

1 0.68 

44.4 

2,5 
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. Table 25. • Properties of Saturated Ammonia.— (Conlinuci) ■ 


Temp, 
deg F 

i 

Ptes- 

Specific volume, 1 
cu ft per lb 

Btu 

Entropy 

)er sq 

D, abs 

P 

Sat 

liquid 

V 

Sat 

vapor 

Sat 

Tapor- 

isatioa 

hjt 

Sat 

vapor 

Sat 

liquid 

»/ 

Vapor- 

ization 

S/j 

Sat 

vapor 


38.51 

0.01446 

73M 

53.8 

561.1 

614,9 

Q.120S 

1.1949 

I.3I57 




6.996 

56.0 

559.5 

615.5 

D.I2S4 

1,1864 



42.18 

i. 02457 

6 7(14 

58.2 

557.9 

616.1 

0.1300 

1.1781 





6 473 

60.3 

556.3 

616.6 

0.1346 



•18 

46.13 

0.02468 

6.161 

62.5 

554.7 

617.2 

0,1392 

1.1614 



48.21 

0.02474 

5 910 

64.7 

555.1 

617 8 

0.1437 

1.1532 

i;2959 


50.36 

0,02479 • 

3 671 

66.9 

551.4 

618.3 

0,1483 

1.1450 

1.2933 


32.59 

0,02483 

5 444 

69.1 

549.8 

618.9 

0.1525 

1.1369 

1 .2897 


54.90 

0.02491 

5.227 

71.3 

548.1 

619.4 

0.1573 

1.1288 


28 

57.28 

0.02497 

5.021 

73.5 

546.4 

619.9 

0.16(8 

1.120/ 

1.2825 

30 

W 74 

0,02503 

4.825 

73 7 

544.8 

6^.5 

0,1653 

1.1127 

1.2790 

■ 32 

67 79 

0.02508 

4 637 

77.9 

543.1 

62(.0 

0,1708 

1,1047 

1.2755 

34 

64 91 

0.02514 

4 4S9 

80.1 

541.4 

621 .5 

0,1753 

1.0968 

1,2721 

36 

67 64 

0.02521 

4 789 

82.3 

539.7 

67? 1) . 

0,1797 

1.0889 

IMk 

38 

70.43 

0.02527 

4.126 

84.6 

537.9 

«2.5. 

0.1541 

I.U8)| 

1,2652 

40 

73 37. 

0.02533 

3 971 

86.8 

536.2 

623.0 

0.1885 

1,0733 

l',7618 

42 

76 4! 

0.02539 

3 m 

89.0 

534.4 

m 4 

0.1950 

1 1)655 

1 7,585 

• 44 

79 3H 

0,01545 

3 687 

91.2 

532.7 

67,3 9 

0,1974 

1 I157« 

1 7552 

46 

R? SS 

0.02551 

3 547 

93.5 

530.9 

624.4 

0.2018 

1 0501 

1 7619 

48 

.85.82 

0.02558 

3,418 

SS.7 

■ 529.1 

624.8 

0.2062 

1.0424 

1 .2486 

50 ■ 

89 19 

0,02564 

3 794 

97.9 

527.3 

675? 

0.2105 

1.0348 

I 7455 

52 

9? 6n 

0,02571 

3 176 

100.2 

525.5 

675 7 

0.2M9 

1 0/72 

1 7471 

54 

96 7,4 

0.02577 

3 063 

102.4 

523.7 

626.1 

0.2192 

1 0197 

1.2389 

56 

99 91 

0.01584 

7 954 

104.7 

521.8 

626.5 

0.2236 

1 0171 

1 735/ 

58 

103.7 

0,02590 

2.85t 

106.9 

520.0 

626.9 

0,2279 

1. 0046 

[.2325 

60 

107.6 

0,02597 

7 751 

109.2 

518.1 

627.3 

0.2322 

0 997? 

1.2294 

tt. 

IIU 

O.OltfM 

7 6“* 

m.s 

516.2 

627.7 

0.236S 

() 9W7 

1 7762 

64 

113 7 

0.02611 

7 V.S 

113.7 

514.3 

678 0 

0.2405 

(1 9H?5 

1 7751 


120,0 

0.02618 

7 477 

116.0 

$12.4 

628.4 

0.2451 

(1 9/60 

1.2201 

68 

124,3 

0.02625 

2,393 

118.3 

510.5 

628,6 

0.2494 

0.9676 

1.2170 

70 

128 8 

0.02632- 

2,312 

120.5 

508.6 

629.1 

0.2537 

0.9603 

1.2140 


133.4 

0.02639 

7 745 

122.8 

506.6 

629.4 

0.2579 

0,9531 

1,2110 

' 74 

138.1 

0.02646 

2,161 

125.1 

,504.7 

629.8 

0.2622 

0.9458 

I.208C 

. 76 

143.0 

0.02653 

2.089 

127.4 

502.7 

630.1 

0.2684 

0,9386 

1.2050 


147.9 

0.02661 

2.021' 

129.7 

500.7 

630.4 

0.2706 

0.9314 

1.2020 

80 

153.0 

0.02668 

1.955 

132.0 

498.7 

630.7 

0.2749 

0,9242 



158.3 

0,02673 

1.892 

134.3 

496.7 

631.0 

0,2791 

0.9171 

1,195/ 



0.02684 

1.831 

136.6 

494.7 

631.3 

0 ,2833 

0.910Q 


, 85 


0.02691 

•1.772 

138.9 

492.6 

631 5 

0.2875 

0.9029 

1.190-: 

88 

174-8 

0.02699 

1.716 

141.2 

490.6 

631.8 

0,2917 

0.6958 

1.1875 

90 

•180.6 

0.02707 

t.66I 

143.5 

488.5 

632.0 

0,2958 

0.8883 

1.1846 


186.6 


1.609 

-145.8 

486.4 

632.2 

0.3000 





0',027a 

1.559 

148.2 

484.5 

63? 5 

0.3041 

0.8748 

1.178' 




1 SU 

150.5 

482.1 

632.6 

0.3083 


1.176: 




1.464 

152.9' 

480.0 

632.9 

0.3125 

0.8608 

1.1733 

100 

211,9 

0.02747 

1,419 

155.2 

477:8' 

633.0 

0.3166 

0.8539 





1,31; 

I6I.t 

472.3 

633 4 

0.3261 






i,2f: 

167.0 

466.7 

633.7 







l.!2f 

173.0 

,460.9 

S33.9 







1.047 

179.0 

455.0 

634.0 0.3576 

0.7851 

1 .1417 
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For the secoad vessel, 

v>:{hi -- + 32) = van — (to — u>i)0i - U) 

For the third vessel, ' 

xnih — + 32) = van — (w — «i — wi) (ft — U) 

For a triple-oScct system, to ■— iPi — to* = too; heace with w aad too kaown, 
toi, to:, and wz can be calculated provided the temperatures and pressures 
within the vessels are known. 

■ The rate q of heat transfer from steam to boiling fluid in a vessel is given by 
q = JJALt, in which A is the heating surface in square feet, Ad the dffierence 
in temperature between the steam and boiling fluid, and V the over-all coeffi- 
cient of heat tranamieslon in Btu per sq ft per hr per deg F diSerence in 
temperature. The value of V is not the same for the different vessels of a 
multiple-effect system. From the experiments of Claassen, the ratios for 
different vessels may be taken as follows: 

Ut 2d 3d 4tli 

Double-effect 1 0.66 

Triple-effect 1 0,70 0.33 

Quadruple-effect 1 0.91 0,75 0,55 

The value of V depends on many conditions and is difficult to ascertain 
with accuracy. Creighton (“Steam Engines," p. 524) suggests the following 
values for cane-sugar evaporators: first vessel, V s 385; second, 17 s 300; 
third, V o 206; fourth, V = 110. If the fall of temperature in each effect 
is the same, the heating surfaces must be made larger in the successive vessels. 
It is usually considered better procUco to keep the heating surface practically 
the same and make the temperature drops larger in the successive vessels. 

I The water evaporated per hour per square foot of surface varies consider- 
ably with the conditions of operation. Eausbrand gives the following figures 
as ^e result of practical experience: Ordinary vertical evaporators, with brass 
heating tubes 3 ft long and over, evaporate from aqueous solutions with 
single-effect (double-effect) (triple-cffcctl |quadruple-effoctl, 14.0-16.0 
(6.0-7.2) [4.0-5, 0] [3,5-4.2) lb per sq ft per hr. With steel tubes, the 
evaporation is decreased 10 to 16 percent. 


Steam Cycles 

T!hs.Bankine (Jvclfl. The ideal Rankin.e .qvcIo.l<?jmnEraIlv.eiqr)Iqved by 
engineers as a standard of reference for comx>aring the performance of actual 
steam engines and steam tur- 
bines. Figure 22 shows 
cycle on the T-S and p-V 
planes. AB represents the 
heating of the water in the 
boiler, BC represents evapo- 
ration (and superheating if 
there is any), CD .the as- 
eumed isentropic expansion 
in the engine cylinder, and o' 

JiA condensation in the 
condenser. 

Let hn, h, he, hi represent the enthalpy per pound of steam in the four states 
A, B, C, and D, respectively. Then the energy transformed- .into work, 
represented by the area ABCD, is ft* - Aj. ^ 



Fig. 22. — ^Eankine Cycle. 
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Table 26. Properties of Superheated Amtaonia 

(Condensed from V. S. B. 0 / S., Ore. 142, i§3a) • 

= specific volume in cult per lb; h = enthalpy in Btu per lb; *=> entropy. 
{h and s ai* meawred from -40 F) 


I j TemperatuTeoIwipetheatedvapot.degF 


t 24 58 27 26 27.92 28.58 29.24 29.98 38.55 512.0 31.85 

IQ -4114 h6Q3.2 6Q8.5; 6IJ.7 518.9 iZ4.0 j29.I 634.2 629,3 644,4 

5 1,4420 1.4542 1.4659 1.4773 1.4884 1,4992 1.5097 1.52M 1 .5301 

, 1 13.74 14.09 14.44 14.78 IS. 11 15.45 15.78 

20 -16.64 ft.,,: 610.0 615.5 621.0 626.4 631,7 637,0 642,3 

a 1.3784 1.5907 1.4025 1.4138 1.424 1.4356 1,4460 

, : 9.250 9.492 9.731 9.966 10.20 10.43 

30 -0,5? A Sn.9 517.8 623,5 629.1 634.6 MO.J 

I ,1.3371 1.3497 l.36la 1:3733 1,3845 1.3953 

I ' 7.203 7,387 7.565 7,746 

40 11,66 A 620.4 626,5 .632.1 637.8 

j 1.3231 1.3353 1.3470 1.3583 

V 5.838 5,988 6,135 

50 21.67 A 523,4 629.5 635.4 

a ! ;... (.2046 f.3I69| 1.3285 

100 120 I 140 160 180 - 209 240 | 260 320 

r 4,190 4.37t| 4.548 4.722 4.893 1 5.063 ' 5.398 5,730 

80 44.40 A 658.7 670.4 ^1.8 553.2 704.4 715.6 738,1 760,7 


r.34W 


1 1.37W 

r.396^ 

3,454 

3.603 

' 3.743 

3.883-| 

667.3 

|679.2 

^.8 

702.3 

1,3104 

1.3305 

1.3495 

1.3678 

. 2.842 

2.967 

3.089 

3 . 029 ' 

664.2 ' 

576.5 1 

)83.5 

7QQ.2 

\.m 

1.3M6 

1.3254 

1 1.34*1 

2.404 

2.515 

2.622 

! 2.727 

661.1 

573.7 

5S6.0 

698.0 

1.2628 

1.2843 

1.3045 

1 1.3236 

2.075 

2.175 

2.272 

1 2.365 

657.8 

570.9 

583.5 

^5.8 


K2429 


i!2859 

I.SI8 

1.910 

1.999 

654,4 

668.0 

681.0 

1.2247 

1.2477 

(.2691 

1.612 

1.698 

1.780 

650,9 

665.0 

678.4 


i.443 1.525 1.601 1.675 

M7.5 662.0 575.8 689.1 

1.1917 1.2167 \.m 1.2604 
1.302 1.380 1.452 1,521 

643.5 6S8.8 673.1 686.7 

\.W 1.2015 1.259 l,2ffi 
1.182 1.257 1.326 1.391 

639.5 655,6 670.4 684.4 

1.1612 I.I88< 1,2132 1.2B54 


2.457 2,635 2,809 2,980 

707.9 731,7 755,3 77B.9 

4 1.3240 1.3591 1,3919 1.4229 

2.167 2,328 2.484 2,637 

105.9 730.1 753,9 777.7 

I 1.3081 1.3436 1.3766 J.408i 

1.935 2,082 2.225 2,364 

7IB.9 728.4 752.5 776,5 

7 l.»35 l,329ti 1,3631 1.3947 

1.745 1.881 2.012 2.140 

701.9 '726.8 751.1 775,3 

4 1.2801 1 .3168 1 .3507 1,3825 

1,587 I.7I4 1,835 1,934 

689.8 725,1 749.8 774.1 

5 1.2677 1.3049 1.3392 1.3712 

t,4S3 1,572 1,686 1,796 

687,7 723.4 748,4 772.9 

4 1,2560 1.2938 1.3285 1,3608 
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interchange of heat in the heater is 

viQh —h')= k' — h/t 

The work done by the bled steam is «?{Ai — A-) and that by the 1 Ib of steam 
going completelythrougb the turbaneisAi — fe. Total work = w{hi - Aj) -f 
(Ai - hi). The heat sup|died between feed-water 
heater and turbine is (1 -|-to){Ai — A*). Hence the 
ideal efficiency of the cycle is 

_ to(Ai - Ai) + Ai — Ai 
" “ (I + wm - *') 

For a full discussion of reheating and regenerative 
cycles, see Tram. A.S.M.E., vol. 45, articles by 
Wohlenberg, and by BirschfieldandEllenwood. Sco 
also Stodola “Steam and Gas Turbines," Loowea- ativo Food-water 
stein’s translation, 1927, p. 1310. Heating. 

Steam Accumulators 





Fig. 24. — Regener- 


A steam accumulator is a device for storing the energy of steam. A large 
mass of water in a suitable vessel is heated by mixture with steam'. When 
there is an excess of steam, this excess is condensed in the accumulator 
with a consequent rise of its temperature and pressure. Then during inter- 
vals of dodciency of steam, tho dcdcit is drawn from the accumulator. As the 
pressure in tho accumulator drops, tho hot water is vaporised at tho expense 
of the stored energy. 

The Rateau accumulator is principally used to furnish steam to low-pres- 
sure turbines. It takes the exhaust from engines working intermittently, as 
hoisting engines or rolling mill engines, and with sufficient water capacity 
furnishes a steady supply of steam to the turbine. Tills accumulator operates 
at low pressure, and the pressure variation is necessarily small. 

The Rutbs accumulator has its special field in plants that are required to 
furnish steam for process work; such as plants for sugar factories, pulp and 
paper mills, textile and chemical industries. It may also be used in plants 
for the generation of power, solely, and in po^r and heating stations. The 
use of the accumulator permits the operation of the boilers under steady 
conditions at maximum efficiency. The fluctuations in tho steam demand 
due to changes of load are taken care ol by tho accumulator, leaving tho 
boilers unaffected. In the Ruths accumulator, the pressure may bo relatively 
high, and the change of pressure during operation may be considerable. 

For a comprehensive discussion of accumulators, see Stodola “Steam and 
Gas Turbines,” Loewenstein’s translation, 1927, p. 863: Taylor aud Wettstein, 
ilfecA. Eng., Aug. 1925; and Christie, “The Peak-load Problems in Steam 
Power Stations,” AE.ME., Dec., 1928. 

Accumulator Capacity. The amount of water contained must be 
sufficient to give the weight of atcam reqmred during the discharge period 
with a predetermined drop of pressnre. 

Let hf, denote the enthalpy of vaporization, A' the enthalpy of water, IF 
the total weight of water, and jji, p* the initio and final pressures. To 
evaporate a weight die, requires an amount of heat A/, dw and this is furnished 
by a drop in temperature of the water. Hence the equation 
A/pdu = Wdh! 

If during the evaporation the pressure drops by dp, then 
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Table S8. Properties of Superheated Sulphur Dioxide 

(» a Bpecific volume in cu (t per lb; k = entiulpy in Btu per lb;' e =■ entropy) 

(/i and s are measured from —40 F) 


h 

^6 

0 ** M 

H*" ■ 

1 

' Temperature of auperbeated vapor, deg K 

0 

20 ' 

'40 

60 

.80 

100 

■ 120 

' 140 

160 


1 

1 

V 75 

1 13.34 

, 13.95 

14.52 

,15 11 ' 

15.69 

16.26, 

16.82 

17.35 

6 



184.3 

il«V S 

190,7 

93.9 

197.2 

2C0.5 

203.8 

207,1 

210.4 


1 


0.41 85 

0.4254 

0.432( 

0.4383 

, 0.4444 

0.4504 

0.4561 

0.4613 

0.4672 




7.545 

7 W 

e.3l6 

8.681 

9.03B 

9.389 

9.736 

10.08 

10.42 

10 

- I.3i 

k 

183.2 

IRft 7 

m,i 

193.5 

196.9 

1200.3 

203,7 

207.1 

,10.-5 



8 

. 0.4005 

0.40BO 

0.4151 

0.4216 

0.4280 

, 0.4341 

0.44D0 

0,4457 

0.4512 



„ 


5.192 

5.470 

5.734 

5.968 

1 6.233 

6 471 

6,705 

6.937 

15 


h 


185 4 

189.2 

192.8 

l%4 

,199 9 

203,3 

7,06,7 

210.1 



8 


U.3927 

0.4005 

. 0.4078 

0.4144 

0.4206 

0.4268 

0.4326 

■ 0.43S3 

















































25 

36.35 

h 



,186.1 

190.6 

194 7 

198.6 

I202.4 

206.0. 

209.6 



li 


1 

; 0.3793 

0.388( 

0.3951 

0.4029 

1 0.4095 

0.4157 

0.4216 



1 

60 

1 80 

1 lo6 

120 

140 

160 

1 180 

2o6 

126 



;« 

1 2 747 

2,W 

3.052 

3.16^ 

3 318 

3.443 

3 36S 

3,685 

3.803 


44.76 

K 

189.3 

193.8 

197,9 

201.8 

7(15 6 

209.3 

?r7 9 

216.5 

20.1 



8 

U,3797 

U.388S 

0.3960 

0.4029 

0.4094 

0.4154 

0.4211 

0.4266 

0.4318 



t 

1.980 

2.121 

??46 

2.360 

7 463 

7 565 

7 662 

7 753 

2.845 


58.83 

h 

185.9 

191,3 

196.1 

200.4 

704 6 

208.5 

717 3 

216.0 

291.7 



t 

U.36M 

0.3754 

0.3842 

0.3916 

0.3988 

0.4153 

0,4113 

0,4169 

0.4223 













60 


k 


































SO 

96.88 













8 



0,3457 

0.3580 
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0.3978 




350 


THSBliODrNA.MlCS 


=. TJTi = 10 = Q/Cplfa- Ti). 

W = 778Q(7’j — 7'a)ITa- ^rsepowcr = TF/33,000. 

Fc = wRTo/lAiiiin. • • ■ Fs = ioBT({/144i)in.- 

For T^ues of Bee Table 17. 

Vapor-compression Machines. The essential parts of a vapor-com- 
preseion system are the same as in the eystcm using air, except that the eipsn. 
sion cylinder is replaced by an expansion valve through which the liquefied 
medium flows from the bi^-pressure condensing coils to the low-prossuro 
brine coils. The cycle of operation is best shown on the TS plane (Fig, 26). 
The point B represents the state of the refrigerating 
medium leaving the brine coils and entering the com- 
pressor. Usually in this state the fluid is nearly dry 
saturated vapor, i.e., point B is near the saturation 
curve Sg. BC represents the assumed reversible 
adiabatic compression, during which the fluid is 
usually superheated. In the state C, the superheated 
vapor. passes.into the cooling coils and is cooled at 
constant pressure, os indicated by CD, and then 
condensed at temperature Tt, as shown byi)£. The 
liquid now flows through the expansion valve into 
the brine coils. This is a throttling process, and the 
final-state point A is located on the Ti-Iine in such a piQ, 26 .— tVapoi 
position as to make the enthalpy for state A ( = area Compression Refrigera 
OUQAAii equal to the enthalpy at £ ( » area tjoa Cycle. 

OHEEi). The mixture of liquid and vapor now 

absorbs heat from the 'brine and vaporizes, as indicated by AB. | 

The heat absorbed from the brlDe, represented by area is 

Qi hi — kt hi — h, \ 

The heat rejected to the cooling water, represented by area CiCDEEi,^} 
Qi -h, ~ approximately Cf(Te - Ti) + rj ’ 

where n denotes the enthalpy of vaporization at the upper temperature T 
and Cp the specific heat of the superheated vapor. The work that must k 
supplied per pound of fluid circulated is Jf = /(Qj - Qi) “ J(h - k] 
The ratio JQi/W = (hf — he)/(K - hi) k eometimes called the coefficien 
of performance. 

If Q denotes the heat to be absorbed from the brine per hour, then,th 
weight of fluid circulated per hour is w “ Q/(Aj - 7ic) ; or, if B is take 
on the saturation curve, w » Q/(hgt — h/t). 

The work per hour is F” = — W = •^Qihs - hii)/(kgi - h/s) ft-ll 

and the horsepower required is = Qffie - hgi) /2544(Aji - A/j). 

If Ctrl is the volume of the saturated vapor at the temperature Ti in the brin 
coils, and n the number of worKng strokes per minute, the displacemen 
volume of the compressor cylinder is F = urr^i/GOn. 

The values of hgi, h/i in the preceding formulas are found in the tables c 
saturated vapors. The enUialpy he of the superheated vapor may be detei 
mined in the case of ammonia from Table 26 for superheated ammonia. 

The carbon dioxide cycle may be investigated by the use of the accom 
panying chart (Fig. 27), . The curves of isentropic compression in the super 
heat region are bej, ghm, etc. The boundarios o&cda and opWo represent thi 
cycle of the refrigerating machine, the second for the case in which the vapo: 
is superheated at the beginning of compression. Cycles Ibjkl and eppb 
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when the tcmpcTature of the cooling water is so high that the condensing 
pressure is greater than the critical pressure. In ahcda, the segment 
ab = h - ha represents the heat absorb^ from the brine and the segment 
ed = hg — ltd represents the heat reject^ to the cooling water. These 
quantities may be read directly from the chart. 

Figure 28 is a similar chart for -Freon. 

Hampson-Linde Begenerativo Process. The Joule-Thomson eEect (see 
p. 361) lias been used by Hampson, linde, and otliers for the liquefaction of 
air and other gases. In the Hampson process (Fig. 29) , air is compressed to 
a pressure of 150 to 200 atm and dis- 
charged into a pipe leading to the diam- 
ber c. The air in its passage to c is cooled 
by water. From c, the air passes through - 
fin expanrion valve into a vessel d, in which 
the pressure is only slightly above atmos- 
pheric. The throttling in the expansion 
valve causes a marked dropintemperature. 

The air now passes back to the com- 
pressor and in so doing coob the air in c. 

In the actual machine, the countercurrent 
apparatus, which in the dgure is shown as 
the chamber e and the space surrounding 
it, consists of one or mote pipes wound in 
a succession of Hat coils ono abovo tbo 
other, over which the return stream flows. 

By the cooling action of the return current 
of air, tho temperature <♦ gradually sinks, Fiq. 29.— Regenerative Refriger- 
and the temperature h sinks more rapidly. atiou Process. 

Ultimately U becomes lower than the criti- 
cal temperature of air (-220 F), and liquefaction begins. 

A small Linde liquid-air machino with au output of 20 to 25 lb of liquid 
air per hour consumes 30 to 40 hp. compresses 3,000 cu ft of air per hour, 
and has an efficiency of about 8 percent. A laboratory size Hampson machino 
delivers 2 lb of liqiud air per hour and consumes 
10 to 12 hp. 'With a plant of a capacity of at 
least 30 lb of liquid air per hour, Linde states 
{Mech. Eng., 46, p. 582) that 1 lb of liquid air can 
be produced with from 0.9 to 1.0 hp-hi depending 
on whether double- or single-stage expansion is 
used. 

By the use of the regenerative process, liquid 
air or other gas may be produced continuously 
and in relatively large quantities by Hie simple 
mechanical process of compresrion. The neces- 
sary lowering of temperature is effected by re- 
peated throttling of the gas, and a second 
refrigerating medium is not required. _ 

Fig. 30.— Claude System 

Claude’s System of Liquefying Air. of Liquefying Air. 
Claude has succeeded in liquefying *ur direct 

expansion of the air in a cylinder. A diagram of the apparatus in its simplest 
form is shown in Fig. 30. Aii at a pressure of 25 to 30 atm enters through 
the central pipe of the interchauger if. Partoftheairpassesinto the cylinder 
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The energy expended on the fluid is h# — ^a^ honco the Ranklno cycle effi- 
ciency is ci = (fto - hd) /(ft* - W* . 

The Steam consumption of the ideal Rankine engine in pounds per 
horsepower hour is = 2544/{At - hij. Exprcssed-in pounds per kilowfltfr 
hour; the steam consumption of the ideal Rankine cycle is 3,412i7/(/i5 ~ ^‘d)- 

The performance of on engine is frequently stated in terms of the heat used 
pet hp-hr. For the ideal Rankine ot>gine» this ia 

Q: = 2544M « 2544(/i* - kJ/{Ac - ftd) 

Efficiency of the Actual Engine. Lot Q denote the heat transformed 
into work per pound of steam by tho actual engine; then if Qi is the heat 
furnished by the boiler per pound of steam, the thermal efficiency of the 

engine ia Cl = (2/Q\> 

The efficiency thus defined is misleading, as it takes no account of the 
conditions of boiler and condenser prossutc, euperheat, or quality of steam, 
it is custoTaary theiefoTe to define ^e efficiency as tiie ratio QIQa< whoro Qu 
ia the available heat, or the heat that could be transformed under ideal 
conditions. For steam enginos and turbines, the Rnnkitio cycle is usually 
taken as the ideal, and the quantity QIQt QRK — hi) is called tho engine 
efficiency. For engines and turbines, this efficiency ranges from 0.50 to 0.86. 
The engine efficiency e may also be expressed in terms of steam consumed; 
thus, if Na is the steam consumption of tho actual engine and is the 
steam consumption of the ideal Rankine engine under similar conditions, 
then e ■« 

Eiample, Suppose tho boiler pressure to be 180 ib per eq in. abs, superheat ICO deg, 
and the eondeneer pressure 3 ia. of mercury. Prom tbe steam tables or diagram, tho 
following values ore found: hi = 12^.3, 942, « 82.99. The available heat is 

Qj ■ 1283.3 - 042 «• 341.3 Btu, and the thermodynamic efficiency of tho oyclo 
is 341,3/(1283.3 - 82.99) « 0.264. He steom consumption par horsepower-bour is 
2546/341,3 » 7.46 lb, and the heal used per botecpowcr-hoiir is 251C/0.264 « S900 
Btu. If an actual engine working under tho same conditions has a steam consiimptiori 
bf 11,4 ib. per lip-lir, its efficiency is 7.46/11.4 » 0.655, and ita beat consumption pec 
horaepower-houtia 8900/0.655 = 13,080 Btu. 

Reheating Cycle. Let the steam after expansion from pi to an inter- 
mediate pressure p 2 (cd, Fig. 23) bo reheated at constant pressure pi, as indi- 
cated by de. Then follows tho jsentropio expansion ■ 
to pressure ps, represented by ef. 

The energy absorbed by 1 lb ‘of steam is - /*„ 
frorh'ths boiler, and h, - hg from tho Tebeating.' 

The work done is he ~ hg + - h/. Hence the " 

efficiency of the cycle' is 7 

_ he ~hg +?i, -h/ , 

“~h-h,+K-h "t . 

Bleeding Cycle. In the regeueiartivo or Weed- 
ing cycle, steam is drawn from the turbine ^ one .or. 
morestagesanduBedtoheatthefeed'WBter. Figure. , 

24 shnwg a diagTammatio aTrangemont for bleeding , t 't. • 

at one Btago._ Entering the turHne is 1 f w lb, of 23.— Reheating 

steam at pi, h, and enthalpy. In.. 'At the hlnadio g Lycic. 

point ID lb at PI, hi enters ,tbc feedlwater beater. , The remaining fib passes 

through the turbine and condenser and enters tho feed-water heater as water at 
temperature U. Lot t' denote the temperature of the water leaving the heater, 

and A tbe corresponding-enthalpy ofthe'liqmd.'' Theh'the equation for the' 
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1. Tho contimiity equation, or material balance, 

Ml- M or - = — + — 

n ti - , V A 7 

2. The Erst laiv or energi* balance for steady flov • ■ 

y.i _ y.s 
Jq,: 

2ff 

3. Tho available energy balance for a stcady-flow process 


. In the processes here disenssed, no net external or shaft work is performed, 

For most actual processes, tbe third equation cannot be integrated because 
.the actual path is not knoira. Usually, adiabatic flow is assumed but 
ocoaaonally, the' assumption of isothermal conditions may bo more nearly 
correct. 

Flow through. Orifices and Kozeles. As a compressible fluid passes 
through a nozzle, drop in pressure and amultaneous increase in velocity 
result. By assuming the type of flow, c-o-, adiabatic, it is possible to calcii* 
late from tho properties of tbe fluid the required area for tho cross section of 
the nozzle at any point in order that tbe flowing fluid may just fill tho pro- 
vided space. I^om this calculation, it is found that for all compressible 
fluids the nozzle form must first be converging but eventually, if tbe pressure 
drops sufficiently, a'place is reached where to accommodato tho increased 
volume due to tbe eipan^on the nozzle must become diverging in form. The 
smallest cross section of tho nozzle is called the throat, and the pressure at 
tho throat is the critical flow pressure (not to be confused with the previ- 
ously mentioned critical pressure, p. 321). If the nozzle is cut ofi at tho 
throat with no diver^g section and tbe pressure at the discharge end is 
progressively decreased, with fixed inlet pressure, the amount of fluid pasting 
increases until the discharge pressure equals the critical, but further dccreaso 
in discharge pressure does not result in increased flow. A similar phenomenon 
is found for oriflees. For any particular gas, the ratio of critical to inlet 
pressure is approximately constant. For gases, Pn/pi = 0.53 approximately; 
for saturated steam, the ratio is about 0.575; and for moderately , , , 

superheated steam, about 0.55. m 

Formulas for Orifice Computations. The general funda- 1 — 1 — I 
mental relation is given by the energy balance (Fj* - TV) /2{7 = j 2 3 
~Jha. Referring to Fig. 32, let section 2 be taken at the orifice, g2 
section 3 is somewhat beyond the orifice on the downstream side, 
and section i is before the orifice on the upstream side. Then 


Cv'2^f(ti - fe) 

'vRi®' 


The coefficient of ffischar^ factor C is diect^sed on-pi 1S04. 

The volume of gas passing is FsAj cu ft per sec, and the weight is F;A!p. 
For perfect gases, assuming reveiaUe adiabatic expantion through the 
orifice, • ' ... ■ 
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dp ■“ hfgdp w w p 

If in this equation TF is taken as tho wei^t of a cubic foot of wator, then, u 
obtained from the integral will be the weight of slcnm genoralcd per cubic 
foot of water for a drop in pressure pi to ps. Snee W, h./g, and h' vary with tho 
temperature (and therefore with the pressure), to perform the indicated 
integration the expression [W /hjg){dh' /dp) must bo expressed ns a function 
of p. The result is the follorsinB appitnamatc expression for lo, the preasurea 
being in pounds per square inch absolute: 

w « HUO log (pi/ps) + pifi - p:!^] 

Pot example, let pi = 100, ps = SO lb per sq in. Then 

tt = 3^110 X 0.09691 + 10 - 8.944) *= 1.013 lb 


SETR1GEB&,TI01J 
(See also pp. 1851 to 1881) 

Air Refrigeration. When air is used os a medium for refrigeration, the 
reversed Joule cycle is employed (see p. 319). The refrigerating machine has 
four essential parts: (1) a compressor in which 
the air ie coiuprosaedi (2) a cooling coil sur- : 
rounded by water; (3) an expansion cylinder; 

(4) a brine coil. Figure 25 represents ideal p-V 
and TS diagrams. Point A represents the 
stale of the air entering the compressor from tlie 
brine coU or cold room, AS represents the com- 
prcEsion, BC the cooling of the air at constant 
PTCBBUre, CD the expansion of ait in the expan- 
sion cylinder, and DA the absorption of heal by 
tho dr during the passage through the brino 
coils. la tho p-F diagram, ABEP repiesonts 
the indicator diagram of the compressor, ECDF 
that of the expansion cylinder. Tlic difference, 
area ABCD, represents the work that must bo 
furnished irom external sources. In the T-S 
diagram, area BiBCCi represents tho heat ab- 
sftrhwi from the. six by tho aoeJAv.gweAftt, wow 
CiBABi, the heat absorbed the lur from tho 
brine, and area ABCD the heat equivalent of 
tho work required to drive the machine. The 
temperature at point A must be somewhat lower 
than the brine temperature, the temperature at C somewhat above tho tem- 
perature of the cooEng water. With the open-cycle machine, the lower pres- 
sure Pi ia atmospheric pressure; with a closed-cyclo machine, as the Allen 
dense-air machine, pi may be 40 to 60 lb and pi as high as 200 lb per sq in. 

Let Q ss heat in Btu absorbed from Wmo (or cold room) per min. '• 
w = weight of air circulated per min, lb. 

Op = 0.24, specific heat of m at constant pressure. 

W a work required per rain, ft-lb. 

Fe a displacement volume of compreasbr cylinder, cu it. 

Ve ~ displacement volume of expausion cylinder, cu ft. 

, n B number of working strokes per min. 

By aasuming (1) the gas laws, (5) oonstant specific heats, (3) reversible 
operation, and (4) isentropic compression and expansion, it ia found that 



Fia. 25.' — Air Ecfrigera- 
tion Cycle. 
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express, approximately, the discharge w of satiorated steam in terms ol 
^2 and Pi as Mows: 

1. Napier's equation, w »Japi/70. 

2. Grashof's formula, w »= 0.0165Aspi®-”. 

3. Rateau's formula, lo » jl:pi (16.367 — 0.96 log pi)/1000. 

In these formulas, As is to be taken in square inches, pi in lb per sq in. 
Napier's formula is merdy couTenient aa a rough check. Formulas 2 and 3 
are applicable to well-rounded convergent orifices, 
in which case the coefficient of disetuurge may be 
taken as 1; i.e., no correction is required. For 
flow of superheated steam, see also p. 1186. 

When the back pressure ps is greater than the 
critical pressure pm, the vdowfy and discharge 
are found most conveniently from the general 
formulas of flow. From the ^am tablea (p. 328) ' 
or from the MoUier chart (p. 326), find the initial 
enthalpy hi and the enthalpy hj after isonfcropic 
expansion; also the specific volume vt (see Fig. 

33). Then 



Fw. 33. 

= AjF-M 

e of steam initially superheated, 


Vj e 223.7V^» — and o 

The same method is used in the c: 

Example. Required the discharge through an orifice H in. diam of etoam at 140 lb 
per sq in. superheated 110 F, back pressure, 00 lb per sq in. 

From the MoUier chart, hi ^ 1255.7, aod In ■ 1214. Also vt ■ 5,80 ou ft 

Ft " 223,7V'l255.7 - 1214 - 1445 
At - 0.1954 sq in. « (0.1964/144) sq ft 
to - AiVtfn - (0.1964/144) X (1445/5.39) - 0.8721b porsco 

This calculatioa assumes ideal conditions, and the results must be multiplied by the 
cocreot coefficient of discharge to get actual results. 

Plow through Converging-divorgmg Nestles. At the throat, or small- 
est cross section of the nosele (Fig- 34), the pressure of saturated stoam takes 
the value Pm * 0.57pi. The weight discharged 
is fixed by the area At of the throat and the initial 
pressure pi. For saturated steam, Grashof's or . 

Bateau's formula (see above) may be used. The ^ 
diverging part of the nozzle permits further ex- 
pansion to the back pressure pj, <he velodty of the 
jet meanwhile increasing from V’«( = Fi), the 
critical velocity at the ^roat, to Vi aven by 
the fundamental equation Vt - 223.7VAi — Aj. 

The frictional resistances in the noszle have the eScot of decreasing the jet 
energy Vi^/2g and correspondingly inereasing the enthalpy of the flow- 
ing fluid. Thus, if h Is the en^alpy in the final state with frictionless 
expansion, h's{>ht) is the enthalpy when friction is taken into account; hence 
{V‘i)^/2g = jih ~ h’l) is less tiian V3*/2g - J[hi ~ k). The loss of 
kinetic energy, in Btu, is Vs — fa, and the ratio of this loss to the available 
Mnetic energy, i.e. (A'a - h})/(hi - As), is denoted fay y. For values of y, 
see p. 358. 

The design of a nozzle for a given discharge w with pressures pi and 
pi is most conveniently effected with the aid of the Mollier chart. Determine 
Pm, the critical pressure, and Ai, Am, fa. assuming frictionless flow. Then 



Fig. 34. 
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•pt' = const throughout the cxpatt^UL Whii&Taiue of n a 1,315, which holds good ia 
the superheat region, the foUowisg restilts are found. 


1. Equilihrium expaaelon 
it = 228 F 
n » 19.46 eu ft 
V = 1612 fpa 
. .V/» = 82.8‘ 


2. 'Espan^on with eupersatucation 
173.4 F 
18.245 cu ft 
1507 fpa ' 

87,63 


Inthefirslcaae, the velocityiflobWnedfromthousualoquatioc V = 223.7V’hr-Xi 
in the second ease, from the general equation yV2|l = nijnw — pitj)/(« — 1). The 
discharge is proportional to the ratio V/vf, «id unee 87.58/62.8 ^ 1.0S6, the discharge 
with supersaturation is 5.4 percent greater tiurn with equilibrium expansion. The 
difference between the two values of (t, tu., 228 ~ 173.4 = 64.G deg, is the under- 
cooling ,Qf the supersaturated sleam. The pressure <A saturated steam at h = 173.4 F 
is 6.48 lb per sq in. The actual pressure of tiic undercooled steam at this temperature is 
20 Ih per eq in, The ratio of these ptmuea 20/C.4S « 3.00 is the degree of 
supersaturatnon. , , 


The effect of supersaturation in turbines is a loss cf energy, the amount of 
•which may be 1.5 to 3 percent of the atrailablc energy of the steam. 

yiow of Wet Steam. When the steam entering a nozzle is wet, the speed 
of the water particles at exit is not the same as the speed of the stream, 
Denoting by V the speed of tho steam, the speed of the -water drops isfV, and 
/ may vary perhaps 0.20 to 0.05 or less, depending on the pressure. The 
actu^ velocity V of the steam is greater than the velocity 7o calculated on 
the usual assumption that steam and water have the same velocity. If x 
is the quality of the steam, the ratio of these vdocities is 

r/r. = !/v'«+W -*) 

Thus with z =s 0.92, / * 0.15, V/Vi = 1.036. Since tho diseharge Is 
practically proportional to the steam velocity, the actual discharge in this case 
is S.6 percent greater than the discharge computed on the usual assumptions. 

Velocity Coeffleieats. Loss of Energy y. On account of friction losses, 
the actual velocity V attained by the jet is lees than the velocity 7} cal- 
culated under ideal conditions. liiatKy = #7«, •where* (<l)isBvelooity 
coefficient. The coefficient * is connected wath the coefficient j/, giving the 
loss of energy, by the relation, y = 1 - **. 

The elaborate and accurate experiments of tho General Electric Co. on 
turbine nozzles (Warren and Keenan, Traits. A.S.M£., 48, p. 83) give 
for convergent nozzles values of * in excess of 0.98, with a corresponding loss 
of energy y = 0.025 to 0.04. For similar nozzles, the experiments of the 
Steam Nozzles RcBcaroh Committee (of England) by a different method give 
values of * around 0.96, or y = 0.08. In tho case of divergent nozzles, the 
velocity coefficient may be somewhat lower. 

Flow of Fluids iu Circular Pipes 
(See pp. 264 to 272) 

Tho fundamental equation as previouriy given, assuming the pipe hori- 
zontal, is 

(ydF/ff) +«lp+dF =0 

The friction term dF includes not only losses duo to frictional flow along the 
pipe but also those due to fittings, valves, etc., as well as losses occasioned 
by any enlargement or contraction of the pipe aa, for instance, the loss occur- 
ring when' a fluid passes from a pipe into » tank. For long straight pipes of 
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D where ii expands doing work, and its temperature is thereby lowered. ■ It 
is then discharged into the liquefieri where it cools the remainder of the com- 
pressed air which has entered the tubes of Ir. 

"With an expansion cylinder, I lb of bqtnd oxyBCii' of 88 percent purity can 
be obtained from 0.77 hp-hr of .work (Jfccfc. Eng., 46, p. 582). 

For a complete account of the liquefaction of gases, see Claude, "Liquid 
Air, Oxygen and Nitiogen." 

FLOW OP COMPEESSIBLE FLUIDS 

IlEmEMCES: Slodola, "Steam and Gas Turbines," loewenstein's tmCBlation, 
McGraw-Hill. Goodenough, “Prindples of Thenn^ynaraics," Van Nostiand. 
iueke, “EnginDering Thermodynamics "McGrnw-Hai. Berry. Mcch-Eriff., Nov., 1920. 
Guterrauth, Z.V.d.L, 48, Buchner, Z.V.d.I.,-49. Wiilkcr, Lewis, McAdams, and 
Gilliland, "Principles of Chemical Bnpneerine," McGraw-Hill. 

Important examples of tbc flow of comprcsable fluids are the following: 
(1) The flow of air and steam throng orifices and short tubes or nozzles, 
as in the steam turbine. (2) The flow of compressed air, steam, and illumi- 
nating gas in long mains. (3) The flow of low-pre^ure gases, as fiimaco 
gases in duets and chimneys or air in vcntilaline ducts. (4) The flow of gases 
in moving channels, as in the centrifugtd fan. 

Notation. 

Let A w aica oi section, sq ii 

C s empirically determined coeflicient of di^harge. 

D B inside diameter of pipe, ft. 
d B 12,D B inside diameter of pipe, in. 

Fis = energy expended in overcoming internal and external friction 
between sections Ai and At. 

?' B energy used in overcoming friction, ft-lb per lb of fluid flowing, 

/ « friction factor. 

0 B 32.2 

h B enthalpy, Btn pet lb. 

J B 773.3 

h = Cp/c,. 

L B equivalent length of pipe, ft. 
p, B viscosity, centipoises. 

p = pressure of fluid at given section, Ih per eq ft aba. 

Pm B critical flow pressure. 

Qi 2 = heat entering the florong fluid between aections Ai and As. 

R - perfect gas constant, 
p = density, lb per cu ft. 

T = temperature B, 

7 B mean velocity in ft per sec at the givon section. 

® = volume per unit weight, cu ft per lb. 

ta == weight in lb of fliud flovring past a given section per see, 

X = height from center of gravity of fl,ow to a fixed base level, ft. 

The cross sections of the tube or channel aro denoted by Ai, Aj, etc. 
(Fig. 31), and the various magnitudes pertaining to 
these sections are denoted by corresponding sub- 
scripts. Thus, at section Ai; the vdocity, vobune, 
and pressure are, respectively, 7i, m, in; at section 
As, they are Vi, sj, pj. , , 

FuBdamental Equations. In the interpreta- 
tion of fluid-flow phenomena, three fundamental equations are of importance. 
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to 0.0054, Babcock has suggested the approximation/ = 0.0027(1 + Z.t '/d) 
for steam. 

Values of /as a function of pipe surface arc given by Fig. 21, p. 266. 

For predicting the capacity of a given jape operating on a chosen fluid 'with 
fixed pressure drop, the use of Fig. 37 eliminates the trial-and-error methods 
UBuaOy involved. Figure 38 gives tho viscogity of various gases. 



Example. Afr at 68 Pfs flowing isoUiermally throuch a straight standard 1 io. pipe 
(I.D. ■ 1.049 in.). The pipe b 200 ft long, the pressure at the pipe inlet is 60 lb per 
sqin. gage, and the pressure <lrop through the pipe b5!b per sg in. The average density 
of the air in the pipe is 


- 0.0753 [(60 + 14.7) + (55 + 14.7)1/2 X 14.7 - 0.370 lb per cu ft 


, /2(32.2)(0,(l875)(O.37O)»(l-945) 


200 


2.74 


p = 0.018 centipobe (Fig. 35). or (a018)(0.000672) - 0.0000121 in lb ft see units. 
“ = gggQj2i ~ “ Itoli Ijb, 37 the corresponding value of — b 7.05. 

y 7.05(2,74) 

0.370 

(3 1416)(0.0875)» 

to = XFp = i ^(52.2)(0.370) = 0.116 lb per soc 


I 52.2 ft per sec 


Resistances due to fittings, expressed in terms of i/Z), are as follows: SO deg 
elbows, 1-2)^ (3-6) [7-10] in., 30 (40) [SO]; 90 dog curves, radius of center 
line of curve 2-8 pipe diameters, 10; ^obe valves, l-2}i (3-0) [7-101 in., 
45 (60) [75]; tees, 1-4 in., 60. The reastanco in energy units, due to sudden 
enlargement. in a pipe, is approximately CVi — Y^^/2a. For sudden con- 
traction it is 1.5(1 •-,f)T''**/2fl(3 — r), •where r = Xs/Ai. 
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Ti is oftea small compared with y», and under those conditions the denomina- 
tors in the preceding equations become approrimately equal to unity. For 
air assuming R = 63.3, k =» 1.40, and Fi nc^igiblo, 

w = 2.n5M:KV(I/3'i)ta/j!)*=«lto/!»)«-‘'* - U 

= 2.05M.p.A/a/ri)(i + Y)r 

Values of y aro given on p. 315. . : ' 

Although the preceding formulas aro generally applicable under the 
assumed conditions, it must bo remembered that irrespective of the value of 
pji j)s cannot become less than pm. When pj is less tlian p»., tho flow rate 
becomes independent of the downstream pressure; for perfect gases, 

bSW.) 

or for air 

i»=0.53Cp,-^ 

Vn 

Where tho pressure drop through the orifice is small, the hydraulic for- 
mulas (pp. 253, 1803) applicable to incompressible fluids may be employed 
for gases and other compressible fluids. 

In general, the formulas of the preceding section are applicable to nozzles. 
When so used however, the proper value of the dwchaigc coefficient must bo 
employed. For steam nozzles, this may be os high as 0.94 to' 0,90, although 
for many orifice installations it is as low as 0.50 to 0.60. Steam nozzles 
constitute a most important type, and calculations for those are best carried 
out with the aid of a Mollier or amilar chart 

Tormulas for Discharge .lof Steam. When tho back pressure pj is 
less than the critical pressure p*,, the discharge depends upon the area of 
orifice A-i and reservoir pressure pi. There are three formulas widely used to 
' Table 31. Values of p» ” for Use in Grashofls Formula 


r 

!P«J . 

" 

pOJ.' 

. f 

P*-*] 


p’-" . 

> 15 . 

13.8 ' 

50 

44.5 ' 

. no 

95.5 

•'225 

191.2 ' 


18.3 

55 

48.8 

120 

1Q4.0 

.250 

212.0 


22,7 

60 

53.1 

130 

1)2.4 

275 

232.0 


■ 27.1 , 

■ , 70 

. hU 

. 140 

.120.7 

-300 

' 253.0 


31.5 

,80 

70.1 

150 • 

129.1 • 




3S.8 

' 90 

78.6 

175 

ISO.O . 



45 ' 

40.1 

IDO 

87.1 

. 200 

• 170.6 • 
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as a product, carbon dioxide, COi; tiie combustion, of hydrogen ^ves water, 
HjO. 

Combustion of Gaseous and Liquid Fuels 

Combustion Equations. The approximate molecular weights of the 
important elements and compounds entering into combustion calculations are; 

Gas Hs Oi Ni CO COi HjO CHi C^Hi CiEiO 

Molecular weight. .. 2 32 28 28 44 18 16 28 46 

For the olomcnta C and H, the equations of complete combustiou are 

f C'' + Os = CO: H- + HOs = HsO 

ll2 lb +32 lb =44 lb 2 lb + 16 lb = 18 lb 

For a combustible compound, as Cn«, the equation may be written 
Ca + a:-0s = yCOs + 2-H50 

Taking, as a basis, I molecule of CHt and making a balance of the atoms 
on the two aides of the equation, it ia seen that 

y-l, *=2; 2x-2y + z, or® =2 

Hence f CHi + 20:- = COj + 2 H 2 O 

\l61b +C41b =44 lb +30 lb 

The coofEoients in the combustion equation give the combining volumes 
of the gaseous components. Thus, in the last equation 1 ou ft of CH< 
requires for combustion 2 cu ft of oxygen and the resulting gaseous products 
of combustion are 1 cu ft of CO: and 2 cu ft of H:0. The coeScieuts multi- 
plied by the corresponding molecular weights give the combining weights. 
These are conveniently referred to 1 lb of the fuel. In the oombustlon of CH(, 
for example, 1 lb of CEt requires 64/16 = 4 lb of oxygen for complete com- 
bustion and the products are 44/16 = 2.75 lb of CO: and 36/16 = 2.25 lb 
of HsO. 

Air Required for Combustion. Tho composition of air is approximately 
0,232 0: and 0,768 Nj by weight, or 0.21 0: and 0.79 N: by volume. For exact 
analyses, it may be necessary sometimes to take account of the water vapor 
mixed with the air, but ordinarily this may be neglected. 

The minimum weight of air requtrod for tho combustion of 1 lb of a fuel 
is the weight of oxygen required, as found from the combustion equation, 
divided by 0.232. Likewise, the minimum volume of air required for the 
combustion of 1 cu ft of a fuel gas is tho volume of oxygen divided by 0.21. 
For example, in the combustion of CHt the weight of air required per pound 
of CHi ia 4/0.232 = 17.24 lb and the volume of air per cubic foot of CH« is 
2/0.21 = 9.62 cu ft. Ordinarily, more air is provided than is required for 
complete combustion. Let a denote the minimum weight required and xa the 
weight of air admitted; then 2 — 1 is tho excess coefficient. 

Products of Combustion. The products arising from the complete com- 
bustion of a fuel are CO», HjO, and, ifuulphur is present, SO:. Accompanying 
these are the nitrogen brought iu with the air and the oxygen in the excess 
of air. Hence the products of complete combustion are principally CO 2 , HjO, 
Nj, and O 2 . The'presence of CO indicates incomplete combustion. 
The composition of the products of combustion is readily 'calculated from the 
combustion equations, as shown by the following illustrative example. ■ 

' Example. - ’ A producer gas having the volume compoeition given is burned with 
20 percent'ucess of air; required the volume competition of the exhaust gases. 
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7* = 223.7 V^i - K, and T'j = 223.7 VU -y){h-H 
Next find Hm and ti'j. Then, from the equation of continuity, 

An = tutn/Fn and A'i = iot'j/7'j 
The follomng example illustrates the method. 

Example. Required the throat and end secdons of ft noztlo to deliver 0.7 Ih o! 
steam per see. The initial pressure in 160 lb, the back pressure 15 lb, and the Steam ip 
initially superhoated 100 F; jf = 0.15. 

The critical pressure is ICO X 0.65 =* 88 Ib. 

On the MoOier chart (Fig. 35) , the point ^ repre- 
senting the initial state is located, and line of 
constant entropy (a friotionlcss adiabatic) is 
drawn from A. This cuts the curves p = 88 
and p = 15 in the points B and C, respectively. 

The three values of h are found to be fti = 

1253, h„ = 1109, hj = 1067. 01 the availaUe 
drop in enthalpy, hi — hj •= 185.5 Btu, 15 per- 
cent or 27.9 Btu is lost through friction- Bence, 

CD = 27.9 is laid off andBis projected horixon- 
tally to point C' on the curve p = 15. Then C 
represents the final state of the steam, and the quality is found to be x «» 0.943. The 
specific volume in the state C' is 26.^ X 0.943 « 24.8 cu (t. Likewise, tho epeeiSo 
volume for the state D is found to be 5.29 eu ft. 

For the velocities at threat and end sections. 



Ym = 223.7 V1253 - 1199 = 1643 fps 
Vi = 223.7 V 185.6 - 2^ = 2813 Ips 
Am - (0.7 X S.29)/1643 « 0.00225 sq ft - 0.324 eq In. 

Ai - (0.7 X 24.8)/28l3 « 0.00617 sq ft o 9.8D eg in. 

The dismotera are dn ^ 0.643 in. and dr a 1.0C4 in. 

Bivergence of Noszlos. The diagram (Rg. 3G) pves, for various ratios 
of expansion, tho required “divergence" of tho nozzle, t.c., the ratio of tho 
area of any section to the tb.-oat area. Thus in 
the case of saturated steam, if the final pressure 
is Hs of the initial pressure the ratio of the areas 
is 3.25. The curves apply to frictiordess flow; 
the effect of friction is to increase tho divergence. 

Theory of Supersaturation. Certain dis- 
crepancies between the discharge of saturated 
steam through an orifice as calculated from the 
preceding theory and the discharge actusdly 
observed are explained by a hypothec first 
advanced by Martin, viz., that steam when ex- 
panded rapidly, as in turbine nozzles, becomes 
supersaturated; in other words, the condansa-"' 
tion required by the ordinary theory of adiabatic 
expansion does not occur on accovmt of the rapidity of tho expansion (sec 
Goodonough, Power, Sept. 27, Oct. 4, 1927). 

_ The foHomng example from the artidc dted Qlnstiates the effect of supersatura- 
tion OQ the flow of steam. Let the Initial condition of the steam be pi = 40 lb per sq 
m. abs, fi = 283.2 F (16 deg superheat), n = 10.76 eu ft per lb, si = 1.0877. Tho 
steam expands adiabatically in a nozzle to a pressure (rf 20 lb per sq in. Two calcu- 
lations are made. (1) It is assumed that equilibrium oonditione are maintained and 
the saturation state is reached the apandon is aooompanied by condensation. 
(2) It is osBumsd that there is no condensation and that the etsam follows the gaa law 
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lent of the work done on the gas daiibg tlie contraclion. For esample, in the bunung 
of CO, according to the equation CO + J^Os = COt, there is a contraction of H Volume. 
Taking 62 P as the tempcraturei the ydlOTie of 1 lb CO at atmospheric pressure is 
13.6 cu ft; hence the equivalent of t^ wort done at atmospheric pressure is X 13.6 X 
2110/778 = 18.5 Btu, which is about 0.4 percent of‘the heat value of CO. Since the 
difference between 13 f and H.b small in moat fuels, it is usually neglected. 

It is also to be noted that heat values vary with 'the initial temperature (which is 
also the final temperature) , but the vaiiafiwi is usually negligible. 

Heat Value per' Unit Volume. Snee the consumption of a fuel gaa is 
more easily measured by volrune thsui by weight, it is convenient to express 
head values in terms of volumes. For purpose, a standard temperature 
and pressure must be assumed. It ia ctistomary to take atmospberic pressure 
(14.70 lb per sq in.) as standard, but there is diveraty of practice in tiie 
matter of a standard temperaturo. The temperature of 68 F (20 C) is 
genarahy accepted in metric countries and has been recommended by the 
American delegates to the meeting of the International Committee of Weights 
and Measures and also by the A.S.M-E. Power Test Codes Committee. The 
AmcTicnn Oas. Assoc, uses Ob F as the standard tempetatuie of refeiente, 
Coaveraon of density and heat values from 68 to 60 F of dry (saturated) gas 
is obtained by multiplying by the factor 1,0154 (1.0212). Conversion of 
specific volumes of dry (saturated) gas is obtained by multiplying by the 
factor 0.9848 (0.9792). ' 

If the gas \% at some otter ptessuie and temperature, say pi lb per eq in, 
nbs and Ti deg B,, the heat value pet cubic foot is found by multiplying the 
beat value per cubic foot under standard conditions by SS.Opi/Ti. 


Table 32. Heats of Combustion 


Fuel 

ChenUcal 

Eigh heat 
value, Btu 

Low beat 
value, Btu 


Ferlb 

Per eu ft“ 

Per lb 

Pet cu ft* 

Carbon to COi. 

C 

14^20 





C 





CO to CO: 

CO 

4J45 

313.8 




6 

3.982 





Hs 

61.045 

319.5 

51,608 

270.1 


ca» 


995.4 

21.529 

896,2- 




1,739 

20,425 

1.591 



21.670 

2,475 

19,940 

2,278 



21320 

3711 

• 19,670 

2,960 



21.1(10 

3,944 

19.514 

3,647 


CiBit 


4.676 

19,400 

4,330 




6.141 

19,245 

5,694 


Ci*ll>> 

20700 

7.630 

19350 

7.132 

Ethykne 

CiHt 


1,577 

20.300 

1,418 


C)Hi 


2325 

19,970 

2,177 




1.457 

20,840 



C(H( 


3,677 

17.190 

3.481 



18.300 

4.370 

17,460 

4,169 



10.270 

853.1 


754.1 

Ethyl aloohol 

OrHtO 

13.170 

1.573 

11,930 

1.424 

Naphthalene 

OisHi 

17.M0 

5749 

16.700 

5,549 


'•Measured as a mist '^FandKTOlbpasqin.abs. Multiply by 1.0154 for 60 F 
and 14.70 ib. " 
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unitoim diamBtcr, dF is approslmatdy cqunl It Sa UBUal to express 

friction due to fittings, etc., in terms of additioiuil lengtli of pipe, adding this 
to the actual pipe length to get the cqmvalent pipe length; 

Integration of the fundamental equation leads to two sets of formulas. ^ 

1. For pressure drops, small relative to tiie initial pressure, the specific 
volume r and the velocity 7 may be aeaumed constant. Then approximately 
pi - pj = 2f7^/voD 

Expressing pressure in pounds per square inch, p', the diameter in inches, 



•“ wherexsV2g Dp^dF/dL 

PiQ. 37.— Chart for Estimating Rate of Flow from the Pressurb Gradient, 
and V as a function of um/D*, -UjIs equation becomes 
p'l — p's = 174.2/tD*tiIf/d® 

2. For considerable pressure drops, when dealing 'with approximately 
isothermal flow of gases and vapors to which the gas laws are applicable, the 
fundamental equation may be integrated to ffvo 

, , 2ts»Rr, ti-.AiRM 

Coefficients of Friction. The coefficient of friction / is not a constant 
but is a function of the dimensionless expression n/pYd or nv/Vd, which is the 
reciprocal of the Reynolds number. . McAdams and Sherwood {Mech. Eng., 
Oct., 1926) formulate the expression’ , 

/ »,O.OOM +0.3760ts/F<i), ' ' 

This formula is applioablo to water and other fluidi ' For' ‘high-pressure 
steam, the second terra in the expresaon'is small' and j is approximately 'equal 
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Lot and High EeatValues. Any fuel coatsining hydrogen yields water 
as one product of combuEtion. At atmospheric pressure, the partial presauro 
of the water vapor in the resulting combostion gns misture will usually be 
sufficiently high to cause water to condense out if the temperature is allowed 
to fall below 120-140 F. This causes liberation of the heat of vaporization 
of any water condensed. The low heat value is evaluated assuming no water 
vapor condensed, whereas the high heat value is calculated assuming all water 
vapor condensed. ■ 

To facilitate calculations of the temperaturo attained by combustion, it is 
desirable to make use of the low heat value. The necesaty of taking into 
account the beat of vaporiaation of the water vapor and the diSerence between 
the specific'hoata of liquid water, and of water vapor is thus avoided. The 
high heat of combustion exceeds he low heat of combustion by the difference 
between the heat actuaUy ©ven up on cooling the products -to the initial 
temperature and that which would have been pven up if the products bad 
remained in the gaseous state. A bomb calorimeter (constant volume) gives 
practically correct values of tho high heat value; a gas calorimeter (constant 
pressure) gives valu a which, for tho usual fuels, may be incorrect by a frac- 
tion of 1 percent. The quantity to be subtracted from the high heat value 
to obtain the low heat value xriJl vary with the composition of the fuel: an 
approximate value is 1050 m, where m is the number of pounds of HsO formed 
per pound of fuel burned. 

In Germany, the low beat value of the fuel is used in calculating effi- 
ciencies of internal'combustion engines. In the United States, the high 
value is specified by the A.S.M.E. Power Test Codes. 

Heat of Formation. The change in enthalpy resulting when a compound 
is formed from its elements isothermally and at constant pressure is called 
the heat of formation. It is equal to the difference between the heats of 
combustion of the constituente forming the compound and the heat of com- 
bustion of the compound iteelf. The following values for heats of formation 
are in Btu per lb of the compound. The elements before the change and 
the compounds formed are assumed in their ordinary stable states at 65 F 
and 1 atm. A plus sign indicates beat evolved on forming the compound, 
a minus sign heat absorbed from tho surroundinp. 

• Fuels. Methane, CHi, (gas) 2048; ethane, CjHe, (gas) 1258; propane, 
(yaqor), 1440:, acetylene., CxHv -313(1:. ethybuift., C-Hi., (gas) 
—707.3; benzene, CeHs, (vapor) —288; toluene, CtH 9 , (vapor) - 68 ; methyl 
alcohol, CHjOH, (liquid) 3234; ethyl alcohol, C:EiOH, ^quid) 2625. 

Inorganic Compounds. Al:Oj, 9234; CaO, 7585; CaCO:, 5211; FeO, 
1608; FesOs, 2243; Pe}09, 2071; FeSs, 532.5; Ha (gas), 108S; HNOj (Uquid), 
1191; HsO (liquid), 6837; H,S, 280.4; HjSOj Oiquid), 3365; K:0. 1646; 
MgO, 6531; MnO, 2441; NO, -1296; NiO, -8Q3.7; No-O, 2884; NHs. U65; 
NHiQ, 2518; NiO, 1407; PiOs (solid), 4572; PbO, 424.9; PbO:, 488.8; SO:, 
1993; SnO, 907.2; ZnO, 1845. 

' Internal Energy and Enthalpy of Gases. Table 34 gives the internal, 
energy of various common gases in Btu per lb mol measured, above 520 R 
(60 F). The correspondmg values of the enthalpy are obtained by , adding 
the value of .Apr from.the last column. 

. Temperature Attained by Combustion. , Excluding the effect of dis- 
sociation,- the temperature attained at the end of combustion may be calcu- 
lated by a simple energy balance. The heat of combustion less .the beat-. 
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Throttling 

Throttling or Wiredrawing. When a fluid flows from a region of higher 
pressure into a region of lower pressure through a valve or constricted passage, 
it is said to be throttled or wiredrawn. Examples are soon in tbe passago 
of steam through pressure-reducing valves, in the flow through ports and 
passages in the steam en^e, and in the expansion valve of the refrigerating 
machine. 

The general equation applicable to throttling processes is 
- Fi*)/2ff = (Ai - k)J 

The velocities Fa and Fi are practically equal, and it follows that hi = Ai; 
i.e., in a throttling process there is no change in enthalpy. 

For a mixture of liquid and vapor, ft - fc/ + xh/g; hence the equation of 
throttling is ft/i + iift/»i = ft/i + ttft/ji. In the caso of a perfect gas, 
ft = CpT + ftc; hence the equation of throttling is CplTi ■}- fto = c^Tj + ftn, or 
Ti = Ts. 

Joule-Thomson E2ect. The investigatioM of Joiilo and Lord Kelvin 
showed that a gas drops in ■temperature when throttled. This is not uni* 
versally true. For some gases, notably hydrogen, the temperature rises for 
throttling processes over ordinary ranges of temperature and pressure. 
Whether there is a rise or fall in temperature depends on the particular range 
of pressure and temperature over which the change occurs. For every gas, 
there is one temperature at which no temperature change occurs during a 
Joule-Thomson expansion; this is called tie invorsioa temperature! 
Below this temperature, a gas cools on throttling; above this temperature, 
its temperature rises. The ratio of the observed drop in temperature to the 
drop in pressure, i.e., dT/dp, is the Joule-Tliomson coefficient. 

The variations of the Joule-Thomson coefficient, for air, with both tem- 
perature and pressure, can be determined from the constant enthalpy curves 
of Fig. 17. Values of the coeffirient for steam vary from 0,465 at 300 .deg 
to 0.166 at 530 F, the unit being deg per lb per sq in. 

The cooling eSect produced by throttling has been applied to the 
liquefaction of gases (see p. 352). 

Loss Due to Throttling. A throttling process in a cyclo of operations 
always introduces a loss of efficiency. If To is the temperature corresponding 
to the back pressure, the loss of available energy is the product of To and the 
increase of entropy during the throttling process. The following example 
illustrates the calculation in the case of ammonia passing through tho expan- 
sion valve of a refrigerating machine. 

Example, The liquid mmonia at s tempernture of 70 F paeseB through the valve 
into the brine cdl in which the temperature is 20 deg and the preesure is 48.21 lb per 
sq in. The initial enthalpy of the Uquid ammonia (see Table 25) ia ft/i = 120.5. and 
therefore the final enthalpy is h/t + nh/gt = W.7 -b 5S3.1es » 120,5. 'whence m = 0.101, 
From the table, the initial entropy iss/t •“ 0.254. The final entropy is s/s + (lA/ps/Tj) 
= 0,114 + 0.101 X 1.153 = 0.260. Ta 20 + 460 ■= 180; hence the loaa of retriger- 
atiug eaect ia 480 X (0.260 - 0.254) « 2.0 Btu. 

COMBtfSTIOH 

Fuels. For special properties of various fuels, see pp. 1005 and 1014. In 
general, fuels may be clas^ under three htads; (1) gaseous fuels, (2) liquid 
fuels, (3) solid fuels, ■ ' < ' 

The combustible elements that cbanictedse fuels are carbon, hydrogen, 
and, in some cases, sulphur. The comiflete combustion of carbon gives, 
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lost by cottduction afld radiation during the process ia equal to the increase 
in internal energy of the products mixture if the combustion ia at constant 
volume; or, if the combustion is at constant pressure, the diSorenco is equal 
to the increase in enthalpy of tte p^ucts mixture. 

As an examplei the temperature of combustion of a fuel gas having the composition 
Ht = 0.50, CO “ 0.40, CCh * 0.04 is calculated. The gas is burned with 15 percent 
excess air at constant volume, and tiie initial temperature in 62 F, v,e. T = 522. 

The volume composition of the initial mixture of fuel gas and air and the mixture 
of products are, respectively: 

Initial: Hj, 0.50; CO, 0.46; COj, 0.04; Os, 0.552; N$. 2.008 

Products; HiO, O.SO; COj, 0.60; Oi, 0.072; Nj. 2.098 

Since a volume composition is also a mol composition, the products mixture may be 
regarded as made up of 0.5 mol each of Hrf) and COi, 0.072 mols of Oj, and 2.098 mols of 
Nt. If values are liken from Table 32, the heat generated by combustion of the fuel 
mixture in 0.50 X 3 X 51.608 + 0.40 X 28 X 4345 = 107,684 Btu. The roteroal 
energy u of the products udxture at T = 522 is now calculated. For 0.5 mol 
HiO +0.5 mol COj + O.072mol Oi + 2.098niolNttUi8is3.05 + 3.48 + 0.36 + 10.17 = 
17.06 Btu. 

The energy u> o! the mixture is next calculated for various assumed temperatures, the 


proper values bemg takea from Table 34. 






Ti assumed 

4700 

4800 

4900 

5000 

5200 

Energy 0.S mol H:0 

18,303 

13,851 

10,391 

19,043 

20,492 

Energy 0,5 mol COj 

23,742 

24,338 

25.035 

26,632 

26,331 

Energy 0,072 mol Oj; 

1,070 

2,020 

2,080 

2,135 

2,185 

Energy 2.098 mol K; 

53,500 

65.017 

56.446 

57,882 

59,821 

m - 

97,526 

100,282 

102,952 

105,642 

108,329 

td e 

17 

17 

17 

17 

17 


97.509 

100,265 

102,035 

105,625 

108,312 

If the heat of combustion, 107.584 Btu, 

is entirely used in 

the increase of energy, the 

temperature attained lies somewhere between 5000 and 5200; 

by btcrpolation, the value 


5146 deg is obtained. 

Loss of heat during combustion may readily be taken into account; then if 10 percent 
of the heat of combustion is lost, the amount available for increasing the energy of the 
products Is 107,684 X 0.00 = 96.827 Btu, and this increase gives Ts ■ 4679 deg. If the 
fuel is burned at constant pressure, Hf is used instead of Uv and valuee of h are deter- 
mined from Table 34 lisstcad of values of u. 

Eflect of Dissociation. The maximum temperature that can be obtained 
by the combustion of any fuel is limited by the dissociation of the products 
formed. Thus COs dissociates into CO and HOr, whereas HsO goes to 
Hj + The amount of such dissociation depends upon the temperature 
and also upon the pressure; tire hi^er the pressure, the less the dissociation. 
The percentage dissociation, according to Tiznrd and Pye [Automobile Eng., 
Feb. 1921) ia given in Table 35. 


Table 35, Dissociation of E:0 and COj 
(Disotnation, percent) 


Tempera- 
ture, dee 

1 Pressure, atm 

. 1 

1.0 1 

10 

1 100 

1 

1 

].. 10 

1 100 





1 

COj 


2730 

3630 

4530 ■ 

• 5430 " 1 

6.043 
1,25 
8.64 
2U 1 

0.02 

0.58 

4.21 

lU 

1 0.009 

1 0.27 

r 1.9B 
' 7.C4 1 

0.004 
0.125 
0.927 ' 
3.33 1 

0.104 ' 
4.35 
33.5 

.77,1 1 

0.043 

2.05 

17,6 

i-I.S 1 

0,0224 

0.96 

8,63 

33.2 1 

0.01 
0.445 
' 4.09 
16.9 
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Goeffidentsin ’ Coeffioiente multiplied 
re&ciion equations by 7 

V ■ Oj COi HjO Ot • COj H,0 

0.08 0.5 0 1 - ) 0.04 0 ' 0,08 

CO 0.22 'O.5.. 1 0 0.11 0.22 0 

CH) 0.024 2 0.048 0.024 0.048 

COj 0.060 0.1 0 O' 0.006 0 . 

Ns 0^ --0 0 0 0 0 0^ •, 

1.0 ■ 0.108 O.Sl 0.I2S 


For 1 cuft of the producer gas, 0.198cufti>{Osisreqmred for complete combustion.. 
The minimum volume of Piir required is 0.198/0.21 = 0.943 cu ft and with 20 percent 
excess the air aupplicd 18^0.943 X 1.2 = 1.132 cu ft. Of tliia, 0.2S8 eu ft is oxygen 
and 0.894 cu ft ia Ns. Consequentiy,{orlcuftofthefuel gas, the exhaust gas contains 



rCOa..... ........ .. IS, 7 percent 



Oj(excess]... 0.238 - 0. 19S» 0.040cuft/ ' 

1.982 cuft 

100.0 percent 


Volume Goutractioa. As a result of cliemical action, there is often a 
change of volume; for example, in the reaction 2 H 2 + ,Ot «,2 HjO, three 
volumes (two of Hi and one of 0^ contract to two volumes of water vapor. 
In the example just given, the volume of producer gas and air supplied is 1 cu 
ft gas + 1.132 cu ft air » 2.132 cu ft, and the corresjmnding volume of 
the exhaust gas is 1.9S2 cu ft, showing a eoutraction of about 7 percent. 
For a hydrocarbon having the coropoation Cs3n. the relative volume con- 
traction is [1 -■ (n/4)]; thus for CH« and C}H« there is no change of volume, 
for CiHi the contraction is K volume, and for C:H( there is an increase of 
H in volume. 

The p^nge of volume accompanying a chemical reaction, such as a com- 
bustion, causes a corresponding diangc in the gas constant I?. Let R' denote 
the coEstant'for the mixture of gas and air (1 lb of gas and an lb of air) before 
combustion, and R" the constant of the mixture of resulting products of 
combustion. Then, if y is the resulting contraction of volume, R"/R' 

(I +aa +sa). 

Heat of Combustion. Usually, a chemical change is aocompanied by 
the generation or absorption of heat. The union of a combustible with 
oxygen produces heat, and the heat thus generated when 1 lb of combustiblo 
is completely burned is called the heat of combustion or the heat value 
of the combustible. Heat values are determined experimentally by calorime- 
ters in which the products of combustion are cooled to tlie initial temperature 
and the heat absorbed by the cooling medium is measured, ■ This is called 
the high heat value. 

An accurate definition of the heat value requires specification of the conditions under 
which the combustion proceeds, ,',Twoheat values may thus be distiaguiahod: 

3. The heat value at constant volume (tf,) is the quantity of heat rejected, from a’ 
calorimeter, to external surrouinUngs when the temperature and volume of the com- 
buation products are brought to tie temperature and, volume, respectively, of the 
gaseous mixture before burning. '’Numerically, 'this ia equal to the change ia internal 
energy. ' , ■ • . - . . • - , 

2. The heat value at conatant pressure (Hp) is the quantity of heat rejected, from a 
calorimeter, when the temperature and preaettre of the products are brought back to tbe 
temperature and proBsure. reBpe&tiTely, of the gaseous mixtiire before burmng. This ia 
equal to the change in enthalpy. 

If there is rio 'cKange of volume "due to the combostidS, the heat values Hy and'H* 
are the same. TTheii there ie a contraction of volume, fly exceeds ff»by the heat e'quiva- 
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pheric pressure. This was compressed -to H of its volume and exploded. 
It was assumed that no beat vas lost duiii^ explosion... With no dissociation, 
the maximum temperature teached is 6473 F and the maximum pressure 
658 lb per sq in. .With dissociation, the maximum temperature is 48U F 
and the maximum pressure 600.7 lb pra- aq in. Similar results are found for 
other liquid fuels, as.alcohtd, kroscoc, etc. 

As the temperature falls after reacbing the maximum, the uncombined CO 
and Hj burn mth the oxygen present, and when the temperature has reached 
about 3000 F the combustion is practically complete. Thus in the internal- 
combustion en^e direooialion has tho effect of reducing the explosion 
temperature 'and ' presMre and afterward of raising the expansion curve. 
The effect on the efficiency is not Iwge. For an engine using benzene accord- 
ing to the conditions ’just noted, the ideal efficiency with no heat loss and 
without dissociation, waa, found by Tiiatd and Pye.to be 35.9 percent; .with 
dissociation and subffiquent recombination, it was found to be 23.8 percent. 

Combustdon of Solid Fuels 

For properties of coals, heat values, etc., see p. 1014. 

Air Eequired for Combaation. Let e, h, and o, denote, respectively, the 
parts by weight of carbon, hydrogen, and oxygen in 1 lb of the fuel. Then 
the minimum weight of oxygon required for complete combustion is 2.67o 
-h 8h - 0 lb, and the minimum wo^ht of {di required is a a (2,67c -I* 
Sh - e)/0.23 « ll.6[c + 3(A - «/8)l lb. 

With ail at 02 F and at atmospheric pressure, the minimum volume of air 
required is » 147(c -i- 3(A - o/8)l cu ft. In practice, an excess of air 
over that required for combuetlon is admitted to the furnace. The actual 
weight admitted per pound of fuel may be denoted by za. Then » » weight 
adihitted -f minimum weight. 

Combustion Products. If v„ is the minimum volume of air required 
for complete combustion and CTh, ^e actual volume supplied, then the prod* 
ucts will contain per pound of fuel, 0: « 0.21v*(® - 1) cu ft, Ns *= 0.79 »*, 
cu ft. 

From the reaction equation C + Os » COj, the volume of COs formed is 
equal to the volume of oxygen required for tho carbon constituent alone; 
hence volume of COs *= + Z(k - O.lSSe)]. 

Of the dry gaseous prodocte (i.c., without water), the COs content by 
‘volume is therefore given fey the expresMon 

COs = 0.21c/[ie -h (x - 0.21)3(ft - 0.125o)i 

The combined GOi and Os content is 

COs + Os = 0.21(1 - 0.79/1* + «/3(A - 0.125o) - 0.21)} 

If the fuel is all carbon, the combined COs and Os ie by volume 21 percent of 
the gaseous products. Tho more hydrogen contained in the fuel, the smaller 
is the COs + Os ooutent. The COs content depends in the first instance on 
the excess of air. Thus, for pure carbon, it is COj « 0.21/*. 

The. excess pf air be calculated from the composition of the gases and 
that of the fuel. , Thus . ,, 

l.0.2l|^~+3» -O.I25D)jyi, + !» - 0.1250)1, . 

in which {COil'denotce the percent iQf volume of the, COs in the, dry gas. , , 
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Heat Value per TJnit Volume of Mixture. Let a. denote the volume 
of air required for the combustion of 1 cu ft of fuel gas and so the value of 
air actually admitted, x - 1 being .therefore the excess. Then the volume 
of the mixture of fuel gas and air is 1 +aa,‘andthequotient jV/(l + 10 ) may 
|>e called the heat value per cnbic foot of mixture. This magnitude ig useful 
in comparing the relative volumes of mixture required with differont fuel 


gases. Thus a lean gas, as blast-furnace gas or producer gas, has aiow'heat 
■value H. but the value of a is correspondingly low. ■ On dhe other hand, a 
rich gas, like natural gas, has a high h^Vvaiue but requires a large volume of 
air for combustion. ■ - ' . . 
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The ratfa of air supplied per po«od of combustible to that theoTetically 
required is N /[N — 3.782(0 — hCO)!, oa the asBuinption that all the nitro- 
gen in the flue gas comes from the sur supplied. Figure 39 gives the value 
of this ratio (or varying flue-gas an^yues where there is no CO present. 


CoriowHjdni^RdroiniUi^shire-fTteFuel' 



Flo. 40.— Relation of COj to 
Excess Air for Oil Fuels. 


For petroleum fuels with hydrogen content from 9 to 16 percent, the oxooss 
air can be determined from the CO: content of the flue gases (with no CO 
present) by the use of Fig. 40. The curves arc based on the assumption of 
0.4 percent sulphur in the oil. 
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preoiso work, it requires frequent calibration. (3) The wet- and dry-bulb 
psychrometer is most mdcdy used. For precise work, radiation to the wet 
bulb must be considered. The velodty of atmospheric movement past the 
■wet bulb affects the tempa-aturo attained; at about 1,200 fpm, the maximum 
•wet-bulb depression is reached. This vdodty is set up by a fan blowing 
over the wet bulb or by swin^ng the wet bulb vigorously. An unveatilatcd 
•wet bulb is unreliable. At the i^bulb temperature, the rate of evaporation 
and the diffufiion of -water vapor (dependent upon the excess of Pv over pu) 
are balanced by the rate of beat transfer from the surrounding atmosphere 
to the wei bulb (dependent upon the tret-bulh depression). A constant is 
detennined by calibration. 

The electric hygrometer is a device whose electrical resistance or capacity 
varies with the relative .humidity of, the eurrounding air. For details see 
Dunmore, “An Improved Electric Hygrometer,” Jour. ileseaTch, B. of S., 
2S, p. 701, Dec., 1939; BJeoBesatrekBaper 1265. 

Table 1 gives the preasuro-temporature relations for saturated water vapor 
over water or fee. 


Table 1. Vapor Pressure of Water in Inches of Hg at 32 P 
(Ice heW 32 F) 

(From Keenan sad Keyes, “TbemodyDsniio Properties of Steam") 


1 

0 

1 

2 

3 

4 


6 

7 

B 

9 


0.0019 

n,M7i 


0.03^ 

0,0053 

0 0044 

0 0041 

0.0048 

0.0045 

(1(1043 

0.0041 


0.0126 

0.0119 

0.0112 

0.0106 

0.0100 

0.0094 

D.D089 

0.0D34 


0.0075 


D.Q220 

0.0208 

0.0197 

0.0187 

0.0176 

0.0167 

0.0158 

0.0149 

0 11141 

0.0133 

-fl 


0.0333 

0,0339 

0.0322 

0.0305 

0.0289 

0.0274 

0,0259 

0.0246 

0.0233 


0 0177 

0,0397 

0.0419 

0 0441 

0 0464 


0 04)4 

0 0441 

0 0 469 



0 0629 

0.11661 

0.0693 

O.II73II 

II 0767 


II.IIM? 





0 101 

0 1116 

O.ttJ 

0 119 

11 174 

0 m 

1) 147 

0 144 

0 140 

0,157 

Vi 

0 161 

0 177, 

0.130 

0 138 

0.196 

0 704 

0 217 

0 220 

0 729 

0.233 

V 

0.243 

0 U 

0.268 

0 773 


0.300 

0 412 

0.324 

1) 346 

0,349 

so 

0.363 

0 376 

0.391 

0 4115 


0 446 

0 442 

0.469 

0.436 

0.504 


II SU 

(1 441 

0.360 

0 4311 


0 622 

0.644 

0 667 


0,714 


i):m 

0 164 

0.791 

0.818 


0 374 

0.905 

0 944 

1) 967 



1,032 

1.066 

1,102 

1.136 

1 174 

1.213 

1 744 

1.293 

1 444 



1 47.7, 

1,467 

1.513 

1 461 

1.610 

1.660 

1 717 

1.765 

1 319 

1.875 

m 

1,933 

1.992 

2.052 

2.U4 

2.178 

2.243 

2.310 

2.379 

2.449 

2.S21 1 


The following equations ©ve various quauritics in terms of vapor pressure 
and observed quantities. Equation (1) (Apjohn, 1835) is sufGcicntly accu- 
rate for most purposes, ^th a modified Vidue of the constant. 

The suggested degree of accuracy for each equation corresponds to tora- 
peratuie readings to the nearest degree F. An additional significant digit 
demands temperature readinp accurate to at least 0.1 F (Berry, loc. cit.). 
Vapor pressure: Pr « p* - B(td - fa)^700 (1) 

Relative humidity: r « pr/pi (2) 

Molal .humidity: fn=p»/(B-p,) or p, = mB/(l -f m) ( 3 ) 
Specific humidity: > “ in/1.61 = }>*/1.61(B — p,) ( 4 ) 

Air density: Pc — (B — ( 5 ) 

(fl =, 0.S704 for pressures in lb per aq in. a 0.7541 in in. of Hg) 

Vapor denrity: - . . - p, =■ /».« (6) 

Mixture density: -pm =pi +p, =Pc(l'+s) ~ {B - 0.38pr)/EJ'i (7) 
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By means of the equilibrium equations for the Hi and CO reactions, it is 
possible to calculate the maximum temperature when equilibrium is attained, 
and also the amount of dissociation of HiO and COi. 

To show the extent of the dissocis tion, Table 36 (calculated by G. T. Fel- 
beck), is &ven. The values are based on the following assumptions: 

1, The mixture of fuel and air has an initial pressure of 14.7 lb per sq in. 
and an initial temperature of 60 F. 

2, The combustion is at constant volume aa in the ideal Otto cycle. 

3, The loss of heat is taken as 10 percent of the beat of combustion. 

Table 36. Percentage Dissociation and Explosion. Temperatures of 
Various Fuel Miitures 

(i a dissociation of COj, percent; y = diswaatioa of HjO, percent; T,,= teraperature 
deg F aba) 




Percent excess dir 

Fuel 


0 

10 

1 20 

30 

i 40 


I 

■ T 

4710.0 

15.4 

4640.0 

11.8 

4560,0 

8.7 

4460.0 

I 6.2 

'4360,0 

1 4.3 




Hydrogen 

1 

' T 

, V 

T 

4700.0 

4.0 

'4570.0 

1.8 

4420.0 

0.9 

4260.0 

1 ■ 0.5' 

4100.0 

0.3 



4580.0 

4460.0 

.4330,0 

4160.0 

4020.0 

Carbureted water gas 



15.3 

8.6 

4,7 

2.7 . 

1,5 



2.2 

1.2 

0.7 . 

0.4 

0.1 



r 

4530.0 1 

4410.0 

4260.0 

4100,0 

3950,0 







2.3 





2.1 

1.1 

0,5 

0,3 

0.1 



T 

4450.0 

4330.0 

4170.0 

4000. 0 

3840.0 







1.5 

0 





1.9 

0.9 

0.4 

0 ' 



' f 

3810.0 

3720.0 

3520.0 

3510.0 

34I0.Q . 

Producer gas 



2.9 

1.3 

0.4 

0 

0 



0.5 

0.2 

0.1 

0 ' 

0 



T 

3560.0 

3500.0 

3420.0 

3340.0 , 

0 

3250.0 





0.4 



. y 

0.2 

0 

0 

0 

0 


Inspection of Table 36 shows (1) that the dissociation of HjO is negligible 
for temperatures below 4700 deg abs; (2) that the dissociation of COi may 
reach an appreciable magnitude if the absolute temperature exceeds 4300 F, 
(3) that an excess of air by reducing the temperature reduces the dissocia^ 
tion; (4) that dissociation is less for the lean g^es than for the rich gases. 

The maximum temperature attainable by the combustion of hydrogen 
with oxygen at atmospheric pressure is about 5270 F. In the oxyacotylene 
flame, the temperature may be as high as 6020 F. 

In the case of explosion in the internal-combustion engine, the figures 
in the table will be somewhat changed. The effect of compression is to 
increase both the initial temperature and the initial pressure'. The resulting 
increase in the explosion tempcratiU'c will tend to increase the dissociation, 
the increase of pressure will tend to reduce it. The net effect will be a small 
reduction. 

Combustion of Liquid Fuels. For properties of fuel oils, heat values, 
etc., see page 1006, Calculations for the burning of liquid fuels are funda- 
mentally the same as for gaseous fuels. Liquid fuels are almost always 
gasified before or during actual combustion. 

Tizard and Pye {Automobile Eng., Feb., 1921) gdve the following result on a 
theoretically, correct mixture of benaene vapor and air at 212 F and atmos- 
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S = Aw - « X «» - 32) “ 0.240ij 

+ « X (ft» - <tf + 52) Etu per lb air (10) 

An advantage of the rigma function is that it is determined by the baro- 
metric pressure and the wet-bulb temperature; its valuo is independent of the 
dry-bulb temperature. It equals the enthalpy of dry air at the given wet- 
bulb temperature: at zero relative humidity, the sigma function and the 
enthalpy are identical. Values »e gim in Tubio 2. The sigma function 
has a shifting datura depending upon the wet-bulb temperature; in any" 
change of state dui'ing wHeh the wet-bulb temperature changes, correction 
must be made for this. 

EsampleE. 1. To Find y, from Pzychiometer Date, S = 2i io. Hg; 
td = 76F; = 62 F. From Table 1, p» “ 0.50 in. Bg. FroinEq. (1), = 0.56 - 

[24(70 - 62)/27001 = 0.44 in. Hg. 

2. To find p, from Temperature and Relative Humidity, td = 72 F, r = 0,73, 
From Table 1, pd = 0.70 in. Hg. From Eq. (2), p» •* r X PJ “ 0.73 X 0.79 = 
0.68 in. Hg. 

3. To Find Gompoiition, Density,, Etc. 

£«"281n.H6: ti = 82F; t- = 70F; p. - 0.62 ia, Hg. 

Relative humidity: from Table 1, p4 ■ 1.10 b. Hg; from Eq. (2), r ■ 0.52/1.10 •> 

0. 56 or 56 percent. 

Molal humidity: from Bq. (3), m • 0.62/(2$ - 0^2} • 0.0226 moU vapor per 
mol air. 

Speclfio humidity: from Eq. (4), a » 0.62/1.01 X (28 - 0.02) ■ 0,0141 lb vapor per 
lb air (7,000 grains > 1 lb avdp.) = 99 gcaba vapor per Ib nir. 

Air density: from Eq. (5), •> (28 — 0.62)/0.7d4 X 542 • 0.0070 lb air per cu ft. 

Mixture density; from Eq. (7), p. - (28 - 0.38 X O.C2)/0.764 X B42 - 0,0080 lb 
air + vapor per cu (t 

Enthalpy: from Eq. (8), k, = 1002 + 0.44 X 82 •= 1098 Btu per lb vapor; from Eq, 
(0), Am - 0.240 X 82 + 0.0141 X 1008 - 35.2 Btu per lb air. 

Sigma-funetion: from Eq. (10) S - 0.240 X 82 + 0.0141 X (1098 - 70 + 82) - 
34.6 Btu per lb air, 

PsychrometrlC Charts. For occasional use, algebraic equations arc less 
confusing and more reliable; for frequent use, a psychrometrlc chart may 
be preferable. A disadvantage of 
charts is that each applies for only 
one value of barometric pressure, 
usually 760 mm or 30 in. of mer- 
ctiTf. Correction to other boro- 
metrio readings is not simple. 

The equations have the advan- 
tage that the actual barometric 
pressure is taken into account. 

The equations are often more con- 
venient for equal accuracy or 
more accurate for equal con- 
venience. 

Psychromotric charts arc usu- 
ally plotted, as indicated by Fig. 

1, with dry-bulb temperature as 
abscissa and specific humidity as 
ordinate. Since the spedfic 
humidity is determined the vapor pressure and tlie barometric pressure 
(which is constaiit for a ipven chart), and is nearly proportional to the 
vapor pressure, a second ordinate scale, departing slightly from uniform 



Ite. 1.— Skeleton Humidity Chart. 



1 


■ The temperature of ' combxiBtion is calculated by the same method as for 
gaseous fuels. • . • •• 

' Loss Due to Incomplete Combustion. The loss due to incomplete 
Combustion of tho carbon in tie fud, in Btu per lb of fuel, is ' ■ 

X,= 10,1800 XCO/(CO+ CO:) 

where 10,180 *= difference in heat evolved in burning 1 lb of carbon to COi 
and to CO; CO and CO 2 = percentages by volume of carbon monoxide and 
carbon dioxide as found by analysia; and C *= fraction by weight of carbon 
in the fuel which is actually burned and passes up the stack, either as CO 
or CO 2 . The presence of 1 percent of CO in the flue gases will represent a 
dccieaao in the boiler effideney of 4.5 percent. An additional loss is caused 
by passage through the grate to the ashpit of any unburned or partly burned 
fuel. 



ho. 39.— Ratio of Air Supplied per Pound of Combustible to That Theoreti- 
cally Required. 

It fs generally -assumed that high COi readings are indicative of good com. 
bustion and, hence, of high oflldeucics. Such readings are not satisfactory 
when considered apart from the CO determination., .The best percentage of 
CO 5 to maintain varies with different fuels and is lower for those with a high 
hydrogen content than ior fuel mainly composed of carbon. 

Hydrogen in a fuel increases the nitrogen content of the flue gases. This is due to 
the fact tiiat the watw vapor formed by the combustion of hydrogen will condense at 
the temperature at wluch the analysis is made, while the nitrogen which accompanied the 
Oxygen maintaina its gaseous form and passes in that form into the sampling apparatus. 
For tlus reason, where highly ydlatSo coals containing considerable h3^drc'geQ are 
burned, the flue gas contains an apparently inorcased amount of nitrogen. The effect 
J8 even more pronounced when buming gaseous or liquid hydrocarbon fuels. 

The weight of flue gases per pound of fuel, including moisture formed by the 
hydrogen component, is approadmatdy » 3.02[N/(COs +• C0)]C 4- (I - A), 
Where A = percent of ash as found in test. The weight of dry flue gases per 
Pound of fuel may be approximated from the formula: Wi ~ CHICO 2 +80 
+ 7(CO + N)1/3(COj + CO). In these formulas, the weight of gas is per 
pound of dry or moist fuel as the percentage of C is referred to a dry or moist 
basis. 

The ratio of air supplied per pound of fuel to the air theoretically required 
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graduations, will give tie vapor piessuto. Tio saturation curve (r = 1.0) 
gives the speciflo tumidity and vapor pressure for a mixture of air and satu- 
rated vapor. Similar curves bdow it ®ve results for. various values pf 
relative iumidity. Indincd lines of rmo'set carry fixed values of tie wet- 
bulb temperature, and tiose of another set carry fixed values of %, cubic feet 
per poimd of air, the reciprocal of the air density given byilq. (5). 

Any two values will locate the point representing the state of the atmos- 
phere, and tie desired values can be read ditecdy. 
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Fig. 3. — Humidity Chart for Medium Temperatures. (Prom EUenwood and 
Mackey, “Vapor Charts,” Wiley.) 

Figures' 3 and 3 are psycirometric charts from EUenwood and Mackey, 
("Vapor Charts, " Wiley) covering a dry-bulb temperature range from 32 to 
SOO F. They are accurate only for a barometric pressure of 29.92 in. Hg. 

■ Air-conditioning processes idler the teraporaturo and specific humidity 
of the atmosphere. , The weight of air remains constant and consequently 
computations arc best based upon 1 lb of air. 

Liquid water may enter or leave the apparatus. Its weight Wj lb per lb 
of air is often merely tio difference between the specific humidities of fie 
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(See Berry, "Humidity Computations," Auc., Sept., Got., 1934) 

Atmospheric Humidity. The atmosphere is a mixture of air and water 
vapor. Dalton’s law of partial pressures (for the mixture) and the ideal 
gas law (for each constituent) may safely be assumed to apply. The total 
pressure B (barometric pressure) is the sum of the vapor pressure pv and 
the air pressure po. 

The temperature of the atmosphere, as indicated by an ordinary ther- 
mometer, is the dry-bulb temperature to. If tbo atmosphere is cooled 
under constant total pressure, the partial pressures remain constant until a 
temperature is reached at which condensation of vapor begins. This tem- 
perature is the dew-point (5 (condensation temperature) , and is the saturation 
temperature, or boiling point, corresponding to the actual vapor pressure pr- 
If a thermometer bulb is covered with absorbent material, c.g., linen, wet 
with distilled water and exposed to tho atmosphere, evaporation will cool 
the water and the thermometer bulb to the wet-bulb temperature 
This is the temperature given by a psychrometer (see p. 374). Tho wct*bulb 
temperature lies between the dry-bulb temperature and the dew point. 
These three temperatures are distinct except for a saturated atmosphere, for 
which they are identical. For each of these temperatures, there is a corre- 
sponding vapor pressure. The actual vapor pressure p, corresponds with 
the dew point U. Tho vapor pressures pi and pw, corresponding with li 
and til, do not represent pressures actually appearing in the atmosphere, but 
are used in computations. 

Relative humidity r is the ratio of the actual vapor pressure to the pres- 
sure of saturated vapor at tbo prevailing dry-bulb temperature r *» Pr/pj. 
Within the limits of usual accuracy, this equals tho ratio of actual vapor 
density to tho density of saturated vapor at dry-bulb temperature, r = pr/pg. 

Specific humidity s is the weight of water vapor (pounds or grains) per 
pound of air. 

Molal humidity m is the weight of water vapor in mols per one mol of 
The mifiemiiur wm^nt water is iS, and t’ae cquivaiont moiemiiar 
weight of air is 28.95. Tho ratio 2S.95/18 = I.RQS, or l.Bl, with ample 
accuracy. The laws of Dolton and Avogadro state that tho molal composition 
of a mixture 10 proportional to the distribution of partial pressures, wherefore 

W pc/(2 - Pv). 

Air density po is the pounds of air in one oubte foot. Vapor density p, 
is the pounds of vapor in one cubic foot. • Mixture density pm is tho sum of 
these, i.e. tho pounds of air plus vapor in ono cubic foot. 

Notation. The subscripts a,-t, m, and / apply to air, vapor, mixture, 
and liquid water respectively. The subscripte d and w apply to conditions 
pertaining to the dry- and wetrbulb temperature, respectively. 

Humidity Measurements. Many methoda are in use; three are com- 
mon. (1) The dew-point method meosurea tho temperature- at wHch 
condensation begins, whence vapor pressure is found from steam tables or 
means derived from them. Dew-point instruments are used in special cases, 
principally to calibrate other instruments. (2) The hair hygrometer 
measures relative humidity with aranracy suffitient for some purposes. For 
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Example. Initial conditicmB: B » 29 in. He; 7fi F; o 65 F; ji, = 0.52 in. 
Hg; F = 1,600 cu. ft. 

Final coadiUons; U = 45 F. 

' Initial computed values: r => 0B8; e = 0.0113 lb vapor per lb air; pa = 0.0706 lb 
air per cu ft; Wo = 1500 XO.WOC » 106.01b ft, = 29.7 Btu per lb air; = 60 P. 

Final computed values: fcf = 45F; p* = 0.30 in. Hg; r = 1.0; s = 0.0065 lb vapor 
per lb air; /lo » 0.0764 lb air per cu ft; 7 » 106.0/0,0764 “ 1,406 cu ft; hn = 17.8 
Btu per lb air. 

Liquid formed: F/ » *i — ss t, 0.0113 — 0.0068 = 0.0D48 lb liquid per lb mr; 
ft/ = 50 — 32 - 18 Btu per lb liquid (assuming tbe liquid is drained out at an 
average temperature 1/ = 50 F). 

Heat abstracted: g = ft« - ft« - F/ft/ = 29.7 - 17.8 - 0.0048 X 18 = 11.8 Btu 
per lb air; Q = 5 X F, = 11.8 X 106.0 = 1,250 Btu, 

iS'ofulion oi the same problem fty thail yields: 

Initial readings: r = 0.59; a => 70 gimns vapor per lb air = 0.0108 lb vapor per lb 
air; j, = 13.71 cu ft per lb air; p. = 0.0729; W, = 1500/13.71 » 109.4 Ib iiirr S = 
29.5 Btu per !b air. 

Final readings: r = 1.0; » = 44 gtaias vapor per lb »» = 12.84 cu ft per lb sir; 
p.> ® 0.0779; V « 109.4 X 12.84 = 1,405 cu ft; 2 = 17.5 Btu per lb air. 

liquid forrasd; F/ = 76 — 44 » ^ graiiis Uqmd per lb air « 0.0046 lb liquid per 
lb air; ft; » 18 (as above). 

Heat abstracted: ? •» Si — 2s + *ift/»t — «ift/,e — F/ft/ = 20.6 - 17.5 + 

(65 - 32) - *5‘ft,«(45 - 32) - 0.0046 X 18 - 12.2 Btu per lb alt; Q - fl X Fa - 
12.2 X 109.4 a 1335 Btu. 

It Is seen that the chart for B » 29.92 docs not ^ve correct results for a process 
conducted at B » 29 in. Eg. 

Dehumidification may be accomplisbcd in a surface cooler, in trblch the 
air passes over tubes cooled by brine or refrigerant flooring through them. 
The solution of this type of problem is most easily 
handled on the chart (see Fig. C). Locate the point rs* 
presenting the state of the entering atmosphere, and 
dra^ a straight line to a point on the saturation curve 
(r *s 1.0) at the temperature ofthe cooling surface. The 
final state of the issuing atmosphere is represented by 
a point on this line whose portion on the line is deter* 
mined by the heat abstracted by the cooling medium. 

This depends upon the extent of surface and the coeffi- 
cient of heat transfer. 

Adiabatic saturation, humidification, is con- 
ducted in a spray chamber through which atmosphere 
flows. A large excess of water is recirculated through 
spray nozzles, and evaporation is mtdo up by a suitable 
water supply. After tlie process has been operating for 

some time, the water in the spray chamber will have 

been cooled to the temperature of adiabatic saturation, id 

whicii differs from the wct-bulb temperature only be- 7 . — Evapor- 

cauBD of radiation and velocity errois that aSeet the ative Cooling. Adi- 
wet-bulbthormomoter. Noheatisaddedorabatracted; abatic Saturation, 
the process is adiabatic. The heat of vaporixation for 
the water thatis evaporated IssuppliedlFthecooIingof the air passingthrough 
the chamber. The wet-bulb temperature of the atmosphere is constant 
throughout the chamber (Fig. 7). If the chamber is sufRciontly large, the 
issuing atmosphere will be satnrated at the wet-bulb temperature of the enter- 
ing atmosphere. That is, as the atmosphere passes through the chamber, 
remains constant, U is reduced from its initial v^ue to and L is increased 
from its initial value to (». In a chamber of commercial size, the action may 
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In Eqs. (1) und (2), two significant figures arc ordinarily justifiablo; in 
Eqs. (5) and (7), three significant figures; in Eqs. (3), (4), and (6), four 
decimal places. 

Theimai lesults may he computed by the use of the enthalpy or of the 
sigma function. The specific enthalpy of air (above 0 F) is ka = OMOlj 
(up to 130 F the specific heat of air is 0.240; at higher temperatures it is 
larger). The specific enthalpy of low^)rB8Sur6 water vapor (saturated or 
superheated) is virtually independent of the vapor pressure and is a function 
of the temperature tj. Values of A, can be taken (to the nearest Btu per lb) 
from Table T of Keenan and Keyes, or may bo computed to four significaut 
figures by the following equation for the range of temperatures from —40 
to 250 F. 

hr = 1062 + 0.44fd, Btu per lb = 0,1517 + 0.000063fd Btu per grain ' (8) 

The enthalpy of a mixture of £ur and vapor, in Btu per pound of air, is 
the sum of the enthalpy of 1 lb of air plus tho enthalpy of the specific humidity 
(pounds or grains of vapor per pound of.air) 

0.240td -i-B XJh (9) 

The sigma function S has long been used under the name total heat. 
It differs from the enthalpy (see Carrier and Mackey, Trans. A.SM.E., 


Table 2. Sigma Function, Btu per Lb Air, as a Function of iv, Deg F 
(S- 29.921 in He at 32 F) 
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Jan., 1937). The sigma function is the enthalpy of the mixture, Btu per ib 
air, minus the enthalpy at of a weight of saturated liquid water equal to the 
specific humidity. The specific enthalpy of saturated liquid may be' taken 
as (tu - 32) with ample accuracy, ao'that 





MIXTURES OP OASES A)fD VAPORS 


• This method is not exact; restdts may be in' error 1 or 2 deg P. • 

Ssample. Two atmospheres are to be mixed: 

Atmosphere X: ' ' ' 

ti = 120 P; f e 0.90; 7 « 1 ea ft; B ® 30 in. Hg 

Atmosphere 2: . • . - 

td = 0 F; r = 0.50; V = 1.5 cu it 

I By computation, si *= 0.0726 and «j = 0B004i lb vapor per lb air; poi *■ 0.0615 and 
Pos = 0.0853 tb air per cu ft. 

Since volume times density equals total veight, 


» 1 X 0.0815 = 0.05161b air; W<a => U X 0.0853 = 0.12781b air; 
iros » 0.061S -f 0.1278 » 0.18931b 
0.Q6I5 X 0.0726 + 0.1CT8 X 0.00041 „ . 

3 ; /Ti an g — — ■ ■ t= fl.0238 fl> vapor per lb air 


0.0615 X 120 + 0.1278 X 0 


3 I67'6rain8 vapor per lb air 


- By means d a dialtsman'e triangle, locate the pdnt on the chart tor which ^ 39 
and< « 187 grainsd vaporperpouodof air. Thist^dntfallsfar above the saturation 
curve. With a eccond t^n^c, a Kn« is located passing through this point and running 
parallel to the lines of constant vet-bulb tcraperatore; this line intersect® the saturation 
curve at Id = 71, vhlch is the true final Umpetalure d the mixture, and the Bpecific 
humidity is 114 grains of vapor per pound of air. The difference in specific humidities 
is the vdght o! oosdeneate. 167 ^ 114 > 53 grains of condensate per pound of air. 

If the mixing proportions are not ©ven, but tbe final temperature is pro- 
soribed, tbe line is drawn between the two initial points, and its intersection 
witb tbe desired final temperature is noted. A reversal of tbe foregoing 
method of computing will yield tbe mixing proportions. 

Tbe cooling tower is a chamber in which outdoor atmosphere flows 
through a spray of entering hot water, which is to be cooled. The temperature 
of the water is reduced in part by tbe warming of the air, and in greater 
part by the evaporation of a portion of the water. The atmosphere enters 
at given conditions and emerges at a highor temperature and usually satu- 
rated (r » 1). It is commonly poeuble to cool the water below tho tempera- 
ture of the entering air, often to about halfway between U and !». The 
volume of atmosphere per pound of entering water and tho weight of water 
evaporated are to be computed. 


Example. A cooling tower is to receive water at 120 F and atmosphere at Id » 90, 
iv = 80, whence p, = 0.92, i = 0.0196 lb vapor pet lb air, pi » 0.0702 lb air per cu ft, 
anh’nn = "Ihe wXwt’w'io’db cofiidi'to'^'b. TSani vSiumo 6t atwesfinere muii 
he passed through the tower, and what weight of water wUl be lost by evaporation? 

The issmng atmosphere will beaasumed tobeaaturated at IISF. Then Id = 115F, 
Pp = 3.0 in. Hg, s = 0.0690 lb vapor per lb air, />* « 0.0623 lb wr per cu ft, aud lim “ 
104.4 Btu per lb air. 

The two unknowns are the wright of w to bo passed through the tower and the weight 
of water to be evaporated. The two equations ue toe water-weight balance and the 
enthalpy balance (the steady-flow equation for aero heat transfer to or from outside). 
Assume that ! lb water enters, of which sib ore evaporated. The water-weight balance 
1 -1- TFoSi = 1 - a: + Fase, becomes, x = IF.fss - si) = F»(O.OB90 - 0.0196) = 
O.C494F«. .The enthalpy balance 1 X (120 - 32) = (1 - i)(85 - 32) + 

Wihmi becomes, 88 -I- 43.2F. => 58(1 — *) + 104.4F.; whence, 53j <= 53 - 88 + 
F.{104.4 - 43.2) = -35 -b 615F«. 

Solving these eimultaneous equations, x <= 0.0295 Ib water evaporated per pound of 
water entering and Fo = 0.597 lb air per pound water entering. 

, In an evaporative condesser, vapor ie condensed within tubes that are 
cooled by the evaporation of wat« flowing over the outside of the tubes; 
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TRANSMISSIOII OP HEAT 
BY CONDUCTION AND CONVECTION 

BY 

W. H. McADAHS 

Hbfekekceb; Eoyds, "Eert TrananuBson by lUdiation, Conduction, end Con- 
vection," Constable, McAdane, “Heat Tranamiasion." McGraw-Hij]. Bcback, 
“Industrial Heat Transfer,” Wiley. Walker, Lewis, McAdams and Gilliland, “Prin- 
ciples of Chemical EugineennE,”. MeGraw-HilL Perry, ‘‘Chemical EngincctB’ Hand- 
book,” MoGravi-IIiU. , • , 

Nomenclature and Units 

. The units are based on feet, peimds, hours, degrees Fahrenheit, and Btu. 
Any other consistent set may be used in the dimensionless relations given, 
but for the dimehsiona] equatioha the unite of this table must be used, 

A = area of heat-lranafer surface, sq ft. 

Ai = inside area. 

Ao S' outside area. 

An avera^ value of A, sq ft. 
a - an empincal dimensio^ess constant, 
o' S' cost of work delivered to fluid, dollars per foot-pound. 

B a ra^o of equivalent frictional length to that of the straight 
tubes, dimensionless. 

6 » fixed charges on insulation, dollare per year per sq ft per in. 
thickness. 

h' B fixed charges on exchanger, dollars per hr per sq ft of inside 
surface. 

Cp B specific beats ot constant pressure, Btu per lb per deg T. 

D = diameter, ft. 

Dfi w outside diam, ft. 

Di B inside dfam, ft. 

D' ■ diameter, in. 

D'o w outside diam, fn. 

D'{ • inside diam, it). 
e » base of natural logarithms, 2.718. 

0 ^ mass velocity, equals w/S, lb per hr por sq ft of cross section 
occupied by fluid. 

Gmtx - mass vclodty through minimum free area in a row of pipes 
normal to the fluid stream, lb per hr per sq ft. 

Pe = converaon factor, equal to 4.18X10* (mass lh)(ft)/^ 
(force lb) (hr)*. 

0 i = acceleration due to gravity, 4.18 X 10’ ft per hr per hr. 
k = local individual coeffiiacni of heat transfer, equals dqldA^, 
Btu per hr per sq ft per deg F diff. 

h,-|- K, = combined coefficient by conduction, convection, and radia- 
tion between surface and surroundinge. 
fin " mean value of h for entire surface, based on Am. 
h».m. “ average h, arbitrarily ba.‘®d on arithmetic-mean temperature 
diSerence. 

h, = heat transfer coefliaent through scale deposits. 
k =• thermal conductivity. Btu per hr per sq ft per unit tempera- 
tUTO gradient, deg F pw ft. 
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entenng and leaving 'atmospheres. Ite '^cific enthalpy at the observed or 
assumed temperature of supply or removal t / 18 

hf = If — 32 Btu pcr:lb of liquid (11) 

. Since all air-conditioning apparatus involves stcady-flow processes, thermal 
results arc computed by the stcady-flow equation, written for 1 lb of air. 
No work term appears, for the compression work done by a fan is usually 
negli^ble. Using subscript 1 for ontoring atmosphere and liquid water, and 
for heat supplied;' and 2 for departing atmosphere and water, and for heat 
abstracted; the equation becomes 

+ IF/ifi/i + (Zi = A«s + TF/sA/j + fis Btu per lb air (12) 
Usually either or both values of TT/ and q will bo zero. 

In terms of the sigma function, the steady-flow equation becomes 

Si + si(fiti " 32) -f- TT/iA/i -f 2 i “ Ss + Siftus — 32) W/ih/t gj 

Btu per lb air (13) 

Unit processes involved in air conditioning include heating and cooling an 
atmosphere above its dew point, cooling below the dew 
point, adiabatic saturation, and mixing of two atmos- 
pheres. These, in various sequences, make it possible 
to start with any given atmosphere and produco_ an 
atmosphere of any required characteristics. 

Heating and cooling above the dew point entails- 
no condensation of vapor. Barometric pressure and 
composition being unaltered, partial prcssurca remain 
constant. The process is represented in Fig. 4. Fio. 4.— Heating 

Example. laltlalconditiocsiiJ « 28in.Hg:<i » 60F;i« •• Cooling above 
60 F; j5, » 0.26 in, Hg; V « 1,200 eu ft. the Dow Point. 

Final conditions: U 82 F. 

Initial computed values; r = 0.60; c » 0.0068 1b vapor per 11) air;' pa » 0.0707 lb 
air per cu ft; 17a » V X pa « 1200 X 0.0707 - 84.9 lb air; Af, - 20.7 Blu per lb air. 

Final computed values: pu, and IF* are unDltercd; r 0.24; pa ■ 0.0679 lb air per 
cu ft; V = IFa/pa » 84.0/0.0679 = 1250 cu ft; hm •=■ 26.1 Btu per lb air.- 

Heat added: g => ftnj — hai » 20.1 — 20.7 => 5.4 Btu per Ib air; Q *= g X Tfa =»' 
5.4 X 84.9 = 458 Btu. 

The solution of this same problem from chart readiaut will indicate tho discrepancy 
to bo expected from the departure of the baromotric pressure from that for which the 
chart is constructed (29.92 in. Hg). 

Initial readings; r = 0.49;s =■ 38 gndne vapor per lb air = 0.0054 lb vapor per lb air; 
to = 13,21 cu ft per lb air; pa “ 0.0757 lb air per cu ft; 17a « F/b, - 1200/13.21'=. 
90.8 lb air; S = 20 Btu per lb air. 

Final readings: r « 0.24; ta - 13.77; pa “ 0.0726; Y = 90.8 X 13.77 « 1,250 cu ft; 
(is » 59 F; 2 1 = 25.4 Btu per Ib air. 

Heat added : g = Zj - + « X (<us — fiti) = 25.4 - ■ 

20.0 + 38(59 - 'SOl/TOOO "S.dBtuporlbairsO^gX IF* = , . 

5.4 X 90.8 « 490 Btu. 

It is evident that tho chart gives substantially correct values S 
for the final relative humidity and total volume and for the heat 
added per pound of air. The weight erf mr, however, is in error 

by about 7 percent, i.e., almost in proportion to tho barometrio ■ _ 

ptes3ure,ahdinconBebucncethoaggtegaieheataddediaiaGrror , 

' ■■ ■■ no. 6.-Coolin6 

Cooling below the dew point or dehumidiflea-, ,boio^ the Dew 
tioa, entails condensation of Vapor; the fluid atmos- point, 
phsre will'be saturated, liquid will appearj.see Kg, 6. * ■ 
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fiu = viscosity at vrall tempetature, lb per hr per ft. 
p = density, )b per cn ft 
= density of stream of great depth, Ib.per cu ft. 

Preliminary Statements. There are three methods by which heat may 
be propagated or conveyed -from one place to another. 

I 1. By conduction. Heal pas^g from one part of a body to another 
part of the same body, or from one body to another in physical contact with 
it, without displacement of the particles of the body, is said to flow by 
conduction. 

2. By convection. Convection ie the transfer of heat from one place to 
another within a fluid (gas or liquid) by the mixing of one portion of the fluid 
with another. 

3. By radiation. All bodies pve off heat in the form of radiant energy, 
which is propagated in all direefionfl as a wave motion in the ether Tladia- 
tion falling upon a body is absorbed by it either wholly or in part. If two 
bodies, one hotter than the other, are placed within an enclosure, there is a 
continual interchange of energy between them. The 
hotter body radiates more energy than it abeorbs, the 
colder body absorbs more than it radiates. Even after 
oquilibriura of temperature is established the process 
continues, each body radiating and absorbing energy. 

Phenomena of Heat Transmission. In the cases 
of heat transmission that usually occur in practice — in 
boilers, condensers, the cooling of en^ne cylinders, etc. 

■~-heat is transmitted from one fluid to another through 
awall separating the two. Tbecharacteroftheproccss 
is shown in Fig. 1. At the surface of the plate, there is 
a film of the hot fluid of indefinite thickness. This film 
offere a considerable resistance to the traoBinission, as 
shown by the temperature difference U - I'i through it. 

A corresponding film on the other side of the plate offers 
resistance measured by the temperature drop l'« - 1*. Let dq denote the rate 
of beat transmission in Btu per hr through eurfacc area dA. sq ft. Then, 
forfilm/i,dg =hidAi{ii -f'j); for the plate, dg = (J5/Z,)(iA'(t'j -t'e);forthe 
film /j, dg « fto dAcil', - U). 

The terras and h are the flJm coefficients of the films f\ and ft, respec- 
tively, and k is the thermal conductivity of the jAate; h dAo and hi dA( are 
the thermal conductance of tho films and k dA'JL is the conductance of the 
plate. Eliminating the surface temperatures U' and from the equations, 
the equation is obtained for atoady flow through Kveral resistances in series- 

, ■ iVhiit) + (i/fcii-) + (1/Q3J ' ■ ' 

The terms IfU dAi and l/hsdAo are the Uiermal resistances of the films, 
and L/fcdA' is the reasfcance of the plate. In 'the 'expression dq - 
l/dA(Ii - U), the. total thermal leastance l/UdA to the flow is the sum of 
the separate resistances. ■ ‘ 

' l/VdA^il/hidAi) A-'iJ^/kdA') +{\IKdA,) +{l/KdA) ■ ■ ■ (2) 
VdAik the. over-all conductance of tiie two, films, a scale depotit, and tho plate, 
and U is the corresponding ovct-bU co^dent. . , i ■ 
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terminate somewhat short of this, the predso end point being determined by 
the duration and effectiveness of contact between air and spray water. In 
any case, the weight of water evaporated equals the increase in tlie specific 
humidity of the atmosphere. 

Example. Initial conditions: B » 30 in. Hg; <j = 78r; (ur = 55F; r ® 0.20: 
8 = 28 grains vapor per lb air. 

Final condition: = iu = 55 F; r = LO; « «= Cl grains vapor per .lb air. 

Water evaporated: sj-8i = 64 — 28 »3fi grains water per lb air. 


The design of the spray chamber to produce this result is necessarily based 
upon experiencQ with like apparatus previously built. 

In practice, the spray chamber is preceded and followed by heating coils, 
the first to warm the entering atmosphere to the desired value of determined ' 
by the prescribed final specific humidity, the second to warm the issuing 
atmosphere to the desired temperature, and simultaneously to reduce its 
relative humidity to the desired value.. 

The spray chamber that is used for adiabatic saturation, humidification, 
in winter may be used for dcbumidification in summer by supplying the 
spray nozzles with refrigerated water instead of recirculated water, In this 
case, the issuing atraosphoro will be saturated at the 
temperature of the spray water, wliich will be held at the 
desired dew point. Subsequent heating of the atmos- 
phere to an acceptable temperature will simultaneously s [ 
reduce the relative humidity to the desired value. 

Mislng Two' Atmospheres. In recirculating 
ventilation systems, two atmospheres (1 and 2) are 
mixed to form a third (3). The state of the final atmos- 



td 

ph™ is reaffly found sraphically on llic psychromotnc T 
it , . . ” '''P<>!"‘=‘"’^2ropro»nl. p„i„t below 

ing the states of the initial atmospheres. Connccttbcse Saturation 
points by a straight line. Locate a point that divides Qurvol 
this line into segments inversely proportional to the ‘ 
weights of air in the respective atmospheres. The divi- 
sion point represents the state of the final mixture, so . 
long as it falls below the saturaOon curve (r - 1). If the g 
final point falls above the saturation curve, as in Tig. 9, . 
condensation will ensue, and the t’-Tie final point 4 ia 
found by drawing a line from the apparent point 3, ’ 
parallel to the lines of constant wct-bulb temperature, 
to its intersection with the saturation curve. From all Two AtmosplieTcT. 
the points involved, readings of specific humidity may (Final point above 
bo taken, including point 3 when it falls above the satu- Saturation 
ration curve, and in this case the difference between sjand CuiTc.) 

S4 will be the weight of condensate, pounds per pound air. 

If the chart is sectional and the two points do not fall in the same section, 
or in any case in wliich it is preferred, the same method may bo carried out 
arithmetically. The state of the final atmosphere is characterized by a 
specific humidity and a dry-bulb temperature which are the weighted aver- 
ages of the like quantities for the orighial atmospheres, the weighting factora 
being the respective weights of air. 



•Mixing 


FoJ = Fal + FaS (14) 

FajSj = FajSl + F«:«S , (15) 

Fojfij = Foif<n + Fostjs ( 16 ) 
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TRANSMISSION OF NEAT. 


COHDUCTION 

Thermal Conductivity. The bamc Fourier conductioa law is dg = 
—kdA{dt/dL), which atatea'ihat the steady rate dq of heat coaduction is 
proportional to the cross-Bection^ area dA normal to the direction of flow, 
and to the temperature gradient —^IdL along the conduction path. The 
number k in this expresaion is called the “true” thermal conductivity of 
the material of the plate. Tho thermal conductivity of a substance may be 
Table 3. Thermal Conductivities of Miscellaneous Solid Substances 

(The values of h in the table below are to be repirded as rough average values for the 
teoipcrature range indicated) ' 


Air spaces (Ji 
in.) faced 
with alutoi* 

num foil...., 

Asbestos 3t.O 

Asbestos mill 

hoard M).5 

Ashes, wood 

Briok masonry 

Carborundum 

hriok 129 

Cardboard, cor- 

rusated 

CeUuVd 57.3 

Cement 

Chalk 

Charcoal flakes. 11.9 
Charcoal flakes. 15.0 

Clinker, granular 

Coke, petroleum 

Coke, powdered 

Concrete, cinder 

Concrete, stone 

Cottonwool. ... 3,06 

Ebonite 

Felt, wool 

Fiber, red 50.5 

(With binderi 

baked) 

Enamel, ^cate 

Firebrick 

Gas carbon 

Glass 

Granite 

Graplute, pow- 
dered (through 
100 mesh).,.. 30.0 
Graphite.aolid. . 93.5 
Gypsum, mould- 
ed and dry. . . 78,0 

flair felt 17 

Ice 57.5 

Infusorial earth. 20 

Kapok 0.85 

Lampblack 10. 0 
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the 'water evaporates into the atmosphere. The computation of results ia 
similar to that for the cooling tower. 

Combustion Computations. The total weight of water vapor in the 
fiue-gas mixture is the sum of that arriving with the air and that resxilting 
from the combustion of hydrogen and hydrocarbons. The weight of dry 
flue gases is computed from the chemical equations. From Eq. (4) , the vapor 
pressure in the flue gas can be computed, and from this the devr point of the 
flue gas can be estimated on the assumption that the dry gases do not influ- 
ence the vapor pressure. If tiic fuel contains an appreciable amount of 
sulphur, the flue gas -will carry enough sulphur oxides to change the result 
markedly. The vapor pressure of sulphurous acid (SOj dissolved in -water) 
is less than the vapor pressure of pure water; that of sulphuric acid (SOj dis- 
solved in water) ia much more so. Accordingly, the dew point will be higher. 
The dew point of flue gas, neglecting sulphur oxides, often falls not far from 
120 P. Actual dew points as high us 250F have been observed in flue gas 
arising from high-sulphur coal. 
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Table 6. Thermal CbnducUvities ot Insulating Materials at High 
Temperatures 






NOMENCLATURE AND UNITS 


3S5 


- iajl 

fc/ = Z: at the “film." temperature, </ = ft -f Q/2, 

L - thickness of conductor, ft. . . , ■ 

N = length of heat-translcr surface, heatcd icngth, ft. 
n = number of roAvs in a vertied plane. . 

Q = quantity of heat, Btu. . 
g = rate of heat flow, Btu per hr. 

R = thermal resistances, 1/UA, 1/hA, lf(kc + hr)AB. . 

T =. radius,' ft. 

S - cross section, filled by fluid,. in plane normal to direction of 
fluid flow, aq ft. 

T = temperature, dog 1 + 460. , . • 

T], Ti - inlet and outlet bulk temperatures, respectively, of warmer 
fl\ud, deg F. 

i =» hulk temperature (based on heat balaiicc), deg F. 
fw = wall temperature, deg F. 

fi, ii = inlet and outlet bulk temperatures of colder fluid, deg F. 

= temperature of stream of great depth, ambient tempera- 
ture, F. 

fj, te - temperatures of fluid inside and outside, deg F. 

U = over-all coefficient of heat transfer, Btu per hr per sq ft per 
deg F; l/i, l/« based on inside and outside surfaces, 
respectively. 

7, = average velocity, volumetric rate divided by cross section 
filled by fluid, fps. 

7im “ maximum velocity, through minimum'cross section^ fps. 

7, “ velocity of stream of great depth, ft per hr. 

10 e mass rale of flow per tube, Ib per hr per tube. 

Z = iTi-T,)fiti 
a - a dimensional constant. 

^ = volumetric coefficient of thermal expansion, having units of 
reciprocal of Fahrenheit absolute temperature, 
r = mass rate of flow, lb/ (hr) (ft of wotted periphery measured 
on a plane normal to direction of fluid flow) ; = w/trD for a 
vertical and v>/2N for a horizontal tube. 

A a temp diff, deg F. 

, Ai.m. = arithmetic and logarithmic rocana of terminal temperature 
differences, respectively, deg F. 

Am = true mean value of the terminal temperature differences, 
deg F. 

Ao = over-all temp diff, deg F. 

A, = temperature difference between surface and surroundings, 
deg F. 

0 = time, hr. 

X = latent heat (enthalpy) of vaporization, Btu per lb. 
p = viscosity at bulk temperature, lb per hr per ft; equals 2.42 
times contipoises; equals 106,000 times rdscoaity in (lb 
force) (8ec)/sq ft. 

Ilf = viscosity, Ifa per hr per ft, at arithmetic mean of wall and 
fluid temperatures. ■ • . • 
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-1 J-i ^ X 1 j. 1 

UA Mi 4^. M, 

and the values of h are obtained from tie following pages. For the more 
complex cases of multipass and cross flow, A,b is given by Fig. 2. The shell- 
side fluid is assumed to be well-mixed by suitable baffles. 

Example. Assume an exchanger in the hot fluid enters at 400 F and leaves 
at 200 F; the cold fluid enters at 100 P and leaves at 200 F. Assuming If independent 
of temperature, whit mil be the true mean tanpccature difference from hot to cold 
fluid, (1) for counterflorv and (2) for a rcvciscd current apparatus with one well-baffled 
pass in the ehcil and two passes in the tubes! 

1. With cminterflow, the terminal differences ate 400 — 200 = 200 F and 200 — 100 
= IQO F; the logarithmic mean difference is 100/(2A)(0.301) = 144P. 

2. 2 * (400 - 2001/(200 - 100) = 2. X = (200 - 100)/(400 - 100) = from 
section A of Fig, 2, Y = 0,80 •= A»/144; An = Il5 deg. 

If one of the temperatures rmaios constant, as ia a condenser or in an 
evaporative cooler, Eq. (Q applies for parallel flow, counterflow, reversed 
current, and cross flow. , 

If If varies considerably xrith temperature, the apparatus should be con- 
sidered to be divided into stages, in each of which variation of U with tempera- 
ture or temperature difference is linear. Then for parallel or counterflow 
operation, the following relation may be applied to each stage: 

, 5 *> AfAstCfi ** AwPO/log* (AnC/j/itjCfi) (66) 

FILM COEFFICIENTS 

The important physical properties, which affect film coolEoicnts (sec p. 386) , 
are thermal conductivity, viscosity, density, and specific heat. Obviously, 
these factors depend upon the temperature level. Factors within the 
control of the designer include velocity, ebape, and arrangement of 
the heating surface. Wifi forced flow of gases or water, under the 
conditions usually met in practice, the flow is turbulent in character 
(see p. 264), and under these conditions the film coeSlcient can be greatly 
increased by increasing the velocity of the fluid at the expense of a greater 
power requirement. For a given velocity and fluid, the film coefficient 
depends upon the direction of flow of fluid relative to the heating surface. 
With free or natural convection, for a given fluid and arrangement of surface, 
tlie film coefficient depends upon physical properties such as viscosity, 
density, thermal conductivity, and coefficient of expansion and upon tem- 
perature difference, but the convection currents ordinarily are not expressed 
in terms of definite fluid velocities. With forced convection at low rates 
of flow, particularly with viscous fluida such as oils, laminar motion may 
prevail and the film coefficient is almost independent of fluid velocity, being 
determined primarily by free convedioa factors. In any event, the film 
coefficients h are correlated in terms of dimensionlcas groups of the con- 
trolling factors. 

The following simplified dimenrional equations for fldm coefficients are 
recommended as appicximations, and require the use of the units ^ven on 
p. 384: 

Turbulent Plow of Gases inside Clean Tubes. 

h„ = O.024Cp(?»V(B'd*-* (6o) 
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Table 1. Thermal Conductivities of Metals 



Table 2. Thermal Conductivities of Liquids and Gases 


Liqvidb 

Acetone 68 

Ammonia 45 

Aniline 32 

Benzol.' 86 

Carbon bisulphide 68 

Ethyl alcohol, 68 

Ether 68 

Glycerin, U.S.P., 95% 68 

Kerosene 68 

Methyl nlcohol 68 

n-Pentaiie 68 

Petroleum ether 68 

Toluene 86 

Water 32 

Water i. 140 

Oil, .castor W 

Oil, olive 39 

Oil, turpentine 54 

Vaseline,..,' 59 


0.103 
0.29 
0.104 
0.089 

0.0931 ICnrbon dioxide. ■ . 
0.105 ICorbon dioxide. . . 
0.0798 ICarbon monoxide 
0.165 
0.086 
0.121 
0.07S7 
e.0758 
0.088 
0.337 
0.385 
0.104 
0.101 

0.0734 I'Nitroua endde 
0.106 Nitrous oxide 
iNitric oxide.. 
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Natural Oouveotion. 'Tor heat loss from surfacea by conduction and 
convection to air at' atmospheric pressure and ordinary temperatures, the 
coefficients are pven by the following equations (using the units of p. Z8i). 
Horizontal pipes, long vertical 


. , = 0.42(A./i)0“^ , (llo) 

Vertical plates less than 2ft high; 
= 0.28(A,/JV}»-« (116) 

• Vertical plates more than 3 It 
high: 

= o.aA.O'” ai«) 

Horizontal plates, facing upward:- 
= 0.38A,“'« ’ (lid) 



S s? 'g 


fiq. S.—Heating and Cooling of 
Viscous Oils Elowing inside Tubes, 
Horizontal plates, facing down- (The Curves for DG/ii below 2100 Are 
ward: Based on Eq. 10.) 

(He) 


For heat'transfer by natural convection between liquids and subnjerged 
heating coUa, data arc scarce. As a conservative approsmation, the 
following dimentionless equation, based on heat transfer from single horizontal 
pipes to liquids or gases, may be used; 

KD/kf -0.47t(D»pVfft/MV)(PA.)(C^//fc/)]o-*» (12) 

For & given film temperature, this reduces to hm ® For 

1/ » 160 F, a is 26 for water and 16 for aniline or 68 percent sulphuric acid. 

Bconoioic Velocity. In many heat enchangere, the over-ell coeffirieit 
follows the relation U ■ oG' and the friction factor / (see p. 859) follows the 
rule / = a(}i/DO)”. As shown by Drew. Hottel, and McAdams (frons. 
Am, Inst. Ckem. Eng., 32, 1936, pp. 289-261) the total costs (which vary 
with (3) ate a minimum when the optimum vdocity is employed: 

C?«ut * f2ji/(3 - m - n,)l(3cP^'/a'/S}H (12o) 

The corresponffing optimum ratio (*j>M.a.)oBi of power coat to fixed charges 
on the exchanger is given in terms of the exponents by 

{Xf/xi.t.)vfH ^ n/{Z ~ m - n) (12i>) 

The corresponding optimma total costs, Xp +if.c. except for the cost of the 
heat 'tseb', is given by 


{Zf -f' 


(3 - m)6* 

(3 -m -n)l/opiA» 


(12c) 


For the optiniuia temperature diSerence for recovering waste beat 
see Lewis, Ward, and Voss (J«d. Eng. CKem., 16, 1624, pp. 467-468). 

Condensiag Vapors, When condensing a single pure vapor, saturated 
or superheated, the condensate wets the tube and film-type condensation ia 
obtained. The rate of beat transfer g equals h«AAn where Act is the mean 
difference between the saturation temperatuiu and the temperature of the 
surface of the tube. So long as the condensate flows in streamline motion 
(4r/p < 2106) the {oUomng dimenrionless equations may be used: 

For horizontal tubes; . • 

hji/k = 0.r3(i)*p»XoL//ln/nA)»-« = 0.76(D*p5ps/p/DH ' ' (13) 



THERMAL- COmVCTlYITlES 


defined as the quantity of heat (Btu) that floors in a unit of time (1 iir) 
through unit area of plate (1 sq ft) of unit thickness (1 ft) having unit differ- 
ence of temperature (1 deg F) between its faces. The mean thermal con- 
ductivity /m is given the relation, for steady flow of g Btu per hr through a 
wall having mean surface area Am sq ft and a thickness of i ft: 

9= - Vo)IL, or k^= - ('„) (3) 

ft wijj be observed that the units of the conductivity k contain the element 
of thickness, while the coefficient h does not. The thermal conductivity of a 
given material varies with temperature and 




Over moderate ranges, 11: varies linearly with t', and hence km may be evaluated 
at the arithmetic mean of 1'$ and Vg. The jiunjcricol value of the mean area 

Table 4. Thermal Conductivities of Material for Refrigeration and 
Building Insulation 



Am, in gL/Am - g]dLIA, depends on the shape of the conductor. For 
flat plates, Am - Ai = Ag, for the hollow cylinder, ' 

Am = {Ai - >lo)/log. {Ai/A,) (4) 

and for the hollow sphere, An = V^iX. For more complex shapes, a 
shape factor may be evaluated by » gr^hical procedure (Awbery and Scho- 
field, Proc. bih Intern. Congr. Refrig., 3, 1929, pp. 691-610). 

The thermal conductivity of different materials varies greatly. For 
taetals and alloys k is high, while for certain insulating materials, as asbestos, 
cork, and kapok, k is very low. In general, k varies with the temperature. 
In the case of metals, k usually decreases with rising temperature, while for 
most other substances the reverse is true. 'Tables 1 to' 7, collected from 
various sources, give values of thermal conductivity. For refractories, see 
p. 731; for pipe coverings, p. 953; for ship. construction materials, p. 1524. 
Conversion factors for various units are ^ycn on p. 81. ' ' • 
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thermal conductivity vUch foms on the surface. For a given liquid and boil- 
ing pressure, the nature of the surface may substantially influence the Bus at 
a given Ao, Table 9. These data may be used as rough approximations for 
a bank of submerged tubes. Filni coeSLdents for scale deposits are given in 
Table 10. 


Table 9, Maximum Flux and CorreBpoading Over-all Temperature 
Difference for Liquids Soiled at 1 Atra irfth a Submerged Horisontal 
Ste&m-heated Tube 


liquid 

Aluminum 

Copper 

Chrominm- 
plated copper 

Steel 

t/j 
1000 1 

1 

A. 

9/ A 1 
'1000 


q/A 

iOOD 


g/A 

1000 



‘4> 

70 

61 

56 

77 

?5 

1 



« ' 

HI 

w 

in 

n 

Ifll) 


100 


« ' 

Ml 1 

St 

v> 

IM 

6*) 






100 ; 

1 

DO , 

III) 

m ; 

no 

Distilled water 

! 



2KI 

_1j 

;i)u 1 

7I> ' 


j 150 


The effect of reducing the boiling temperature by use of vacuum is illus- 
trated by Fig. 5. 

For forced-circulation evaporators, vnpor binding is also encountered. 
Thus rv-ith liquid benzene entering a 4rpass eteam-jaeketed pipe at 0.9 fps, 
up to the point where 60 percent by weight was vaporised, the masimum 
fiux of 60,000 Btu per hr per sq ft was obtained at an over-all temperature 
difference of 60 F; beyond point, the coeiEcicat and flux decreased rapidly, 


Table 10. Heat Transfer Coefficients ^<) for Scale Deposits from 
Water* 

(For use in Eqs. (2) and (5a)l 


Temp of heating medium 

Dp to 

240 F 

240 to 

400 K 

Temp of water 

125P 

or less 

, Above 

123 F 

Water velocity, fps 

3 and 1 

Over 3 ' 

5 and 

Over 3 

less 


less 



iODO 

2,000 

2,000 

2,000 


iow 

2.000 ' 

1,000 

1,000 


i,<^ 

2,000 ! 

500 

1,000 



1,000 1 

500 

500 


1,000 

1,000 1 

500 

500 



' 1,00) 

330 

500 




250 , 

330 




200 1 

200 

Chicago Sanitary Canal 



100 

130 


Misceikneous coses: Reirigerating liquids, brine, dean petioieum distillates, organic 
vapors, 1000; refrigerant vapor, 500; vegetaMe oife, 330; fuel oil (topped crude), 200. 

‘ From Standards of Heat ^change totitnte. 

^ Delaware, East River (N. y.), ]£ssissippi, Sdiaylidll, and New York Bay. 
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Table 7. Thermal ConductiTities Insulating Materials at Low 
Temperatures (Grfiber) 


Mateiial 

■Weight, 
Ib per 
on ft 

Temperaturos, deg P 

M ■ 

-50 ' 

-100 ' 

1 -200 ' 

-300 


4^.0 

0.135 

0.132 

D.I30 

0.125 

O.IOD 


29.0 

0.0894 

0.0860 

0.0820 

0,0720 

0.0545 


5.0 

0.0325 

0.0302 

0.0276 

0.0235 

0.0193 

sak ; 

6.3 

0.0290 

0.0256 

0.0235 

0.0196 

0,0155 


CONDUCTION and CONVECTION 
Mean Temperature Difiarence. The basic equation for any steadily 
operated heat exchanger ia dq ~ dA, in which U is the over»all coefBcient 

(p. 386), Ao is the over-all temperature difference between hot and cold fluids, 
and dq/dA is the local rate of flow per unit surface. In order to apply this 
relation to a finite exchanger, it is noceaaary to integrate it. The assumptions 
usually made are constant V, constant mass rates of flow, no changes in phase, 
constant specifle heats, and negligible heat losses. .The resulting equation lot 
parallel or countercurrent flow of fluids is 

5 = UA6.m = UA(Atn -- A«)/1og( CAoi/Ab) (5) 

in which Am is the logarithmic moan of the terminal temperature differoncoB, 
Au and A«, between hot and cold fluid. The value of UA is evaluated from 
the resiatance concept 



Pig. 2.~A, One Shell Pass wid Tube Passes ; B, Two Shell passes and 
Pour Tube Passes; C, Three Shell Passes and Six Tube Posses; D, Four Shell 
Passes and'Eight Tube Passes; B, Six Shdl Passes and Twelve Tube Passes- 
F , Cross flow, One Shell Pass and One Tube Pass. 


p = ordinate = tme m'ean temperature difference 

logatithroio-in^ tempecatare difference {or con-nlerfiow 
For the other symbols see p, 384. 
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Examples of Eeat Transmission ' 

Building Constructions .(»9_p. 1524). The coefBcients given by 
Harding and Willard are need as the basis of the following figures. As m 
exampie of the method of computation, consider a brick wall IS in. in thick' 
ness.- The coefficients are 1.4; fi* = 4i2,fc = 5^^; hence B = (1/1.4) + 
(13/5) + (1/4.2) = 3.6 and V = 1/3.6 *= 0.28 Btuper^^Bqftperhiperdeg F. 
Table 12. Transmission Coefficients for Various Building Con- 
structions 


Plain briok wall: { 

Ai = U.A, =4.2.1: 

Brick ■wall wr apace . . . 

Brick furred and plaa-j 
tered. I 

Wood wall or floor 


Solid wood 

Wood + ait space. . 


Double 

Triple 


• For 3 in. concrete covered with slag roofing, deduct 10 percent. 

Heat Transmission through Pipe Insulation. (McMillan, Trans, 
1915.) For any number of layers of insulation on any size of 
piper Eqs. (4), (5), and (14) combine to pve 

~ ts ^ j ( 15 ) 

il« Ta, n , r*. rj , ,1 ' ^ 

where <i«/A, is the Btu lost per hr per sq ft of outer surface of the last layer; 
Ag is the over-aU temperature difference (dog F) between pipe and air; Tt 



Fiq. 6. — Variation wdth Pipe Size of Co^dent of Heat TranBmisBion through 
a Given Tbickneas of Insulation. 


is the radius, ft, of the outer surface; .n M the outside radius, ft, of the pipe, 
ft = n ■+ thickness of first layer of insulalaon, ft; rj = rs plus the thickness of 
eecond layer, etc.; and ki, fe, fe, etc., aro the conductivities of the respective 
layers. Values of (he + K), are given on p. 397 for indoor conditions and for 
various wind velocities, Por average indoor conditions, 4- f^r is often taken 
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Turbulent Plow of Water inside Clean Tubes. 

= 160(1 4- 0.0ia/)7,"-V(D'() “■= m 

Turbulent Flow in Annular Spaces. Use Eqs. (6a) or (66) uith D’ 
taken as tbo clearance, inches, and base the heat transfer area on that actually 
heated or cooled. 

Water in Coiled Pipes. Multiply Am for the straight pipe, Eq. (6b), by 
the factor L + (3.5Di/Dt), 'whore Di is the inside diameter of the pipe and 
Lc is that of the coil. 

Gas Flow Normal to a Single Tube (when DG/n/ > 1000). 

Am = 0.37C^o-'V(I>'-)*'* (7) 

Gas Flow Normal to a Bank of Staggered Tubes. 

Am = 0.03lCpr«-»Gm5V(A)'<.)i^ (8) 

Water Flow Normal to a Bank of Staggered Tubes. 

= 370(1 + 0.0007//)r<m/(/?'„)®-* (8a) 

For baffled cxchanecrB, to allow for leakage of fluids around the baflles, use 
6(J percent of the values of Am from Eqa. (8) and (So); for tubes in line, 
deduct 25 percent Jrom the values oi Am ^ven by Eqs. (8) and (So). 

Water Flow in Layer Form over Horizontal Tubes. 

A».m. = 150(r/D',)» (9) 

for r ranging from 100 to 1,000 lb of water per hr per ft. 

Water Flow in Layer Form down Vertical Tubes. 

Am = 120rW (9a) 

Table 8. Values of Am for Beating and Cooling, Forced Convection 

(D', = 1.31 in.. D'i *= 1.05 in.) 




Velocity 

Btu 
per hr 

Eq. 

No. 

Fluid and arrangement 

1 

jdceF 


per sq 
ft per 
deg F 



7. «= 31 -8. (7 * 8603 

8.0 


Air normal to stnccrered lubes 

iio 

7, «= 7.42. (7„ = 2000 

7.5 

fi 


11)1) 

7.«=5.0. G* 1,12X10" 

1260 

61i 

Water normal to stairperetl tubes. . . 

lUI 

7. = 10. G« = 0,448 X 10" 

800 

8a 

trickle cooler, water 

Falling water film, vertical tube .... 


r = 100 lb per hr per ft 

r = 1.000 lb per nr per ft 

640 

1000 

9 

9a 


“ Velocity in fps at 70 F and 1 atm =» G/3GOO p. 

Coefficients for scale deposits aro pven in Table 10. i 


Streamline Plow. With liquids of high viscosity, such as viscous oils 
flovdng at values of DG/^^ below 2100, streamlino flow ensues, and the coeffi- 
cient of heat transfer is given by the dimensionless equation 

A^-ituPA = 2.0(toCp/AAf)^(f‘/M») (10) 

or 

(Aa.m./Cp(?)(Cp^l/A)?%»/y)''■« = l£5(D/N)HiDG/^)-% (lOo) 

As the value of DG/ii increases from 2100 to 7000, the effect of heated length 
upon A, as shown in Fig. 3, diminishea and finally becomes zero. . 
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A heated body loses energy continuoualy by radiation. The quantity 
emitted depends on the shape, sue, and, particularly, the temperature of tlo 
body and is independent cd the nature of its surroundings. This emitted 
radiation is capaUo of passage to a distant body where it may bo absorbed, 
reflected, scattered, or transmitted. Most problems of energy transfer by 
thermal radiation-may oon'VMiientlybe discussed under one of the following 
beads: radiantpheat exchange between tho aurfaces of solids separated by non- 
absorbing mediums; radiation from flfunes and gases; radiation from clouds 
of particles ; the combined action of ali these mechanisms in a furnace chamber. 

Badiant-heat Exchange between the Surfaces of Solids 

Thermal radiation from the surface of a solid is, for engineering purposes, 
best expressed as a ratio to the radiation from a so-called ideal radiator or 
black body. The characteristic properties of a black body are that it 
absorbs all the radiation incident on its surface and reflects, transmits, or 
scatters none; that the quality and quantity of tho radiation thht it emits 
are completely determined by its temperature, an incroaso in temperature 
producing an increase both in total radiation and in the fraction emitted in 
the Bhort-wave region of the spectrum. The tofrd radiation g from a black 
surface of .area A and absolute temperature Tis given by the Stefan-Boltsr 
mauQ law ; g s e-Af <. The constant v is known as the Stcfan-Boltzhrann 
constant and has the value 0.173 XIO"' Btu/fsq ft)Chr)(deg R)* or 
fl.71 X 10”‘ erg8/(8q cm) (sec) (deg 

The ratio of the total radiating power of a non-black surface to that of 
a black surface at the some temperature is called the emisslTity of the surface 
(ud is designated by «. More properly, the term is total hemispherical 
emissiyity to diSerentiato it from (1) monochromatic emissivity «x, tho 
ratio of radiating powors at tho wave length X, and from (2) directional 
emissivity t$, the ratio of radiating powers in a direction making the angle S 
with the normal to the eurfaco. The emissivity of a surface varies with its 
temperature, its degree of roughnoes, and, if a metal, its degree of oxidation. 
Table 1 gives the emissivities of various surfaces and emphasizes the large 
variation possible in a sin^e material. Although tho vdues in the table 
apply strictly to normal Taxation from the surface (with a few escoptions), 
they may be used with neidiipble error for hemispherical emissivity except in 
the case of polished metal surfacee, for which the homispbcrical emissivity is 
16 to 20 percent higher than the normal emisavity. 

The absorptivity « of a surface — the fraction of tho impinging radiation 
which is directly absorbed — depends on the same factors that affect emissivity 
and, in addition, on the quality of the inddont radiation (completely measured 
by the temperature of tire radiator if the latter is black) . One may assign two 
subscripts to c«, the first to in^cate the temperature of the receiver and tho 
second that of the incident radiation. In general, «« varies more with- Ts 
than with Tj. . Kirchhofi’a law states that the emissivity of a surface at 
temperature Ti is equal to the absorptivity ou which the surface exhibits for 
radiation from a source at the same temperature; i.e., a surface of relatively 
low radiating power is also a’ poor absorber (or good reflector) of radiation 
from a source at its own temperature. 

400 
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For vertical tubea, '• . . , , 

=0.94(iVSpW*wA)‘^ =0.93(Ar»pWwr)^ ' (i3a) 

The.equations show.that atubeof pven'dimenBiona, for the usual case where 
N /Dn is greater than 2.76, is more effective in a horizontal than in a vertical 
position. Thus for N/Dn = 100, a horizontal tube gives an average h which 
is 2.5 times that for a vertical tube. Since ' 
there is but little variation in the thermal con- 
ductivity or viscosity of the condensate at the 
condensing temperature at 1 atm, there is 
little variation in fim. Thus with horizontal 
tubes, hm may be taken as 200 to 400 for the 
following vapors condensing at atmospheric ®| 
pressure: benzene, carbon tetrachloride, • 
dichlormethane, dichlordifluoromcthanc, , 
diphenyl, ethyl dcohol, heptane, hexane, 
methyl alcohol, octane, toluene, and aylene. 

Ammonia gives hn of 1000, and mixtures of 
steam and organic vapors, forming immiscible 
condensates, pvc hm ranging from 250 to 750, 


-.3000 

f2000 


MOOO 


, 2 . 3 4 5 6 fl 10 20 

Vj'W'flIer Velocity, Ft per Sec 

I^G.4.— Ovcr-dlCoefBdonta 

increasing with increasing proportion of Condensing Steam 

steam. With film-type condensation of clean ^d Water, , ... 

steam on horizontal tubes, hm ranges from _Cun-e l. _ Chrome-plated cop- 


1000 to 3000, « Eq, {13), With yertied Copper, bwl m,r. 


400, OWr 
300,000 - 


soaoooF 


tubes 10 to20{tlongripple3fonnin.th6film; captan. 
values of hn from Eq. (13a) should be in- Curves. Copper, oleic acid., 
creased 20 percent. . , 

For long vertical tubes, 4r//x may exceed 
2100; in that' case, the value of km for AV/ti , » 2100 is 'conservativo. The 
presence of non-condensible gas, such as air, seriously, reduces h, and con- 
sequently all vap'or-hcated apparatus should 
be well-vented. 

With steam, small traces of certain pro- 
moters (Nagle, U. S. Patent 1995361) such as 
oleic acid and benzyl mercaptan become 
adsorbed in a very thin layer on the surface of 
the tubes, preventing the condcnsatpC from 
wetting the metal and inducing dropwise con- 
densation, which gives much higher values of 
h (7000 to 14,000) than film-typo condensa- 
tion. However, with dirty or corroded sur- 
faces, it is difficult to maintain dropwise 
condensation. Figure 4 shows over-rfl coeffi- 
cients Uo for condensing steam at 1 atm on a 
vertical ; 10 ft length of copper tube, % iru 
O.D., 0.049 in. wall, at various water velocities. 

Boiling Liquids. In natural-convec- 
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do=TubetQ Liquid, OegF 

Eiq. 5. — Heat Transfer to 

Liquid. (Distilled 

tion evaporators, the heat is often applied Nickel-plated Cop- 

bysubmergedtiibes, usually heated internally . .1 ■ 

by condensing vapor. As the temperatiire difference betwoen.tubo andJiquid 
is increasedl the rate of heat fiux g/A'inireMes; owing to better agitation due to 
more rapid boiling, goes through a mimmum at a;,'‘.criticar’' temperature 
difference (FigV 6), and then decreases rapidly owing to a vapor film of low 
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approacliing tbe values obtained in superheating vapor, see Eq. (6a). For 
comparison, in a natural convection evaporator, a roaaiinum flux of 73,000 
Btu per hr per sq ft was obtained at A« of 100 F. 

Combiaed Coavection and Radiation CoefScients. In some cases 
of heat loss, such as that from bare and iMulntcd pipes, where loss is by 
convection to the air and radiation to the walla of tho enclosing space, it is 
convenient to use a combined convection, and tactiaUon coefficient (ftc + W- 
The rate of heat loss thus becomes' 

9 = (Jl,+Ar)iA. ' (14) 

where Aj is tho temperature difference, dog F, between the surface of the 
hot body and the walls of tho space. In evaluating {he + hr), should be 
calculated by the appropriate convection formula [see Eqs. (llo) to (lie)) 
and K from tho equation 

hr = 0.6026(rav/100)* 

whore t is the black body coefficient of the radiating surface, p. 400, Tar ia 
the average temperature of the surface and the enclosing walls, deg R. 
For oadized bare steel pipe, the sum h* + hr may be taken directly from 
Table U. 

Table 11. Values of (li< + W ' 

(For horiiontal hare or insulated standard sled pipe of TariouB sires ia a room at 80 F) 



The combined coefficient {h + h,) for still air in contact with various 
materials, according to tests conducted by Lichty, University' of Illinois, 
1915, has the following vdues: 

Cement plaster finish, 0.9; concrete or corkboard, 1.3; brickwork, sheet 
asbestos, or wood (finished surface), 1.4; glass window or magnesia boaj'd, 1.5. 

The combined coefficient (fie + k) for tho external surface is obtained by 
multiplying the coefficient for still air by a factor depending on the air 
Telocity. 

Velocity, inph 6 10 15 20 

Factor for brickwork 2.4 3 3.8 4.2 

Factor for wood. .... 2.2 2 2.0 3.0 

Harding and Willard (“ Mechanical Equipment of Buildings," vol, 1, p. 66) 
recommend the appro-ximation that the value of (A, + Itr) for the outside wall 
surface be taken as 3 times tbe value for tho inside wall surface. 

Loss of beat from tbe surface of a rotating cylinder to air, as in fly- 
wheels, armatures, etc., aocordii^ to tiie experiments of Hinlein. 

Smooth surfaces (polished copper). 

Velocity F,fps 0 20 40 ■ 60 '80 100 

Combined coefScient (li. + hr) 0.47 1,97 2.79 3.14 3.30 3,38 

Rough surlacca (dull black, vanuahed). 

■' V= 0 20 40 , 60 80 . 100 

(ft« + /ir)= 0.47 2.49 , 3.32 3.95 4.50 5.10 
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The factor F is kno'im exactly for a few geometrically simple cases, and may 
be approximated for others. If At and Aj are equal parallel disks, squares, 
or rectangles, connected by non-condneting but reradiating refractory walls, 
then F is given by Fig. 1, lines 6 to 8. H At represents an infinite plane and 
As. is one or two rows of infinite pandld tubes in a parallel plane, and if the 
only other surface is a refractory surface behind the tubes. Fit is given by 
line 5 or 6 of Fig. 3, If an enclosure may be divided into several radiantr-heat 
sources or sinks Ai, At, etc., and the rest of the enclosure (reradiating refrac- 
tory surface) may be lumped together aa Af at a uniform temperature Tr, 
then the factor Fis is pven in terms of the simpler geomotricol factors F by 


Fij ~Fu 


. FittFia 
*^(1 -Fm) 


(4) 


If this case is further simplified by considering that the only non-refractory 
surfaces present in the system are beat source A\ and heat sink At and that 
each of ^ese can "see” none of itself has no negative curvature), the 
foregoing expresaon reduces to 


F« = (Ai - AiFis*)/(Ai + A, - 2AiF,5) (6) 

which ncccssitatea the evaluation of but one geometrical factor F. This 
case covers a major fraction of problems of radiant'heot intorohsnge between 
source and sink in a furnace endosure, and is in error only to the extent to 
which the assumption of uniform refractory temperature is not permissible. 
More complicated expressions are available, permitting approach to the exact 
answer to any desired degree of accurate depending on the number of zones 
into which the refractory is divided. 

It is sometimes desirable to find the equilibrium value of refractory surface 
temperature. For tho conditions for which (6) is valid, the refractory 
surface temperature is given by 

„ Jl Ui - A,F,t)Ti* -b (At - AiF»)^* 

* “ V (Ai - AiFu) + (At - AiFiO 
Allowance for Non-black Surfaces. The Factor ff. Precise allow- 
ance for the departure of surfaces from black or ideal radiating choracteriatics 
is in general too complicated for engineering use. However, if the assumption 
that all surfaces are gray is permitted, a simple and adequate treatment is 
possible. If nomenclature is as for F, except that Ai, Ai, etc., are now 
surfaces having emissivities (and absorprivities) ei, «•, etc., it is found that the 
net radiant interchange between Ai and As, duo now to the combined mech- 
anisms of direct radiation, reradiation from refractory surfaces, and multiple 
icfieotion inside the enclosure, may be expressed in the form 

= AiMTi* - m s Ai5F«<r(fi* - T 2 <) (6) 


Just as the factor F could be evalaated from F, so the factor J con be evalu- 
ated from F. For the case of two ncm-refcaototy surfaces Ai and Ai and any 
number of refractory zones, 

' = i/[(l/FB} •+ (1/e ~1)+ (Ai/Ai) (I/ci - 1)] (7) 

It is, to be, noted that the emissivity of Ihe refractory surfaces forming the 
system is not a factor, i.e., that whether a refractory surface maintains its 
equilibrium by complete absorption and black-body reradiation or by com- 
plete reflection and no radiation is immaterial. 
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as 2 as an approximation, since a substantial .error inhc have but 

little effect on the over-all lo^ of heat- Figure 6 shows the variation in Uo 
with pipe size and thickness of insulation for 85 percent magnesia foe pipe 
and air temperatures of 375 and 75 F, respectively. 

Economical Thickness of Insulation (McMillan, Trans. 

1926, and Eng., May, 1929). When it has been determined that the 
physical properties of a given insulntin g material arc suited to the require- 
ments, the thickness of material for most 
economical results on flat surfaces is given 
by the equation x = ■\/l2afc7h — 12Iib, in 
which X is the most economical thickness, 
in., k is the conductivity, b is the cost of 
insulation per sq ft per in. thickness per 
year (flrstcostpersqftperin. thickness X 
fractional annual fixed charges), B is the j 
sum of the resistances of all other dements 
in the construction, induding surface ' 
resistance, and a « 7(<{ ~ia)il//l,000,000, 
in which 7 is hours operation per year, t,- 
is inside temperature, it is temperature of 
surrounding air, and M is the value of heat 
in dollars per 1,000,000 Btu. For cylin^ 
drical surfaces, Fig. 7 may be used; it is 
based on 12Rk = 0.3. 

These equations and the chart apply to 
ell materials whose cost is proportional to 
the product of external area times thick- 
ness. They may be used for materials 
whose cost is figured per “board foot.” 

They apply to cork board and to almost 
all other insulating materials but not to 
cork pipe covering. 

Example. If <{ =■ 530, it ■= SO, value of 
heat is J0.40 per 1,000,000 Btu, houre of opera- 
tion per year = 7,200, k « 0.046, surface resiatance «= 0.5, cost of insulation a 
per sq ft per 1 in. thick, and annual fixed charges = 20 percent, then, a “ 7,200 (530 
- 80)0.40/1,000,000 = 1.296, and b = 0.15 X 0.20 « 0.03. 

The economical thickness in flat eurfaco e* ■\/i.2D6 X 12(0.046)/0.03 - 0.5 X 
12(0.046) = 4.88 — 0.28 = 4.6 in. (any in,). The economical thickness for 2 in. 
pipe (Fig. 7) is 2.1 in. (say 2 in.). 

Transmission in Condensers. A valuable graphical method of inter- 
preting the results of tests on surface condensers, proposed by E. E. Wilson, 
consists in plotting l/Uc as ordinates vs. and drawing the best straight 

line. The value of 1/U,, for 1/7,®-* - zero, represents the sum of the 
reswtances of the vapor side tube wall R|. and scale deposit B,. The 
reciprocal of the slope is the value of B in the expression for the over-ail 
resistance. B is the water-side co^cient at a velocity of 1 fps, 

1/U, ^Bt+Rt +B, + I/B7,®* ' 

Detailed examples are given in Trans. AB.ME., 48, 1926, pp. 1233-1268. 
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0.208, nhicli rneana th&t the net ladiatioa from a tube to the stock is 20.8 percent { 
much BB ii the tube nere black and completely surrounded by blsok stock. 

Badiation from Flames cmd Gases 

The radiation from a flame is due to radiation from burning soot particle 
of microscopic and Bubmicrasoopic dimensions, from suspended larger pai 
tides of coal or asb or both, and from the hot gaseous combustion product! 

The first of these, soot luminosily, is important ■where combustion occui 
under such conditions that hydrocarbon gases in the flame are subjected t 
heat in the absence oi suffident mr, ptodudng thermal decompositior 
There is at present no method of predicting the luminosity of a Same anaiyt 
ically; reliance must be put on experimental measurement of flames simila 
to that of interest. It is to be noted that -visual observation is a poor basi 
of judgment; a flame so bright that nothing on the other side of it can bo see; 
may nevertheless be far from a black body in its radiating characteristic! 
Hadiation from such a flame 
may be estimated from meas* 
uroments, with a two-color opti- 
cal pyrometer, of the red and 
green brightness teraperaturca 
of the flame (fnd. Eng. Chm., 

Anal Ed., 4 , 1932, p. 165). 

Radiation from a cloud of ^ 
microscopic particles (such as a ^ 
pulverized coal flame) may be g 
calculated if the size, concertUa- g 
tion, and temperature of the “ 
particles are known, but auch an ^ 
analysis involves so many ques- 
tionable assumptions as to make 
the result of limited value. 

Of greatest importance in 
radiant-heat transmission from Q004 
flames is the infrared radiation 

from the combustion products, ®S8§§o§§g 
water vapor and carbon diffidde, 

■which overshadows convection Temperature Deg F 

at furaaoa temperatoa. H Flo. 6.— Emlsaiyity ot Oarboi Dioride. 
black-body radiation passes 

through either of these gases, absorption occurs at certain wave lengths. Con 
versely, if these gases are heated, they emit radiation at those same wav 
lengths. Consider a hemis^cricol gas mass of radius L containing carboi 
dioxide of partial pressurePt, and let the problem be the evaluation of radiant 
heat interchange between tiie gas at temporature Tg and a small element o 
surface at temperature Ts, located on the base of the hemisphere at its center 
Per unit of surface, the emisaon of the gas to the surface is aT*Q • tg where ei 
denotes gas emissivity. For carbon dioxide, eo depends on Tg, the total pres 
sure, and the product term PJj, and is ^enin Kg. S which applies for the usua 
case of total pressure constant at 1 atm. The absorption, by the gas, of radio 
tion from the surface is aT^g . ag where og is the absorptivity of the gas fo: 
black-body radiation from the surface. Approximately, og is obtained fron 
the gas-emissivity chart at the same value of as before but at the tempera 
ture Ts instead of Tg. Such an approximation is adequate if the gas is hotte: 
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Table 1. Emisaivitjr of Surfaces 


Surface 

Temp,® 
deg F 

NCT-3(20Ni. 26- 
Crt; brown, 
eplotched, oxi- 
diz^ from serv- 

420-9S0 

NCT-6{(50Ni, 12- 
Cr) {smooth 
black firm adhe- 
sive oxide coat 

5211-1045 

Platinum, polished 
plate..... 

440-2960 


80-2240 

Silver, pure polished , 

440-1 16C 


2420-5430 

Tin, brieht 

76 

Tungsten, aged fila- 
ment. 

80-6000 

Zinc: 

440-620 


750 

Galv. iron, 'fairly 
bright 

82 

Galv. iron, gray 
oxidized 

75 


Temp." 


Metals and Their Oxides 


Aluminum: 

. Highlypolisied. . . 

PoliBhed 

Rougli plate 

Ckidizedat lllOF 


lEghly polished 
' Rolled plate, 

natural 

Euhbed mth 


Oxidised at 1110 F 

Chromium 

Copppx: 

Carelully polished 
Commercial polish 
Heated at 1110 F. 
Thick oxide coatin 
Cuprous oxide. . . 

Molten copper 

Gold, highly polishedj 
Iron and Sted: 

Highly polished 

pureFe 

Freshly emeriod Fe 
Ground sheet steel. 
Turned oast iron . . ' 
Rolled sheet steel. . 
Well oxidited, 

smooth 

Molten cast iron.. 
Molten mild sted. 
Lead: 

Pure unoxidiud,. 
Gray oxidized. . , . 
Oxiaized at 890 F, 
Mercury, pure dean 
Molybdenum fila- 
ment 

Monel metal, oxi- 
ized at lUOF... .1 
Nickel: 

Pure polished 

Electroplated, not 

polished 

"Wire 

Plate, oxidized at 

niOF 

Nickel oxide. , 
Nickel alloys. , 
“Chromniokd' 
Nickelin, gray orid 
KA-28 alloy steel , 
(8Ni, 18Cr;]ight 
silvery rough; 
brown after 


Same, after 24 hr 
at 980 F. 


440-1070 

0.03MI.05? 

73, 

0.040 

78 

0.055 

390-1110 

O.n-0.19 

494-710 

0.03H).037 

72 

0.06 

72 

0.20 

390-111(1 

0.61-0.59 

100-1000 

0.00-0.26 

176 

0.018 

66 

0.030 

390-1110 

0.57-0.57 

77 

0.70 

1470-2010 

0.66^7.54 

1970-2330 

0.16-0.13 

440-1160 

0.018-0.035 

30 W 800 

0,05-0.37 

66 

0,24 

1400-2000 

0.52-0.60 

70-1800 

0.4V0.70 

70 

O.OSlofl.ei 

70-2000 

0.8(H).90 

2370-255C 

0,29-0.29 

2910-3270 

0.2841.26 

260-440 

0.057-0.075 

75 

0.20 

390 

0.65 

32- 212 

0.09-0.12 

134CM700 

0.0980.292 

39O-1U0 

0.41-0.46 

70- 700 

0.0454>.087 

68 

0.11 

365-1544 

0.0960.186 

390-1110 

0.37-0.40 

1200-2290 

0.590.86 

125-1894 

0.640.76 

' 70 

0.^ 

42Ch914 

0.440.36 

420-980 

0 620,73 


0.89-0,82 

0.054-0.17 
0.036-0.192 
0.20-0,032 
0. 194-0,33 
0.043-0.064 
[0.032-0.35 
[O.OIS 

0.045^).05J 

O.II 

0.23 

0.28 


REFRACrOnlEB, Bpildino Materialb, 
Paints, Misc. 


lAlumioum paints 
(vary with am’t of 
lacquer body and 

age) 

Asbestos 

Candle soot; lamp* 
blnck*watcr glass.. 
Lubricating oil, layer 
0.01 in. thick;.... 
Linseed oil, 1 and 2 
coats on A1 foil.... 
Rubber, soft gray re- 
claimed; 

Misc. I: ahiny blackj 
lacquer, planed 
oak, white enamel, 
aerpentine, gyp- 
sum, wlnte enamel 
paint, roofing 
paper, lime plaster, 
block matte shellacj 
Misc. H: glazed por- 
c^n, white paper, 
fused quartz, pol- 
iahed matWe, touehl 
red brick, amootb 
^aaa, hard glossy 
rubber, flat black 
laeqner, water, 
dcctrographite, .. . 


312 

lOWOO 


0,27-0.67 

0.93-0.95 

0.95 ± O.OI 

0.62 

0,56 and 0.57 

D.86 


» When two toraperaiures and two emiauvities are given they correspond, first to 
first and second to second, and linear intmpdation is permissible. 
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absorptivitics from Figs. S and 6. AsPL approaches zero, the mean beam 
length approaches, as a Urrut, the v^ue^ 4 X (ratio of gas volume to bounding 
area). For the range of PL encountered in practice, L is always less; 85 
percent of the limiting value is generally a satisfactory approximation (F. J. 
Port, M.I.T. B.So. Thesis, 1939).' Tabic 2 BummarizM thciecommondations. 

If gas radiation occurs in a space in which there is a continuous change in 
temperature of the gas and the surface from one end to the other of the 
interchanger, exact allowance can be made by conventional graphical integra- 
tion. A fair approximation may be obtained by using a mean surface tem- 
perature equal to the arithmetic mean, and a mean gas temperature equal to 
the mean surface temperature plus the logtfithmic mean of the temperature 
difference, gas to surface, at the two ends. 

(tOj - tg) - (i<7, - is,) 

Table 2. Beam Lengths for Gas Radiation 


Shape 

Cbaracteriting 
dimeosion. f> 

Factor by which D U 
multiplied to obtain 
mean beam length, L 

IVhen 

Fi-O 

For av6^ 
age values 
of?i 

Sphere 

In&nits cylinder 

Space between infinite parallel planes 

Cube 

1X2X0 rectangular parallelepiped, radi- 
ating to 

Diameter 

Diameter 

Distance between ' 
planes 

Edge 

Shortest edge 

2 

n 

1 0.60 

0.00 

1.8 

0.60 




ll,06 


■■■ 1 



1 


1 


Clearance 

3.4 

^2.8 

centers on equilateral triangles; tube 








Same as preceding, except tube diometer •» 

Clearance 


3.B 

one-half clearance ' 





Example. Hue gas containing 9A percent COi and V.l percent HjO, wet basis, 
flows through a bank of tubes of 1.5 in. on equiluteral triangular centers 4.5 in, upurt. 
In a section in which the gas temperafnre dii^a from 1900 to 1516 F while the tube sur- 
face changes from 1050 to 950 P, wfaalis the heat-transfer rate per square foot of tube 
area, due to gas radiation only? Tube surface euiiasin^ a o,g. 


= (1050 + 950)/2 « lOOOF 

, (1900 - 1050) - (1515 - 950) 

= 1000 -b 2.31og(»»HM) 


1700 F 


P(L = t.tfthW.SX 4.5/12) 

P.’I = 0.135(J<«Jii«o) ■= OJWl ft atm at 1000 F 

= 0.ori(3A X 4.5/12) - 0.^ ft atm 

From Rg. 6, for COi: 


(at to » 1700, PJ, B 0.135) - 0.080 
aa(atls = 1000,P/L = 0.091) => 0J)75 X 
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The net loss of energy by radiation from a body at temperature Ti in black 
surroundings at Ti is given by 

= O.mAiHTt/m)* - ai:(r!/100)*I (i) 

Tvhere the units arc Btu, ft, hr, deg R. 

If the temperatures are so close together that aij = aij = ci, or if Ai is a 
gray surface (monochromatic emisavity the same at all 'wave lengths), 
the preceding relation simplifies to 
= 0.l73Ai«i[(J’,/100)< - 

-(T:/100)*] (2) 

The more complicated but im- 
portant case of radiation inter- 
change in a system of several 
surfaces at different temperatures 10 
and emissivities invoh^es evalrmtion 
of a geometrical factor F. Fn is 
defined as the fraction of tbe radia- 
tion leaving surface Ai in all direc- ♦ 
tionewhichisinterceptodbysurface Qg 
A:. Values of F have been, calcu- I 
lated for various surface arrange- "t 
meats on the assumption that 
emisslvity is constant, indepen- ^03 
dent of 5. This is exact for black “§^2 
surfaces and quite good for most 
non-metallic, tarnished, or rouglj 

metal surfaces. Yaluoa ofF forop- *^1234557 
posed parallel rectangles and disks » Ctnicr.io-CenlefPisiorice 

of equal size appear as lines 1 to 4 Tubs DionRter 

of Fig. I, for patpetidicular adjacent PiQ. 3 —Values of P or F. 
rectangles in Fig. 2, for an infinite 

plane parallel to a system of rows of parallel tubes as linos 1 and 3 of Fig. 3. 
Other cases are treated in the literature (Mech. Enc-, 62, 1932, p. G99). Im- 
portant and useful concepts in evaluating F'b are that AiFis * A 2 F 51 (siaco 
otherwise there would be a net heat flux between Ai and At oven when at the 
same temperature) ; that Pjt + Fb + Fu + • • • = 1 ; that of course Fu - 0 
viV,tL A\ 'uo "pwi of 

In an enclosure of black surfaces, the net heat fiux from Ai is then 
given by 

fli.wt “ (AiFijffTj* — AjPaaTj^'+ (AiFiaffTi* — AjFsicTs*) 

S AFMTi* ~ T 2 *) +UiFB(r(ri* - Tj^) + • . • 
s AicrTi^ - {AiFmTii \ AiFwtTz* + A:Fzi<tT,< + • • • ) (3) 

Allowance for Refractory Surfaces. The Factor F. Consider an 
enclosure consisting in part of black heat eourccs and sinks A\, Az, As . . . 
and in part of refractory surfaces Ar, Ar . . . from which there is no nd 
radiant-heat fiux (fulfilled fay the average refractory -wall 'where difference 
between interna! convection and extemid loM is minute compared with 
incident radiation). The unknown refractory surface temperatures may be 
eliminated by heat balances, yielding an equation that, expresses the net 
flux gi;±5 from A\ to As by the combined mechanisms of direct radiation plus 
reradiation from the refractory surfaces: 

= AiFijfffFj^ - rs<) s A#ti«r(ri* - TA) 
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Qp ~tr(!r*s - !r‘c)-Ac 




+ ftcA'c(Tp - Tc) + VMTp - To) (12) 
From this gimplified form it may be aoen that increasing the flame emiaaivity 
increases the heat transmisaon, but net proportionately; that decreasing 
surface emiasivity (and absorptivity) from unity when the flame is very 
transparent produces Mmost no effect on the heat transmission; but that 
decreasing to from uni^ when the flame is substantially opaque (ep — 1) 
produces a proportional decrease in heat transmission. 

The derivation of Eqs. (9) and (12) waa based on the assumption that Ac 
was composed of plane areas. If, instead, it is a row of tubes mounted in 
front of a refractory wall, thevaluo of .Ac in the radiation term of the preceding 
equations is the continuous pfane Ap m which the tubes are located, muitipKod 
by the proper factor f for tubes with a refractory background (see Fig. 3) ; 
the refractory surface Ar diould be increased by the amount (1 - F)Ap. 

Equations (9) and (12) express a relation between two unknowns Tf and 
qr, and a sooond r^ation is necessary if a soluUon is to be obtained. The 
other relation is an energy balance. If one assumes turbulence to be so great 
that the mean flame temperature Tp used for calculation of radiation is the 
same as the temperature To of the gas leaving the chamber, then 


qp^H^mp-To) (13) 

where H represents the enthalpy or heat content of the entering fuel, air, and 
recirculated fluo gas if any, above a base temperature To (water as vapor); 
and N represents the hourly mean beat capacity (evaluated between Tp 
and To) of tlie gas leaving the chamber. Equations (9) [or (12)1 and (13) may 
be solved by trial-and-error or by graphical methods involving superimposed 
plots. Better agreement between predicted and experimental results is 
obtained on some furnaces when the assumption is made that flame tempera- 
ture and exit gas temperature are not the eaipe, but differ by a constant 
amount. In a number of furnace tests, the difference was about 300 F. 


Simplified Treatment of Combustion-cliamber Heat TransmiBsion. 
Equation (9) or its equivalent has been used as a basis for deriving various 
simplified relations, easier to use but restricted in applicability in proportion 
to the degree of simplification. Several of these follow. 

Billet-reheating Furnaces, For contimioua billet-reheating furnaces, 
Eq. (9) may be modified as follows: (i) q is heat transferred to the stock, not 
from the flame; (2) convection terms have been omitted; (3) to compensate 
therefor and to allow for steadiness of furnace operation, jcjr is evaluated 
using 1.2/ • tp instead of where / is the ratio of avorago billot-pushing rate 
over a period of several hours to pushing rate during periods of steady 
operation; (4) ep is flame emisrivity due to COt and HsO only, as calculated 
in the previous example on gas radiation; (5) = AcFcrIAr = Ac/Ar‘, 

(6) an average value of {T*p — T*c) is used, equal to the geometric mean of 
its value at the two ends of the furnace; and at the hot end Tp is taken as the 
calculated ‘‘theoretical” flame temperature, or adiabatic combustion tem- 
perature, The equation Has been tested on reheating furnaces of various 
types and found satisfactory iA-S-M^., 58, 1930, p. 186; Heat Treativo 
FoTginu, 22. 1936. pp. 144-149, 193-198). 

' Petroleum Heaters. For crackii^-coil and tube-still furnaces, Eq. (9) 
may be modified as follows: (1) by omitting the last term, g becomes heat 
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/ubes, A| 



— DimcDsionB of a I\ir- 


As in tlie ca^e off, i? may bo evaluated to any desired degree of accuradyby 
dividing the system into a sufficient number of zones; but most furnace prob- 
lems do not justify. going beyond the expression given, above. 

Exampls. A furnace chamber of rectangolnr parallelopipcdal form ie heated by the 
combustion of gas inside vertical radiant tubes lining the side walls. . The tubes are 
5 in. b.D., on 12 m.'oenter8. ' The stock forms a conUniious plane oh tbe hearth. ' Roof 
and end walls are refractory. Dimenuona are fihown in Fig. 4.' ' The radiant tubes and 
stock are “gray" bodies having cmiasintics 0.8 
and 0.9, respectively. tlTiatis the net rate heat • 
transmission to tbe stock by radi.aUon when the, 
mean temperature of the tube surface, ia 1500 F 
and that of the stock is 1200 P? 

This problem must be broken up into two parts, 
first considering the walls with •their refractory- 
backed tubes. To imaginary planes Aj of area ' 

0 X 10 it and located parnlld to and inside the 
rows of radiant tubes, the tubes emit radiation 
which equalaffTi^AiSJn. • Tofindthiuso 
Fig. 3, line 6,'from which Pji - 0.81. Then from 
Eq. (7), , 

ffn « 1/[(1/0.81) + (K - 1) + (I2/5ir)(l/0.8 „ , 

1)] » 0.702 FlO. 4.'- 

This amounts to saying that the system of rcfrac- r Chamber, 

toiy-baeked tubes is equal in radiating pon-er to a 

continuous plane At replacing the tubes and refractory back of them, having a tempera- 
ture equal to tUt of the tubes and au equivalent or effective eihissivity of 0.702. 

The new sirnplified furnace now consists of an enclosure formed by two'O XTO ft 
radiating side walls (area A:, of emissivily 0.702), a 5 X 10 ft receiving plone tin the 
fioor '(Ai), and refractor}' surfaces {Ak) io complete the enclosure (ends, roof, and floor 
side strips) ; the desired beat transfer is 

- HTi* - T;‘)Ai'Fu 

To evaluate (Fa, start with the direct interebaiige factor Fu. . Fn « iPfrom (Ai) to (Aj + 
a strip of As'alongside Ai which has a common edge with A:) Tninusf from (Ai) to (the 
strip only). These two P's may bo evaluated from Fig. 2. For the first F, Y => Koi 
Z =■ 6.5/10, F » 0,239; for the second P. F » 5fo. Z » 1.5/10, P = 0.100. Then 
Pa “ 0.239 “ 0.10 «= 0.139. Now P may be evaluated. 

Pu B P*!, .t" ... ■ ' ■ > 

^ (VPa) + WAi)(l/Ftt) i 

Since As ‘'sees" As, As, and some of itself (the plane opposite), Pm “ 1 - Fa - Pa. 
Pa, the direct interchange factor between parallel 6 X 10 ft rectangles separated by 
8 ft, may be taken as the geometric mean of the factors for 6 ft squares separated by 
8 ft, and 10 ft squares separa ted by 8 ft. These come from Fig. 1, lice 2, according to 
which Pa = V0.13 X 0.255 « 0.182. Thai Ptt = 1 - 0.182,-, 0.139 = 0,679. The 
other required direct factor is PjR = 1 -Pn^ I -PaAs/As = 1 - 0,139 X = 

«, Tto - 0.330. Bavins 

may now evaluate the factor ffsj. . 


(1/0.336) + [(1/0.702) - 1] + (i2%o)[(l/0.9) - 1] 
toot “ <r(ri* - rs‘)Aj5M B 0.173(19.6* - 16.6*)(120)(0, 273) . 

= 408,000 Btu per hr , , , 

A result of interest is obtained by dividing.the term AiJjj (120 X 0.273, or 32.7) by the 
actual area Ai of the resting tubca'^^X'fiO X 2 = 157 sq ft^. This is 32.7/167 - 
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Failure of a material or of a etructural part may occur by fracture feuch 
aa the shattering of glass), yielding, wear, corrosion, and other causes. 
These failures are failures ol the materiaL Buckling may cause failure of 
the part 'without any failure of the material. 

As load is applied, deformation, takes 
place before any dual fracture occurs. With 
all solid materials, some deformationmaybe 
eustaiced tritbout permanent deformation, 
t.e., the material behaves elastically. ’^lOOpOOf- 
Beyond the elastic limit, the elastic defer- ” 
mation is accompanied by varying amounts 
of plastic, or permanent, deformation. If ,0 
a materiel sustmns large amounts of plastic n" t0,000 
deformation before final fracture, it is I* 
classed as a ductile material, and if fracture ^ 
occurs with little or no plastie deformation, 
the material is classed as brittle. 

Stress-strain Diagframs. Tests of 
materials may be made in many dificrent q )0” lO 30 40 

ways, such as torsion, compression, and Strain Per Cent 

shear, according to the service to which the l.— Comparative Stress- 

materials are to be put, but the tension strain Diagrams. ( 1 ) Soft 
testisthemostcommonandisqualitativcly 3^53. (2) Low-carbon Steel, 
characteristic of all the other types of tests ( 3 )HardBronze. ( 4 ) Cold-rolled 
except those made under extremely high gtegi, (5) Medium-carbon 
hydrostatic pressure. The action of a steel. Annealed. (6) Medium- 
material under the gradually increaang gteel, Heatptreated. 

tension of the tension test is usually repre- 
sented by plotting apparent stress {tie total load divided by the original 
cross-scctional area of the test iriece) as ordinates against the apparent 
strain (elongation between two gage points marked on the test piece divided 
by the oripnal gage length) as absdssas. Typical cun'es for metals are 
shown in Figs. 1 , 2 , and 3 . In these, the elastic deformatioii is, approxi- 
mately, a strmght line, as called for by Hooke’s law, and the slope of 
this line, or the ratio of stress to str^ within the elastie range, is the 
modulus of elasticity E, sometimes called Young's modulus. Beyond 
the clastic limit, permanent or jdastic strain occurs (Fig. 3 ). If the stress 
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From Fig. 6, for HiO: . ■ , . 

tq (at to = 1700, Pii « 0.102) = 0.048 
aq (at to “ lOOO.P^ *=■ 0:i02) = 0.072 

From Fig. 7, tie correction duo to Eupuimpiaed radiation is 3.5 percent. Then substi* 
tutingin'Eq. (8); . 

cM = 0,810.173 X 2i.6H0,p80 + 0.048) - 0.173 X 14.6‘(0.097 + 0.072))(1 - 0.035) 
« 2700 Btu per sq ft per hr, 

equivalent to a convection coefficient of 2700/700, or 3,8. 

One may define the over-all emissivity <f of an cquimlent " gray" flame by the relation. 
q/A =■ 0.8«r(21.6‘ - I4.6‘)‘/ = 23,700<f 
from which is 2700/23,700, or 0,113. , . 


Eoat Transmission in the Combustion. Chamber of a Furnace 


The so-called radiant section of a fumaco presents a heat-transfer problem 
in which there enters the comluned action of direct radiation from the flame 
to the stock or heat sink, radiation from flame to refractory surfaces thence 
back through the flame (with partial absorption) to tho sink, convection, 
and external losses. A solution of tiio problem is possible if the. following 
assumptions are accepted: (1) external losses from refractory walls equal 
convection from flame to refractory; (2) the flame is gray and has an emis- 
sivity «F (defined as in the previous example, with suitable additions for soot 
luminosity, etc.); (3) all refractory surfaces have a 'common average (but 
unknown) temperature; (4) a mean temperature Ty is assignable to the flame 
and combustion products in tho chamber; (5) the heat sink or ultimate 
receiver has a uniform surface temperature Tc and is gray, with emissivity 
<c and area Ac. The solution of the problem, giving the net rate of heat 
transfer Qy from the flame by all mechanisms, is 

gp = (r{rv - r*c)AcSFcF + hcA'c(Tp - Tc) + I/pAfl(!Pp -'To) (9) 

radiation to sink convection external loss . 
to sink 


in which 


Fcf 


(1/Fcf) + (lAc) - 1 
As/Ac 




I + 


1 +.,/(! -tF)(l/«J 


( 10 ) 

( 11 ) 


(1/fe) + (i/t) + (1/W 

In these equations he, hs, and ho represent convection coefficients at'the sink, 
inside refractory, and outside refractory surfaces, respectively; L and h are 
wall thickness and thermal conductmty'of the refractory; To is outside air 
temperature; A'c differs from Ac in cxduding .that cold surface or ultimate- 
receiver area which, though in view of the flame and receiving radiation, doe's 
•not receive heat by convection froni the gases until they leave the 'chamber. 

It is to be noted that, as in the caseof radiatioa'in an enclosure containing 
no radiating or absorbing gas, F is built up from F and sc, and F from F; 
but here the flame emissivity ep is involved. Some simplification is possible 
if the geometrical factor Frc (the fraction of the radiation leaving refractory 
surfaces which is directed towards the “cold” surface or heat sink) is replaced 
by AcHAr -1- ic)— a fair approximation when tho refractory and' cold sur- 
faces are not completely segregated from each other. Then ' 
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reached in this region ia called tiie yield poillfc (YP) and is of great importance 
in’ design as well aa one that is easily measured. Because certain factors 
such ,03 surface finish, and speed of loading have been found to influence, the 
yield point, latest practice deagnates ^is point . m the upper yield point 
and the lower part of the 3nddmg ic^on as the lower yield point, the latter 
being taken aa the eignifleant and .reproducible value. In the harder and 
stronger steels, and under certrun coodiUons of temperature, the yielding 
phenomenon is much less prominent and is correspondingly harder to measure. 

’ In materials that do 'not exhibit a marked jdeJd point, it is customary to 
measure a yield Strength. This is arbitrarily defined as the stress at 
which the material has a q)cri£ed permanent set (the value of 0.2 percent is 
widely accepted) and may be detwmined by measuring off, the required set, 
from the oripn of the plot and running a line from the point thus found 
parallel to the original daatic line. The intersection of this line with the- 
curve will ^ve the required yield strength, as shown in Pig. 3 by the point X. 
Similax arbitrary rules are followed with r<^ard to the clastic limit in com- 
mercial practice. Instead of determining the stress up to which there is no 
permanent set, as required by deOniUon, it is customary to designate the 
end of the straight portion of the curve (by definition the proportional limit) 
as the clastic limit. Careful practice qualifies tUs by designating it the 
proportional elastic limit. Although in most materiols elasticity and the 
linearity of the stress strain are dosely aesociated, there are materials that 
show a non-linear stress-strain relation and yet behave at least approximately 
elasrically. Among these are caet iron, rubber, and, to a cortain extent, 
oonoroto. These show increasing deformation rates with increasing stress, 
hut a few composite structures such as rope show the reverse action and 
stiffen at higher stresses. There are also a number of materials such as moist 
wood that show almcst perfect linearity of stress with respect to strain, and 
yet are decidedly inelastic at all loads. 

Work hardening, or cold work, is the plastic deformation of a metal, as 
in a tensile, compressive, or shear test. Beyond the yield range in steel, 
or beyond the proportional elastic limit in materials that have no definite 
yielding, cold work increases the proportiontd elastic limit and the yield 
strength (or yield point). A material cold-worked to X in Pig. 3 and then 
released would show, a new proportional dastio limit just below X and a 
correspoudiugly higher yield strength if retested starting at X'. If a material 
that' has been thus strengthened in teneion by tensile cold work is tested in 
comptesrion, a much smaller strengftenmg may 'Pe louncl and 'in many 
cases an actual weakening of the compressive proportional elastic limit and 
yield strength will occur, so that cold working introduces doiinitoly direc- 
tional properties. There is a loss of ductility in cold working which cor- 
responds.directly to the, amount of plastic deformation used in the working 
process. Heat-treatment after cold working is often extremely beneficial,' 
particularly in removing the directional effect. 

Ductility. The ability of materials to suffer large amounts of plastic 
deformation without fracture is known as ductility if the deformation is 
tensile and as malleability if the deformation is compressive, the two 
properties being similar but not identical and not present to simUar degrees 
in different materials. Dnctilily is measured commercially by the ultimate 
elongation, sometimes cailed-tim percent elongation (expressed as a per- 
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■tranalerred to oil instead of heat lost by flame; (2) JicAc'bas for simplification 
been assigned an average value equal to VAcffcp (the term is unimportant 
relative to the radiation term). The relation is then 

qc = - T*c) + 7(2> - TcMc^cf (H) 

Comments on p. 415 concerning the proper values of Ac and Ar for the case 
of tubes mounted on a wall apply. In evaluating {Ffj?, tp is calculated allow- 
ing for gas radiation only; tc = 0.9. Fbc is found to be represented ade- 
quately by AcliAc + Ar) for values of Ar/Ac from 0 to 1, by Ac/Ar for 
values of As/Ac from 3 to 6.6. Since Eq. (14) involves heat received by 
oil rather than heat lost by the flame, when it is combined with the energy 
balance represented by Eq. (13), the latter must be modified. H is replaced 
by H(1 - ^), where is the external heat loss from the combustion cham- 
ber. A simplified graphical treatment of the solution of Eqs. (14) and (13) is 
available in the literature (Am. Inst. Chem. Eng., 36, 1939, p. 743), together 
with a comparison of results with 85 tests on 19 furnaces of widely different 
types and excess air, burning fuel oil or refinery gas; the average deviation 
was 5.3 percent; excluding tests almost certainly bad, the average delation 
was less than 4 percent. 

A relation for petroleum heaters, somewhat simpler and quicker to use 
than Eq. (14) but not so safe, is obtainable by assuming certain terms in 
Eq. (9) constant, combining with Eq. (I3) to ^iminate Tp, and finding an 
expression different in form but numerically similar over the range of interest. 
The relation is 

= l/[l + ( 16 ) 

where m is the ratio of heat transferred to oil to the enthalpy of the entering 
air and fuel (not value). Other equations applicable in this field are avail- 
able (Jnd. Eng. Chem., 24, 1932, p. 486; hfat.Pcir. News, July 27, 1938). 

Steam-boiler Furnaces. For calculating heat transmission in the 
radiant sections of steam-boiler furnace Bettings, many empirical relations 
are available. One of the simplest is the Orrok-Hudson equation 

F = 1/(1 + (CVS/27)) (16) 

in which G is the weight ratio of air to fuel, C« is the firing rate expressed as 
pounds of equivalent good bituminous coal per hour per square foot of 
eiposeci tube area (complete circumlercnce il notburied in wah). 

Mullikin (A.S.ilf.E., 67, 1935, p. 517) assumes that the flame emissivity 
ff is unity for large pulverized coaJ-, oil-, or gas-fired furnaces and that com- 
pensation for this high value may be made by using the same value for gas 
■temperature in Eqs. (9) and (13). 'When ep is unity, the term Ac'5cf of Eq. 
(9) becomes simply Acfc (seo p. 415 for the proper evaluation of Ac). Mulli- 
kin introduces additional multiplying factors on Ac to allow for resistance 
of overlying slag or refractory fating on metal-block -walls. These are 0.7 
for baie-faced metal blocks on tubes, 0.35 for refractory-faced metal blocks 
on tubes.^ The simplification suggested is unsafe to use on small furnaces 
where ep is certainly not unity. 

_ IVoUenberg (A.5,Jlfi;., 47, 1925, p. 127; 67, 1935, p. 531) uses a relation 
intrinsically similar to Eq. (12), together “with a heat balance invol-ving the 
assumption of equality of flame and exit gas temperatures; he presents the 
relation for ^ in the form of the product of a number of quantities each making 
separate allowance for one of variables under control. 
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Reductioa ot area is Bomcvhat related to malleability, but is not a direct 
measure of that property. With certain of the stronger metals which show 
a low ultimate elongation, the reduction of area may be an important cri- 
terion of the value of the material. Ductility and malleability are of impor- 
tance both in the cold-working operation in manufacturing and as safety 
factors when a structural part is subjected to shock loading. 

Elasticity. The ability of a material to return to its origin^ dimensiona 
after removal of stresses is known as elasticity. In metals, tho amount of 
elastic deiormatioiii or strmn, ia microscopic in amount, but it controls the 
distribution of stress in sdl structural parts within their working bade. In 
almost all metals, the elastic action js associated with the early straight 
portion of tiie Btreas-strain curve and mth the stiaaght Imcs o’^ned on 
release of stresses beyond the proportional clastic limit. The value of tho 
modulus of elasticity S is the same in compression and in tension for most 
metals, the notable exception being cast iron. In metals that have a very 
lew pTcporticnsi elastic limit, the determluaticnof E should be made from the 
elope of a line tangent to the stress-str^n curve at zero stress, or equally well 
from the slope of tho lines obtained oo release of stresses above the propor- 
tional clastic limit, and the value so obtmned ie known as the tangent 
modulus of elasticity. 

Shear. Stress-strain diagrams for shear loading of a materiel are similar 
to those for tension and compression, but are difficult to obtain since it is 
almost impossible to load a test piece in pure shear. Common tests involving 
shear Include tho torsion test, as a shaft, and the so-callod direct shear 
test, as a rivet. Neither of theso is a fundamental test, but satisfactory 
strengths for the detign of shafts and rivete may be obtained from them. 
Ordinarily, only the maximum load is of interest in the rivet test and 
Table 2. Elastic Constants of Metals 

(Brom teste of R. Vf. 'Voae) 



B i 

“7~i 

K 




Modulus of 



Ketal 

clasti^tv 

(FoaoE's 


Bulk 



(shearing 

modulus 

Poisson's 


modulus) 

mtidulua) 

1,000.000 



1.000.000 

1,000,000 

lb per sq in. 


1 

bperai^ia. | 

Ih per sq in. 



Cast steel 

' 28.5 

11.3 

n.5 

10.6 

2D.2 

I 0.265 


27.6 

23.6 

0.305 

All other steels, includmg hisdt car- 

bon, heat-treated 

28.6-30 5 

II.O-M.9 

22.6-24,0 


Cast iron 

IlMl.O 

5,2-A.2 

8,4-15.5 

, 0.211-0.299 


23.6 

9.3 

17.2 



15.6 

5.8 

17.9 








1 14.5 

1 5J 

16.8 



13.8 

5.1 

16,3 



1 ts.o 

5.9 

U,8 


Aluminum alloys, vanons 

1 9.9-10.5 

' 3.7-3.9 

9.9-10.2 1 




' 9.5 



Elektron (magnesium alloy) 

6.3 

2.S 

u 1 

0.281 


For the modulus of rigidity, the bulk modulns, and Poisson's ratio, see pp. 437, 440. 
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Tte color, gralQ, and sliear tile fracture are significant. Forms of fracture are 
shown in Fig. 4. Terms describing -fracture are: silky, dull, granular, crystalline, 
fibrous. I 

Failure uader compression (Fig. 5} depends on material, slenderness of specimen, 
and restraint at ends or aides. Short hloekg of brittle materials like cast iron, 
stone, cement, when unconfined at the i 
sides, fail in compression, bysUdingdong I 

inclined planes. The angle of these 

planes is a function of the tiicaiing stress gsgg ^bbsb/ 
and of the coefficient of friction d the , ' ~ 

material. Internal cones (with their 
bases at the pressure heads of the testing 
macbince) and pyramids form in c^in- 
drical and rectangular spemmens, 
respectively. 


iy iu 1 


Fio. 4. — Typical Metal Fractures in 
Tension. 


Stress Concentration. In a structural part having any sort of notch 
or groove, or any abrupt change in cross section, the maximum stress in that 
region will occur imm^iatdy at the notch, groove, or change in section and 
will be hishet than the slteea calculated on simple assumptions of stress 
distribution. The ratio of this maximum stress to tho nominal stress (by 
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Fig. 5.-*Typical Compression Fractures. 


the simple assumption] is tho stress concentration factor K for the 
particular shape and is a constant, independent of the material, except for 
non-isotropic materials such as wood. One method of determining stress* 
concentration factors is by the use of photoclasticity, in which transparent 
models are examined under polarized light, and from this and other sources 
Figs. 6 to 18 have been compiled. With brittlo materials such as glass, this 
concentration is serious and weakens the piece directly, but with more ductile 
materials, under ordinary static loading, the material fiows suf&ciently to 
eliminate in part or in whole tho weakening due to the concentration. 

Impact. When a structure is loaded in tmpact, i.e., is struck a blow, the 
stresses may rise suffiriently high to cause plastic Eow. If this fiow is dis- 
tributed through a considerable volume of material, it will not result in 
fracture unless the blows are continued, and hence it is not harmful unless the 
exact shape of the part is of importance, as in gear teeth. On the other hand, 
if a region of stress concentration is present, either in the notch form or in 
the form of internal weaknesses in the microstructure of the material, then 
the plastic flow will be correspondin^y concentrated and the velocity of flow 
speeded up, and there may result a brittle type of fracture originating at the 
concentration and known as impact failure. Tho losistanco of different 
materials to this type of failure is natnrally greater with those having ductUity 
than TOth the brittle materials, but beyond tiiia there is no correlation between 
impact strength, and the other properties. Impact testa may be made by 
measuring the energy required to fracture a standard notched specimen such 
as the Charpy or Izod (see Fig. 26) cither in tension or in bonding, but tho 
values so obtained are merely comparativo .between different materials 
tested by the same method uid cannot be used directly in design. Table 4 
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18 released from point X, the material trill contract along XX', generally 
nearly straight and parallel to the ori^nal dastic line, leaving a permanent 
set OX'. The parallelism of these two lines is generally assumed, and the 
permanent set may be determined by meaaaring X"X without releasing 
the load or stopping the test. On reloading from the point X', tho line 
X'X is followed until the original curve is nearly reached at X, where a new 
elastic limit occurs and tho curve then 
follows a continuation of the original curve 
just as if tho release of stress had not been ^ 60,000 
made. As extension is continued, the mate- 
rial becomes stronger causing a rise of the ^60,000 
curve, but at the same time the cross-scc- u 
tional area of the specimen becomes less aa a40,000 
it is drawn out. This loss of area weakens ^ 
the specimen so that the curve reaches a «- 30,000 
TTifiriTniiTn and then falls off until final frac- Jg 
ture occurs (Fig. 1). Tho stresa at the ^ 20,000 
maximum point is called the tensile 
strength (TS) of the material and is its 10,000 
most often quoted property. 

In a compression test, most metals in , 

their annealed condition show a graph which 
in its early part is exactly the same as for a 
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of area exerts a prominent effect the curve ’ 

rises instead of falling because the area becomes greater. Thus a compression 
test does not reach a maximum in the same way that a tension test does, and 
unless shearing, splitting, or crumbling occurs there may not bo any fracture 
and consequently no dofinito compressive strength may bo quoted. It is 
customary to use the tensile strength for the compressive strength when 
necessary in such cases, although there is little fundamental justification 
for tho practice. 

The usual curves for both ten- c 5QOOO ■ 
sion and compression do not give o^onim - 
a true picture of the strength of ^ ^ ^ i 
the material itself since they both w :5 
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indude the effect o5 the change oi 
area, i.e., they represent the J20000 - 
specimenratherthanthemateriaL »• ' 

The true stress-strain diagram » iaqqq . 
may be plotted by dividing each 
load by the actual area of the W 
specimen at the time and by treat- 0 0.1 0.2 0.3 04 0.5 06 0,7 

ing strain in a similar manner. S+raIn, Per Cent 

When this is done, the compres- Rq. 3.— General Stress-strain Diagram.’ 
sive and tensile curves become 

identical for most annealed metals, but little commercial use is made of the 
true stress-strain relationships except in some of the cold-working operations 
in manufacturing. 

_ In steels, a curious phenomenon occurs soon after the elastic limit, known as 
yielding. This gives rise to a dip in the general curve (Fig. 2) followed by 
a period of deformation at approximately constant load before the curve 
begins to rise again with strengthening of the material. The maximum stress 
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gives representativo impact strengths. The impact strength of a material, 
as here treated, has to do with hi^ locaSiied, and generally indeterminate, 
conditions. 



Fig. 12.— Stress Concentra- 
tion Factors for Grooved 
Shafts in Torsion. 



Cioc 

® as 10 Z 3 45 7 10 ^20 40 
SViorpness of Fillet, f 
Fig. 13.— Stress Concentra- 
tion Factors for Filleted Shaft 
in Torsion. 


Table 4. Impact Strengths 
(Rendom values) 

Charpy 


test. 

It-Ib 

Comnicrcisfly pure iron. 20 S.A.15. 1020 cold-rolled, with grain 

low-illoy structural steel 25-50 S.A.E. 1020 cold-rolled, cross grain 

Stainless steels, various 35-65 Aluminum die caetinga i 

Manganese steel 10-35 Zinc die castines 

8.A.E. 1020 annealed 3-20 Monel metal 


Charpy 
test, 
ft-lb 
3-35 
3-15 
0. 0-3.5 
6-20 
150-230 


Fatigue 

When a body containing a region of etreas concentration is loaded, tho 
material may flow locally vrithont fmluro. If the load is reversed, the plastic 
flow is likewise loversed, and with many repetitions of this cycle a crack may 
develop in the flowing material. This crack then tends to progress, or 
propagate, by the same action that oripnated it. and eventually the member 
may fail by fatigue. Fatigue cracks originate at obvious surface notches and 
defects, but they may also start at local weaknesses in the microstructure of 
the material. Fatigue fiulure m^ occur at reversed stresses which are 
considerably below the elastic Bmit as determined in an ordinary static test. 

In fatigue testing, the common bading b alternate tension and com- 
pression, of equal numerical value, obtained by rotating a smooth cylindrical 
specimen while under bending load and noting the number of cycles required 
to produce failure. Othw speciinena of the same material are then tested at 
higher and lower stresses. It is found that if the results are plotted with 
maximum stress ns ordinates and thebgarithm of the number of cycles to fail- 
ure .%B abscissas, there result characteristic curves called curves (Fig. 14). 
In steels, these curves axe found to bo approximately straight up to about 
10,000,000 cycles and at about this point are found to level off so that below 
this stress no fatigue failure can be produced even with an indefinitely large 
number of cycles. Hence ia testing steels, it is only necessary to establish 
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tentage of the gage length), whitsh occors up to the fracture point in the ten- 
sile test. For comparable results, the ultimate elongation must bo measured 
'in a defiaite'gage length and on a definite size of specimen, although speci- 
mens of geometrically similar shape but of different sizes will give commer- 
cially comparable results. For apedmens not geometrically similar, there is 
no satisfactory general rule by which that ductility can be compared and it 
is necessary in' all apeoifioatzoas that the shape and preferably the size of the 
specimen should be stated. 

■ In addition to the ultimate elongation, it is customary to measure the 
reduction of area of the cross section of the tensile specimen at the fractme. 
This is expressed in'percent and is merely the loss of area expressed in terms 
of the oripnal area. For round sections, the fracture is usually so nearly 
round as to bo readily measured directly, but with specimens of other cross 
section the fracture is a distorted section winch cannot be accurately meas- 
ured, and in such cases reduction of area is ordinarily not reported. 


Table 1. Strengths of MeUh 


Metal 


Cut iron 

Wrought iron 

Commercially pure iron, annealed. 

Hot rolled,.. 

Cold roil od 

Structural steel, ordinary. 

Lew alloy, high strength 

Steel, S.A.E. 1330, annealed 

S aenehed, drawn 1300 F 

rftwn 1000 F 

DtftwaTOQF 

Drawn 400 F 

Steel, 8.A.E. 4340, annealed 

Quenched, drawn 1300 F 

Drawn 1000 S 

Dr&wn 700 F 

Drawn 400 P 

Cold-rolled steel, 8 j,.E. 1112 .... 

Stainless steel, 18-8 

Steei eastings, heat-treated. ...... 

Aiuminum, pure, rolled 

Aluminum-copper alloys, cast. . ..I 

Wrought, heat-treated 

Aluminum die castings 

Alununura alloy 17ST 

Aiuminum alloy 61ST 

Copper, annealed 

Copper,' hard drawn 

Brasses, various 

Phosphor bronze 

Tobin bronze, rolled 

Magnesium alloys, varioue. . . 
Monel metal, 70Ni, 80Cu. . . . 


Ten^e 
etrenglh, I 
1.0001b ' 
per aq in. 

Yield 
strength, I 
1,0001b ' 
persq in. | 

Ultimate 

elonga- 

tlen, 

percent 

Reduc- 
tion of 

1 percent 

Brinell 

No. 

18-^1 1 

8^0 

0 

0 

100-300 

45-55 1 

25-35 

35-25 

1 55-30 

IDO 

42 

19 

45 

85 

70 

48 

30 

30 

1 75 

90 

lOO 

95 



200 

S0.d5 

30-40 

, 40-30 


J20 

65-90 

4040 

1 30-15 

7CM0 

150 

70 

40 

26 

70 

150 

100 

80 

24 

65 

200 

130 

HO 

1 2D ' 

60 

260 

200 

180 

14 

■ .45 

400 

240 

210 

10 

1 30 

480 

80 

45 1 

25 

70 ! 

170 

130 

110 

20 

60 1 

270 

190 

170 

14 

50 

395 

140 

215 ' 

12 

1 45 ' 

450 

290 

260 

10 

44 

580 

84 

76 

18 

45 

16D 

85-95 

30-35 1 

60-55 

75-65 

145-160 

60-125 

3040 1 

33-14 

65-20 

12D-250 

1V24 

5-21 1 

33-5 


23-44 

19-23 

12-16 1 

4-0 


50-80 

30-60 

10-50 ; 

33-15 


50-120 

30 



2 



36 

34 

26 . 

39 

!M 

48 

40 

20 

35 

105 

32 

5 

58 ; 

73 

45 

68 

60 

• 4 1 

55 ! 

too 

40-120 

8-80 . 

60-3 1 



40-130 1 


55-5 1 


50-200 

63 

41 

40 • 

52 

120 

21-45 

It-30 

•I7-.5 1 


47-78 

100 

50 

35 


170 


Compressive strkgtb o! cast iron, 80,000 to 150,000 lb per sq in. 

yield strength of all metals, except those cold worked, = tensile yield 
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Gough, “Contact Corrosion under Pressure,” P^2/8- Lai, Rept., Dept. 
Ijid. Sd. Research, 1935, p.-150). Althor^ any corroding agent is pro- 
ductive of severe corrosion fatigue, tiiere is so much difference between the 
effects of “sea water" or of “tap water” from different localities that numeri- 
cal values are not of much value. 

In many structural elements, completely reversed stressoe, as are used in 
determining the endurance limit, do not occur, and other limits of stress 
variation are encountered. Under such conditions, the allowable range may 
be determined approximately from the empirical graph shown in Pig. 15. 
Hero the absolute values of the cxtromo stresses are plotted as ordinates and 
the average value of tie two extremes as abscissas. The endurance limit 
is plotted above and below the origin, and the tcnsiie strength is plotted as a 
single point Whose ordinate and abscissa both equal the 
tensile strength. Straight lines are then drawn connect- 
ing the two endurance limit points with the tensile 
strength point, and any rjmgo between these two lines is 
allowable. Since the yield strength should not ordinarily 
be exceeded in design, the graph is usually cut off at this 
value. The compressive ade of the graph is usually 
taken as being similar to the tensile ade. 

Fatigue strength, as measured by the enduraa(^ limit 
in reversed beading, is not fundamentally related to any 
Other property. However, for materials of a given type, 
there may be a relationship between the endurance limit 
and the tensile strength or between the enduraDce limit 
and hardness. For the plain carbon steels, annealed, 
the endurance limit ranges from 0.45 to 0.^ times the tensile strength and 
for some of the aUoy steels and for the nonforrous laaterials, in general, the 
rariols much lower. In direct tension-compreseion loading, as compared with 
the reversed bending tests described, the endurance limit is lower, ranging from 
0.75 to 0.90 times the endurance limit in reversed bending. The endurance 
limit in reversed shear ranges from 0.50 to 0.60 times tho endurance limit in 
reversed bending. For partly reversed stresses of any type, the construction 
shown in Fig. 15 may be used, taking the tensile strength as the upper point 
in the cases of beading and tension and ^ the tensile strength in tho case of 
shear. The diagram for shem should be limited also by the value }i times 
the yield strength. 

Fatigue failure is particularly dangerous since the incipient cracks are 
often invisible, although they invariably ori^ate at a surface, and the final 
fmlure may occur with disastrous suddermesa in high-speed machinery or 
vehicles. However, the progress of the crack in its early stages is extremely 
slow (deForeet, “The Rate of Growth of Fatigue Cracks,” Trana. A,S.MH., 
68, 1936, p. A23), and losses attendant on failure in service may be largely 
eliminated by periodic inspection by special means and rejection or repair of 
parts in which cracks have started. One of the best means for this inspec- 
tion is the Magnafiuz method, in which tho part (necessarily ferromagnetic) 
is magnetized and covered with'a’fine magnetic powder. In the vicinity of a 
crack there is a disturbance of tiie magnetic flu$ and the magnetic powder 
gathers there, effectively marking the crack. With non-magnetic materials, 
other methods must be used, such as whitewashing the part and depending on 
the discoloration of oil seeping out of a crack to reveal such cracks, but none 
of these approaches the efficao' of the Ma^aflui method on steel. Periodic 
inspection of all vital parts, primarily by the Magnaflux method, is rapidly 



Fig. 15.— Permis- 
sible Stress Ranges 
in Fatigue. 



Granite 2.67 19,40 


I 7,300, ODD 0.0000040 1,850 


Hso I 0.0000058 7,700 


Limeatone 2.53 9,500 8,460,000 Hi 0.0000045 1,400 

Limestone, oolithio 2.48 6,700 7,000,000 Hi 0.0000045 

Marble 2.72 12,700 8,000,000 0.0000045 1,400 

Sandstone 2.22 9,300 3,000,000 O.OOOOD55 1,400 

Trap 2.96 20.000 12,000.000 

Slate 2.77 14,000 14,000,000 HsJ 0.0000058 7,700 

Brick 

Common 2.00 4,000 2,000.000 H 

Hard-burned 2.10 8,000 4,000,000 H 

Paving 2.42 10,000 7.000,000 Hoc 

Band-lime 1.85 3,500 1,000,000 Hi 

Brick masonry 

Tn lime aottat......... 0.(4 X compruMivc etTcngtb o( brick 

In cement mortar 0.23 X compressive Btreagth of briolt 


* Other Strength FcNCTiosa. Sbcaringalren^h ol brick and stone ia from 10 to 20 
percent of the eompreselvo stfcrrgth; tensile slrengtfi is 4 percent of compreasive strength; 
modulus of rupture Is 15 percent of compressive strength. Poiason's ratio is H. 

Velocity of Testing. Within the usual speeds of commercial testing machines, the 
speed of testing dees not cause any vamtion of the strengths of metals which is of 
commercial significance, except possibly in the yield point. Non-mctallic materials, 
suoli as cloth, wood, rope, and plastics, arc in general much moro sensitive to testing 
speed, and attention must be piud to this factor and to the time of loading in service. 
With very slow loadings of metals, extending over a period of years, some slight reduc- 
tion of strength may be expected, and under elevated temperatures or with certain 
metals creep (see p, 428) may occur. With extreraelj' high loading speeds, obtained in 
maciiines specially constructed for the purpose or in shock and impact loadings of a 
structure, strengths may increase greatly over the usual values, and entirely new types of 
failure may occur (ace p. 420), 

Elect ol Size. The strengths shown hy large spocimens are generally lower than 
those quoted for the usual H in. size as a result of the difficulties in lieat-treatment 
and working of sections of large site, and for other, more obscure, reasons. Although 
no definite rules can be made, a reduction of 10 to 25 percent may bo expected for the 
strength of a 3 in. piece as compared with a y. in. piece. Very small sections, such as 
wires, often show muoii higher strengths thjm conventional secUons, and in the case of 
gloss fibers tlic strength of a 0.0001 in. diam filament has boon found to be 20 times 
that of a 0.03 in. diam rod. 


The character of the fracture under tension indicates the quality of the material, 
but is influenced by the speed and the method of produomg fracture and by the shape 
of the test piece. A metal that is tongb and fibrous may appear crystalline if broken 
quickly at a nicked section. Contraction is greatest in tough and ductile, and least in 
brittle, materials. The shape of fracture is usually a central flat surface of failure in 
tension, surrounded by a rim on which the metal shears. The extent of the rim is more 


pronounced when the ratio of shearing to temHe atrengtii is less, is more developed in 
soft steels, becomes a complete cone in very soft materials, and vanishes in cast iron. 
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Table 6. Tensile Tests on Metals and Alloys Subjected to High 
Temperatorea — {tonlinuti) 



Used ic ertrs'hsavy valTea om7 in. *ReiidercdTnaileableby6Peml process and Uied 
rinfs, disks, and tnmmings for iron and steel fitting for UrU temperatnrea. • Tot 
itTBw pipe fittings {Cn, 77-80; Sn, 4; Pb, 3 ; Zn. 13-19). * (Cn, 83: Sn, 10: Zn, 2.) 
«(Cu,87;Sn, 7;Pb. liZn, 5.) At 530 F: 17^, 14,025, 4.4, and 6.2. ii{Ou, 62.5: 
J'NJ^iZn, 35.) J' Rods, 30 percent nickd. MBesemw steel, for v&Itb sterna. 
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crculsr .tiilsts aad Groores or with Groores, in Teasoa. 

EoIk, in Teason or Comprcsion. 



iillets, h Teasioa. Groovei, in Beading. 


Tig. _10.— Hat Hste -Ritii Fig. II.— Flat Plate 

iiHets, in Bending. vii Angular Xotch, in 

Tenrlon. or Bending. 

Figs. 6 io 11.— Stress Coacenirstioa Factors for Flat Plates of ITidtli D 
Eednced to TYIdth d or Groores or I5I!et« of Depth ft or Holes of Eacius r. 
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ferrous metals, are excepUons to the 'general rule in tliat they show low 
malleability and ductility and slightly higher strength through certain 
temperature ranges and, hence, should not be hot-worked at such tempera- 
tures (see p. 610). Tests by the Crane Co. on a wide range of metals and 
alloys, as reported by Bregowsky and Spring, in The Vahe World, Jan., 1913, 
are given in Tables 6 and 7. See al» Rudeloff, International Assoc, for 
Testing Materials, 1909, wd "Sympoaum on Corrosion-resistant, Heat- 
resistant, and Electrical-resistance Alloys, ” Ptoc. A.S.TM., 24, Part II. 
For strcngths.at low temperatures, see p. 630, 

Creep and Relaxation 

Although the change in the static strengths of materials at elevated 
temperatures may oocaflioaally be of design significance, there occurs at these 
tomperaturea, in most metala (and at room temperature for some metals, 



Fio. 18.— Creep Rates for 0.36 Carbon Steel, 
such as lead) , a slow deformation under stress, called creep, which may lead 
to excessive deformations or to fracture. Creep is generally assumed to 
proceed at a oonstsmt rate at any jpven temporatuTo and stress; the total 
defonhation at the end of any given time can then be calculated. The 
working stress should be so chosen that this total deformation during the 
desired life of the structure will not be eiccsrive. A creep limit, which is 
defined as the stress which at a given temperature will result in 1 percent 
deformation in 10 years, or in 100,000 hr., has received a certain amount of 
recognition, but it is adnsable to determine the proper stress for each indi- 
vidual case from diagrams of stress vs. creep rate, as shown in Fig. 16 (see 
Creep Data published 1^ the A.S.T.M. and A.S.M.E., 193S). 

Associated with creep, which deals with deformation under constant stress, is relaxa- 
tion, which deals with the rriease of stress in structural elements that arc deformed 
a predetermined amount and are erpected to carry a load at this deformation, such as 
flange bolts in lugh-temperature steam Bwvice. Direct numerical correlation between 
relaxation and creep has not yet been gcncraUzed (Davenport, "Correlation of Creep 
and Relaxation Properties of Copper,” IVarw. A.S.Ar.£., 40, 1938, p. A65), and relaxa- 
tion design is not yet on a soond basia. 

Nona OH Txblu 7 

* Bessemer steel, 0.093 percent earbon. » Cumberland cold-rolled shafting, 0.083 per- 
cent oarbon. > Open-hearth steel, 0.084 percent carbon. ♦ (Ni, 3.25; 7,0.45 : 0, 0.365), 
oil tempered. > 25 percent niokd. , *30 pooent nickel; turned from 1 in. to 0.8 in. diam. 
^ Turned to 0.75 in, diam from a H in. bar. » Cumberland shafting, 0.375 percent car- 
bon. 'Annealed {(h-, 0.49; V; '0.145; C, 0.722). » Rolled rod (Cu, 02.6; Zn, 35, Pb, 
2.5). u Elephant (phosphor) bronss (Cn, 95,5; Sn, 4; P, 0.31). 
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break ia tbe curve in tbe vicinity of the 10.000,000 cycle point, and the 
corresponding stress is termed the endurance limit, or, less commonly, the 
iatigue limit. With the nonferrous metals, the curves exhibit no such 
definite break as in the case of the 
steels, and a true endurance limit 
should not be quoted. Values cur- 
rently reported arc usually oblaiTied 
from tests running well over 10,000,000 fiaoMh 
cycles, and in careful practice as many £ I 
as 500,000,000 cycles are used (see 
Templin, “Fatigue of Light Metal 
Alloys,” Afefafs Alloys, 10, No. S, p. 

243). , V - i 

Surface detects, such asrou^css .«4<tfloo 
or scratches, and notches of shoulders, 
all reduce the fatigue strength of apart. 

■With a notch of definite geometric form 
and known cctncentration factor, the 
reduction in strength is materially less 
than would be called for by the con- 
centration factor itself, but the various 
metals diSer n-idely in their suscepti- 
bility to the effect of toughness and 
concentrations, or notch sensitivity. 

Further, notch sensithity seems to bo 



Cycles to Foilure,N,Lcg5cel8 

runner, noten Bensiuvii.y swiiia iw uw _ ,, qvt w-' 

Mslier, md ordinary fatigue strength ° ^ 


lower, in large specimens, necesatating ./.nr 

full-tire tests in many Instenees (see (ji'iil'l.lf K 

Peterson, "Stiesa Concentration (3) Btruetural steel. (4) 8.A.B. 
Phenomena in Fatigue of Metals,” 1050. quenched, drawn 1200 F. (5),S.A.E. 

T™.A SJf.E «», — 

Buckwalter and Horger, Investiga- Copper, annealed. (9) Cast iron, 
tion of Fatigue Strength of A-ties. Press 

Fite, Surface Rolling and Effect of Size," TTant, A.S.iL, 25, Mar., 1937, 
p, 229). In addition to other factors, corrosion and galling [due to rubbing 
of mating surfaces) each cause great reduction of fatigue strengths, sometimes 
amounting to as much as 90 percent of the original endurance limit (see 
Table 5, Representative Endurance Limits for Reversed Ben(ting 


Metal 

Tensile 

strength, 

l.OOOlb 

persqin. 

Endtti- 
ance 
limit, 
1.000 lb 
persq 
in. 

Metal 

Tensfie 
strength, 
1,000 lb 
persq in. 

Endur- 

limit. 
1,0001b 
per sq 


2W0 

50 

60-SO 

44 

60-150 

290 

m 

25-75 

6-18 

24 

24^ 
24 - 
25-75 
80 

80 

7-20 


52-50 
' 70-120 

55 

65 

18-40, 

25-70 

20-45 

12-17 

20-50 

12 

21 

6- U 

8-18 . 

7- 17 

Malleable iron 

Cast steel 

Anneo iron 

Plain carbon steels 

S.A.E, 6150 beat-treated 

Mond 

Phosphor bronse 

Tobin bronze, Lard. . . 
Cast alurmnum alloys. 
Wrought aluminum 

Brasses, various 

Magnesium alloys .... 
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Pkiaphor bronze. EateO.I, temp 400 (550) [700] {800), stress 15 (6) [4] {ij; 
rate 0.01, temp 400 (550) [700], streBS 8 (4) [2]. 

Nickd. Rate 0.1, temp 800(1000), strcs 20 (10). 

70 Cu, 30 Ni. Rate 0.1, temp 600 (750), stress 28 (13-18); rate 0.01, temp 
600 (750), stress 14 (8-9). 

Aluminum alloy §178 {.Duralumin). Rate 0.1, temp 300 (500) [600], stress 
22;'(5) [1.5]. 

Lead, pure (commercial) [0.03 percent Ca], at 110 F, for rate 0.1 percent the 
stress range, lb per sq in., is 150-180 (60-140) [200-220]; for rate of 0.01 per- 
cent, 50-90 (10-50) [110-150]. 


Eardness 


Hardness has been variously di^ed as resistance to local penetration, to 
scratching, to machining, to wear or abrasion, and to yielding. The multi- 
plicity of definitions, and corresponding multiplicity of hardness measuring 
instruments, together with tire lack of a fundamental definition, indicates 
that hardness may not be a fundamental property of a material but rather a 
composite one including yidd etrength, work hardening, true tensile strength, 
modulus of elasticity, and others. 

Scratch hardness is measured by Mohs scale of minerals (see p. 86) 
which is BO arranged that each mineral will scratch the mineral of the next 
lower number. In recent mineralogical work end in certain microscopic 
metallurgical work, jeweled scratching points either with a set load or else 
loaded to give a set width of scratch have been used (sec Talmadge, "Quan- 
titative Standards for Hardness of the Ore Minerals," Econ. Geol„ 20, 1925, 
p. 631; and Bierbaum, "The Microcharacter,” Trans. A.S.S.T., 18, 1930, 
p. 1009). Hardness in its relation to machinability and to wear and abrasion 
is generally dealt with in direct machining or wear tests, and little attempt is 
made to separate hardness itself, as a numerically expressed quantity, from 
the results of such tests. 

The resistance to localized penetration, or indentation hardness, is 
widely used industrially as a measure of hardness, and indirectly as an indi- 
cator of other desired properties in a manufactured product. The indenta- 
tion tests described below are essentially non-destructive, and in most 
applications may be considered non-marring, so that they may be applied to 
each piece produced, and through the empirical relationships of hardness to 
such properties as tensile strength, fatigue strength, and impact strength, 
pieces likely to be deficient in thee© latter properties may be detected and 
rejected. 

Brinell hardness is determined by fomng a hardened sphere under a 
known load into the surface of a materi^d and measuring the diameter of the 
indentation left after the lest. The Brinell hardness number, or simply 
the Brinell number, is obtiuned dividing the load used, in kilograms, by 
the actual surface area of the indentation, in square millimeters. The result 
is a pressure, but the units are rwely stated. 


/vD 


where Br is the Brinell hardness number; P the imposed load, kg; D the 
diameter of the spherical indentor, mm; and d the diameter of the resulting 
impression, mm. 

' Hardened steel bearing balls be used for hardness up to 500, but 
beyond this hardness especially treated steel balls or jewels should be used to 
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becoming standard practice in the 'feansportetbn and bigh-speed machinery 
fields. 

Surface fatigue occuis under lughly conwntrnted compressive loading 
between two rolling members, suoh as in bearings, and results in a flaking 
off, or spalling, of the material of one or both surfaces. Aside from bearings, 
the only important cage of surface fatigue occurs in gear teeth. Both these 
cases £ 0 '$ covered by the. specialized design rules of the respective iadustries 
(see Buckingham, '‘Dynamic Loads on Gear Teeth,” publication of A,S.M.E.; 
Almen, "Lubricants and False- Brinelling of Ball and Eoller Bearings,” 
Mech. Eng., June, 1937; Strihcck, "Kugelinger fur beliebige Belastung,” 
translated by Hess, Trans. A.S.if.E., 29 , 1907, p. 367). 

Strengths at Elevated Temperatures 
In general, the strengths, sudi as elastic limit, yield point or yield 
strength, and tensile strength, of metals decrease with increasing temperature, 
whereas the ductility and malleabUity increase, Tn steel, the modulus of 
elasticity E decreases with increasing temperature. In most structural 
design, these strengths are of little significance since creep is likely to occur 
below the elastic limit, but where tho loads are of short duration only they 
may be used in the ordinary manner. A few steels, and a number of non- 
Table 6. Tensile Tests on Metals and Alloys Subjected to High 
Temperatures 

ITensile etrcagtb and el&atic limit in lb per eq In.; elongation (in 2 in.) and reduction 
of area in percent.) 
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impression is measured by mc&ns of a mefiura-power compound microscope. 

V =P/0.5393d* 

•where V is the Vickers hardness number; P the imposed load, kg; and d the 
diagonal of indentation, mm. The Vickera method is more flexible and is 
considered to be more accurate than mther the Brinell or the Rockwell, but 
the equipment is more expenave •than either of the others (approx SI, 500 
against $400) and the Rockwdl is somewhat faster in production work. 

. Among the other hardness methods may be mentioned the ScUroscope, in which a 
diamond-tipped ‘'hammer” is dropped oa the surface and the rebound taken as an 
index of hardness. This type of apparatus is seriously affected by the resilience aa well 
as the hardness of the material and haa largely been superseded by other methods. 
In the Monotron method, a penctralor is forced into the material to a predetermined 
depth and the load required is taken as the indirect measure of the hardness. This is 
the revetsft of the Rockwell' method in 
principle, buUthe loads andindentationa 
are smaller than those of the latter. In 
the Herbert pendulum, a 1 mm steel 
or j ewel ball resting on the surface to be 
tested acts as the fulcrum for a 4 kg 
compound pendulum of 10 see period. 

The swinging of the pendulum causes a 
rolling indentation in the material, and 
from the behavior of the pendulum 
several factors in hardness, such as work 
hards&abUlty, may be determined 
which aio not revealed by other 
methods. Although the Hcrborlrcsults 
are of considerable signidcanee, the in- 
strument is suitable for laboratory use 
only (see Herbert, “The Pendulum 
Hardness Tester,” and “Some Recent 
Developments in Hardness Testing,” 

Engineer, 135, 1923, pp. 390 and G8G). 

In the Herbert cloudburst test, ^ 
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shower of steel balls, dropped from a predelemined height, dulls the surface of a 
hardened part in proportion to its softness and thus reveals defective areas. A variety 
of mutui indentation methods (Cowdrey. "Hardness by Mutual Indentation," 
Proc. A.S.T.M,, 90, 11, 1930, p. 559) in which crossed cylinders or prisms of the material 
to be tested are forced together, give results comparable with the Brinell test. These 
are particularly useful on •wires and on materials at hi^ temperatures. 

The relation among the scales of the various hardness methods is not axact.. since no 
two measure exactly the same sort of bardnesa ond a relationship determined on steels 
of different hardnesses wh be lound only approximately true with other materials. 
The Vickers-Brinell relation is nearly liaear up to at least 400, with the Vickers 
approximately 5 percent higher than the Brinell (actual values run from +2 to -j-ll 
percent) and nearly independent of the materiaL Beyond 600, the values become more 
widely divergent owing to the flattming of the Btinell ball. The Brinell-Bockwell 
relation is fairly satisfactory and is shown fa Fig. 17. Approrinjate relations for the 
Shore Scleroscope are also dven cm the same plot. 

The hardness of wood is defined by the A.8.T.M. ns the load in pounds required to 
force a ball 0.444 in. diaiuintotbe wo(^toadepth of 0.222 in., the speed of penetration 
being in. per min. For a summary of the work in hardness to 1929, see Hankins, 
" Synopsis of Knowledge of Hardness Testing," Proc. Tnet. M.B.. 1929, Part I, p. 317. 

Testing of Materials 

Testing Machines. Machines for the mechanical testing of materials 
Usually contain elements (1) for gripping the specimen, (2) for deforming it, 
and (3) for- measuring the load required in performing the deformation. 
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Table 7. Torsional Tests 


(Torsional atrength and elastic 
turns, with number of 


on Metals and Alloys Subjected to High 
TempeisAuies 

limit in in,-4b per sq in. Total twist in number of 
rees access. Test bars turned to 0.855 in. diatn 
{mu m iiu rods.) 


1 Cold-rolled Shafting: 
Totrional strength . . . . 

Blastio limit ......... 

Tcrist 

• Cold-rolled Shafting: 

Torsional strength. . , , 

Elastic limit 

Twist 

« Machinery Steel: 

Torsional strength . . 

Elastic limit 

Twist 

< NiclceWanadium Stwl*. 
Totaional strength.. .. 

Elastic limit 

Twist....... 

• Nickel Steel: 

Torsional strength.... 

Kisstio limit 

Twist 

• Nickel Steel: 

Torsional strength.... 

Elastic limit 

Twist 

Rolled Monel Metal: 
ToTsvensA strength... 

Elastic limit 

Twist 

’ Rolled Monel Metal; 
Torsional strength. . . 

Elastic limit 

Twist 

' Cold-rolled Shafting: 
Totslona! strength. . . 

Elastic limit 

Twist 

• Vanadium Tool Steel: 

Torsional strength... 
Elaatic limit........ 

Twist 

” Rod Brass; 

Torsional strength. . . 

Eisatic lindt 

Twist 

Tobin Bronie: 

Toisional strength. . . 

Elastic limit 

Twist 

Phosphor Bronie*. 
Torsional strength. . , 

Elastic limit 

Twist 

Delta Metal: 

Torsional strength... 

Elastic limit 

Twist 

Manganese Bronse: 
Torsional strength... 

Elastic hmit 

Twist 


70 1 385 

600 

800 

72.400 

82,350 

41.175 

12.350 

n.m 

31.800 

16,350 

6,5S0 

3 and 152” 

1 and 265° 

16 

8 and 132” 

68.990 

77.210 

33.680 

17.250 

42.710 

29.430 

25,460 

9,034 , 

3 and 100” 

1 and 345” 

9 and 115” 

I2 

59.590 

49.260 

33,061 

26.530 

24,530 

9.830 

7,310 

2,450 

7 and 130” 

3 and 190” 

12 nnd 120” 

61 and 260” 

101.200 

82.500 

19,590 

14,340 

57,200 

36.200 

13,060 

6,560 

3 and 14(P 

3 and 50’ 

3 and lie* 

8 and 35” 

91,900 

64.49D 

41,300 

6.560 

17 .250 

8.150 

6,560 

9 and 30” 

8 and 115” 

8 and 40® 

8 and 13? 

104.800 

78.550 

55,170 

25,350 

21.800 

15,700 

10,^ 

6,040 

U and 100” 

6 and 330” 

6 and ]95” 

9 and 210” 

91.990 

78.030 

54,210 

38,600 

37.780 

36.140 

19,800 

10,680 

n and 150” 

4 and 320” 

4 and 90” 

7 and 50” 

94,610 

83,030 

72,290 

40,610 

45.510 

33.940 

31.300 

10.910 

12 and (HP 

s 

5 nad M5* 

6 and 240" 

83.840 

76,650 

15,920 

7.180 

42.540 

36.800 

2.040 

1,630 

2 and 280” 

2 and 30” 

8 and 250' 

39 and 195“ 

137.295 

124.080 

67,715 


5^0 

37.7% 

17,820 


345” 

1 and 2S0” 

320” 


51 .200 

43.780 

14, IW 


32.600 

22.180 

4,100 


2 and 225* 

2 and 185” 

5 and 40* 


61.200 

36.560 

8.660 


26.850 

9,800 

1.630 


2 and 155” 


3 and 255” 


70.000 

51.020 

19.920 


34.250 

2I.2<»1 

6.560 


IZnnuTS” 

1 and 115” 

15 and 200” 


61.630 

42.860 

3,265 



14.600 

1.360 


180” ■ 

3 and 235” 

4 ntd 300” 


61.630 

37,630 

8.960 


22.040 

13.060 

3.260 


2 and 5” 

3 and 110” 

2 and 10” 



Fev notes see page 423, 
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0 12.,, 
Error of Centering, 

Per Cent cf Dlameftr 
Pig. 18.— Effect of Ceoter* 
isg Errors os Brittle Test 
Specimens. 


Serrated grips may be used to hold ductile ntatcriols or the shanks of other 
holders in tension; a taper of 1 in 6 on the wedge faces ^ves a self-tightening 
action without excessive jamming. Ropes are ordinarily held by wet eye 
splices, but braided ropes or small cords may be given several turns over a 
fixed pin and then clamped. Wire ropes 
should be zincked into forged soi^arie {adder 
and lead have insufficient ati^gth}. 

Accuracy and Calibration. The 
A.S.T.M. (specification E4-30) requires 
that commercial machines shall have mtotb 
of less than 1 percent within the "loading 
range" when checked against acceptable 
standards of comparison at at least five 
suitably spaced loads. The " loading ran^” 
may bo any range through which the preced- 
ing requirements for accuracy are satisfied, 
except that it shall not extwd below 100 
times the least load to which the mochiue 
will respond or which can be read on the 
indicator. Brinell-hardness machines are 
permitted errors up to 3 percent. The nee 
of calibration plots or tables to correct the 
results of an otherwise inaccurato machine 
is not permitted under any circumstances. 

Machines trith errors less than O.l percent 
have recently become commercially available CTate'Emery, and others), and 
somewhat greater accuracy is possible in the most refined research apparatus. 

Dead loads may be used to check machines of low capacity; accurately 
calibrated proving lovers may be used to extend the range of available weights. 
Yarious elastic devices (such as the Morehouse proving ring) made of specially 
treated steel, with sensitive distortion measuring devices, and calibrated by 
dead weights at the Bureau of Standards, are made in capaoities from 1,000 
to 100,000 lb and are the most satisfactory means of checking the higher loads. 
In an emergency, a number of speciraens may 
be cut from a uniform bar and b^f the number 
tested in the machine in question while the 
jemainder are tested in a machine of known [ 
accuracy. 

In general, the testing speed should he such 
that the weighing mechanism will accurately 

follow the load on tho specimen. Speeffied pjQ_ Tension Spec- 

maximum testing speeds (A.S.T.M.) are: yield for pute Stock 

strength, in. per min; tensile strength on (a, 8.T.M. E8-36). 
ductile materials, in. per min; compresrion, 

1 in. specimens, 0.05 in. per min; specimens 3 in. and over, 0.10 in. per min; 
cement-mortar briquettes, 675 lb per min min, 625 lb per min max; concrete 
and brick, 0.05 in. per min; wood beams 2 X 2 X 30, 0.10 in. per min; wood 
compression 2 X 2 X 8, 0.024 in, per min. 

Standard forms of test Specimens (A.S.T.M.) are shown iu Eigs. 19 to 25. 
Inwrought materials, and particulMly in those which have been cold-worked, 
different properties may be expected in diffoent directions with respect to 
the direction of the applied wor]^ and tho test specimen should ho cut from the 


raruiieifecTion a 
^ lessihm ?" -Tj |<-5 >| 


6age/(hg^J> 
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Table 8: Stresses for Given Creep Rates and Temperatuies 

(Compiled from A.S.MrB. and A.S.T,M. ‘'Creep Dntti”) 

Based on 1,000 hr tcst& Stresaes in 1,000 lb per sq in. 
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■with a simple lever, ,aa in the Berry strain gage (F. F., Metzger & Son, 
Philadelphia), the dial gage rea^ rdiaUy to 0.0091 in., over gage lengths of 2 
to 20 in. The Huggeaberger Tensometer (Baldwin-Southwark Corp.) is a 
very light instrument employing a compound lever system magnifying about 
1,000 times and giving reading to 0.00001 in. or better over gage lengths of 
0.4 to 8 in. (see Vose, "Characteristics of the Huggenberger Tensometer," 
Pm. A.S.T.M., 34, 1934, p. 862). 

Optical gages have sometimes used microscopes, but their weight renders 
them extremely inconvenient, whereas the “optical lover" (light beam 
reflected from a tilting mirror) furnishes an extremely light and sensitive 
instrument. Tilting mirrors be easily constructed for any use and can 
be arranged for any desired magnification, the most refined commercial type 
being the Tuckerncan gage (Amorican In- 
strument Co., Washington, D. C.). Inter- 
ferometers ara'sensitive to one millionth inch, 
me self-calibrating, and can be arranged in 
nummouB ways, but thear reading is some- j 
what difficult (see Tuckcrroan, “Optical 
SlTOB Got and EatenKmefera," Pt<^ ?j5s™rkZ'fa,arn'SV™» 
23, 1923, p. 602; and Vose, "An 





Applicatioa of the luterCerometer Strain Gage | 
in Photeelasticity,” Trans. AS.M.E., 67, 

1935, p. A99). In the dsForest Scratch I 

Gage (Bddwin-Southwark Corp.), a sharp 1 ^....* \ 

soriber is 'dragged over a polished target tv erioivfih^'ngmadiini 
the deformation, and the inscribed record is (blConiileverteomCIzcxriypelipedfnsti 
later observed under a microscope. Although pjo, 25,— Impact Test Speoi- 
the deformations recorded on the scratch gogo mens (A.S.T.M. E23*34T), 
cannot be read to much closer than 0.0001 in., 

it is the only mechanical device suitable for vibratory stresses and, in addi- 
tion, is extremely light and (heap and furnishes a permanent record. Some of 
the more rugged tilting-mirror gages may be used for vibratory stresses at low 
frequencies. 

The electrical typo of strain gage is particularly adapted to vibratory 
stresses (see p. 625) r some of the best types retain their calibration sufficiently 
well to be useful in measuring static atresses. Change in resistance is almost 
always employed, with a sensitive element umilar to a carbon microphone in 
the older types (McCoUum-Peters Telemeter, Baldwin-Southwark Corp.) and 
carbon or carbon-boaring strip (Ess Strip, Baldwin-Southwark) or special 
wire (Ruge-deForest, Baldwin-Southwark, and Davis-Carlson) in more 
recent types. The Ess Strip may be cemented directly to the surface to be 
investigated; the wire types may be made extremely senaitivo, and it is 
claimed that as low as 3 lb per sq in. in steol may be detected with them. 
Changes in magnetic reluctance and in electrioal-condenser capacity have 
also been used in strain gages, but their most satisfactory function seems to bo 
as a null indicator rather than os n measuring device. 

For a general indication of str^ ^stribution, a " brittle varnish” (" Stress- 
coat,” Magnafiux Corp., Chicago) may bo spread into otherwise inacessible 
places and used to indicate tenrile stresses and their directions through the 
cracks that appear when the base material is deformed. 
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avoid flattening the indentor. The standard size lall is 10 mm and the 
standard loads 3,000 kg for steels and 600 kg lor the Boiter non-IenoiiB metale, 
•with 100 kg oocaaionally being need for very soft materials. If for special 
reasons any other size of bail is usedt the load should be adjusted approxi- 
mately as follows; for iron and steel,? = SOD*; for brass, bronze, and other 
soft metjds, P = 5D*; for extremely soft metals, P = (see “Methods of 
Brinell Hardness Testing,” A.S.T.M. Specification ElO-27). Headings 
obtained with other than tho standard ball and loadings should have the 
load and ball size appended, as such readings are only approximately equal to 
those obtained under stanaard conditions. 

The size of the specimen shoitld be sufficient to ensure that no part of the plastic flow 
around the impression reaches a Im surface, and in no case should the thickaesa be less 
than 10 times the depth of the impression or the widtli less than 3 times the diameter of 
the impression. The load should be applied steadily and should remain on for at least 
10 secin the case of ferrous materials and SOscctn the case of most non-feriDiiB materials. 
Longer periods may bo necessary on certaia soft materials that exhibit creep at room 
temperature. In testing thin materials, jt is not permissible to pile up several thick- 
nesses ol material under the indontor, as the readings so obtained will invariably be 
lower than the true readings. With cuch materials, smaller indentors and loads, or 
different methods of hardness tesring, arc necessary. 

In the standard Brinell test, the diameter of the impression is measured with a low- 
power hand microscope, but for production work tfierc are available several testing 
machines which automatically measure the depth of tho impression and from this give 
readings o! hardness. Such maclunes should be frequently calibrated on teat blocks 
of known hardness. 

lu the Rockwell method of hardness testing, the depth of penetration of 
an indentor under certain arbitrary conditions of test is determined. The 
indonter may be either a steel ball of some specified diameter, or a spherical- 
tipped conical diamond o! 120 deg angle and D.2 mm tip radius, called a 
“Brale.” A miner load of 10 kg is first applied which causes an initial 
penetration and holds the indentor in place. Under this condition, the 
depth-measuring scale is set to its arbitrary maximum value of 130 if any 
of tho balls are used, or to 100 if the Brale is used. A major load of 60, 100, 
or 150 kg is then applied under dashpot control and then removed, returning 
to the minor load of 10 kg. The hardness number may then be read directly 
from the scale which measures penetration, and this scale is so arranged that 
soft materials with deep penetrations give low hardness numbers. 

A variety o! combinations oI indentor and major load are poa^le; the 
most commonly usad are Rp using as indentor a. o lu. ball and a major load 
of 100 kg and Rc using a Brale as indontor and a major load of 150 kg (see 
“Rockwell Hardness Testing of Metallic Materials," A.S.T.M. Specification 
B18-36). 

As compared with the Brinell test, tho Rockwell method makes a smaller 
indentation, may be used on thinner material, and is much more rapid since 
hardness numbers arc read direcfdy and need not be calculated. However, 
the Brinell test may be made without epecid apparatus and is somewhat 
more -widely recognized for laboratory use. There is also a Rockwell super- 
ficial harthiess test similar to the regular Rockwell, except that the indenta- 
tion is much shallower. 

The Vickers method of hardness tesfsng is similar in principle to the 
Brinell in that it expresses the result in terms of the pressure under the 
indentor and uses the same units, kilograms per square millimeter. The in- 
dentor is a diamond in the form of a square pyramid -with an apical angle of 
136 deg, the loads are much lighter, varjdng between 2- and 120 kg, and the 
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Stress is an internal distributed force; it is the internal mechanical reaction 
of the material accompanying deformation. Stresses always occur in pairs. 
Stresses are normal [tensile stress (+) and compressive 


stress ( -)] ; and tangential, or shearing. 

Intensity of stress, or unit stxess, 8 (lb per sq in.) 
is the amount of force per unit of wea of surface (Mg. 3). 
P is the load actingthroughthecenterof gravity of the 
area. The uniformly distributed normti stress is 
S^P/A 



Whenthe8tr03a’i8nofcunifonnlydiBfcributed,iS =dP/dA. Sd 

A long rod will stretch under its own weights and a 3. 

terminal load P (see Fig. 4). The total elot^tion e is 
that due to terminal load plus that due to one-half the weight of the rod con- 
sidered as acting at the end. 


e = [PI + (©/2)]/A£ 


The maximum stress is at tiie upper end. 

"When a load is carried by several paths to a 
support, tho diSoront paths take porUous of the 
load in proportion to thtir stiffness, which is con- 
iiolled by material {E) and by design. 

Example. Two ptira of bars ripdly connected (with 
the same elongation) c^rry alondP«(Fig.5). Ai. Asand 
El, El and ?t and 5i, Si are cross sections, moduli of 
elasticity, loads and sttesses of the bats, respectively; e > 
elongation, 

t m Pil/(EiAi) m PjI/(E,if); P« = 2P| + 2Pi: 

Ss ■ PtfAi ■ M[P«Fj/(BtAt + £sAs)l and Si » 

)4tP^i/(S.Ai + £iAj)1. 



Fiq. 3. Fig. 4. 


Temperature Stresses. When the deforma- 
tion arising from change of temperature is prevented, temperature stresses 
arise that are proportional to the amount of deformation that is prevented. 
Let a a coefficient of expaution per degree of temperature, h - length of bar 
at temperature U, and h = lengtii at tempera- 
ture fi. Then 

li ~ fi[l + o(fs ■" h)l 

If, subsequently, the bar is cooled to a tem- 
perature fi, the proportionate deformation is 
s s= a (h - f i) and the corresponding unit stress 
S = X (fj - fi). For coefficients of ex- 
pansion, see p. 298. In the case of sted, a 
change of temperature of 12 F will cause a uidt 
stress of 2,340 lb per sq in. 

Shearing stresses (Fig. 2} act tangentially 
to the surface of contact mid do not change 
length of sides of elementary volume; they 
change the angle between faces wd tire 
length of diagonal. Two pairs of shearing ^ 

stresses must act together. Sheaxii^ stress 

intensities are of equal magnitude on all four faces of an element. 
5, = 5,' (Fig. 6). 
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Some Diachittes (ductility testers) omit the measurement of load and sub- 
stitute admeasurement of deformation,, whereas other machines include the 
measurement of both load and .deformation through apparatus either integral 
with the testing machine (streSB-striun recorders) or auxiliary to it (strain 
gages). In moat general-purpose testing machines, the deformation is con- 
trolled as the independent variable and the resulting load measured, and 
in many special-purpose machines, partioulMly those for light loads, the load 
is controlled and the lesultinE deformation ia measured. Special features may 
include those for constant rate of loading (pacing disks), for constant rate of 
straining, for constant load maintenance, and for cyclical load variation 
(fatigue). 

A nut and screw combination, driven' throngh clutches and change gears, 
was formerly common for producing deformation, but this arrangement 
has been largely superseded by a pump and hydraulic cylinder. The hydrau- 
lic arrangement ia quieter, more Bexible in control, and more durable, but 
cannot maintain constant defoimation for any length of time on account of 
leakage. In weighing light loads, direct, weights are accurate, but unless 
lead shot or water is used small variations in load are inconvenient. Ordi- 
nary springs used for this purpose are not sufficiently accurate, but the 
recent^ developed ''Iso-Elastic” spring (John Chalillon & Sons, New York)' 
has ne^igible errors. For larger loads, a reducing device with a hydraulic 
weighing system has largely displaced the lever system. Accurately 
lapped pistons may bo made nearly frictionless; in some systems, an oscilla- 
toiy rotation imposed on cither the piston or the cylinder is used to remove 
any remaining friction. In the Emery hydraulic support, the load is taken 
by liquid pressure and is applied through a piston of considerable clearance 
sealed to the cylinder wall by a flexible flat metal diaphragm; although only 
minute displacement is possible, this system pcseesecs great accuracy and 
sensitivity. For weighing the reduced load of a lever system, there may be 
used dead weights Gead shot), gravity pendulums, scaie-and-rider combina> 
tions, or Iso-Elastic springs. In hydraulic systems, the liquid pressure is 
occasionally balanced by hydrostatic head, Vat may be transierred to a 
mechanical force through small pistons or Emery supports and balanced as 
for lever systems. Specially accurate pressure gages may be used '(Emery- 
Tatnall system, Baldwin-Southwark Corp., Thiladelphia) ; in the 'Tate- 
Emery system (BaJdwin-Southwark), the pressure gage element is used as a 
null indicator, being balanced by Iso-Elastic springs, and gives' particularly 
accurate and sensitivo readings. Many systems have included means of 
recording automatically the load and deformation of the test piece, 
but few have been satisfactory until recent years (Erijoiy-Tatnall and Tate- 
Emery). (For, further information, seo Gibbons, “Materids Testirig 
Machines,” Instruments Publishing Co., also in Instruments, T, 8, 1934-1935,' 
and Bull. Oct., 1939.) 

Grips should not only hold the test spetiiiaen against slippage but should 
^so apply the load in the desired manner'.' Centering of the load is of great' 
importance in compression testing, and should not be neglected in tension 
testing if the material is brittle. Figure 18 shows the theoretical errors due to' 
off-center loading; the results are directly applicable to compression tests' 
using swivel loading blocks. Swivd'(ball-and- 80 cket) holders or compression 
blocks should be used .with all except ihe moat ductUe materials, and, in 
oompresBion testing of brittle materials (concrete, stone, brick),' any rough 
faces should be smoothly capped with plaster of Paris or, for greater strength,' ' 
a mixture of two-thirds ’planter of Pane and one-third' Portlmd cement' 
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For an I-shaped cross section lOd), 


0 / ^ 3Q6e* 

5t (max) = j' 




4 o Iw* — (fc — o)/‘ 


fory 



ELASTICITY 

Elasticity is tbe abOi^ of a material to return to its ori^nal dimenBiona 
after the removal of stresses. The elastic limit Sp is the limit of stress 
within which tho deformation completely disappears after the removal of 
stress; f.e., no Bet remains (see p. 414). 

Hooke’s law states that, witiun the elastic limit, deformation produced is 
proportional to the stress. Unless modified, the deduced formulas of 
mechanics apply only within the dastic limit. Beyond this, they are modi- 
fied by experimental cocfBcienta, ae, for instance, the modulus of rupture. 

The modulus of elasticity (pounds per square ineb) is' tbe ratio of the 
increment of unit stress to increment of unit deformation witbin tbe elastic 
limit. 

The modulus of elasticity In tension, or Young's modulus, 

E ~ unit slrcsa/unit deformation = PlfAe, 

The modulus of elasticity in compression ie similarly moasurod. 

The modulus of elasticity in shear or coefficient of rigidity, Q » 
8x/d where d is expressed in radians (see Fig. 2). 

The bulk modulus of el&sUcity K is the ratio of normal stress, applied 
to all six faces of a cube, to the change of volume. 

Change of volume under normal strees. Let 1, d, and & represent length, 
width, and thickness; t* - Poisson’s ratio; s s unit deformation. Then 
deformed volume = (1 + 9)1(1 - /n)6(l - /«)d » (1 + 8 - 2ii9)lhd, Frae- 
tionsl change of volume » (1 — 2ju)s. When p is less than the volume 
is Increased in tension and decreased in compression. For steel (u - H), 
change of volume is about 1/3,000 part at tho elastic limit. , 

The following relationshipe exist between tbe modulus of elasticity in 
tension or compression E, modulus of elasticity in shear 0, bulk modulus of 
elasticity, K, and Poisson’s ratio /t; 

£ = 2(?(1 + ii ) 

G-£/2(l+p) 
p = (E - 2G)/2e 
K = E/3(l - 2p) 

B)/QK 

Resilience V (in.-lb) is the potential energy stored up in a deformed body. 
The amount of resilience is equal to the work required to deform the body 
from zero stress to stress 5, when B does not exceed the elastic limit. For 
normal stress, resilience = work of deformation » average force times 
deformation = UPe = HAS X 81IE = 

Modulus of resilience Up (in.-lb per cn in.), or unit resilience, is the 
elastic energy stored up in a cuUc inch of material at the clastic limit. For 
normal stress, 

. Up^HSpVE 

The unit resilience for any other kiad of stress, as shearing, bending, tor- 
sion, is a constant times one-half the square of the stress divided by the appro- 
priate modulus of elasticity. For values, see Table 1. 
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parent material in such a way as to ©ve fie strength in the desired direction. 
With the exception of fatigue specimens and specimens of extremely brittle 
materials, surface finish is of little practical importance, although extreme 
roughness tends to decrease the ultimate elongation. 
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Fia. 20. — Tension Specimen for Sheet Metal (A.S.T.M. E8-36).’' 
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In. by H In. in Diameter Diameter Test Specimen. (A.S.T.M. 
(A.S.T.M. E8-36). EW6). 
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Tig. 23. — Test Specimen for 
Cast Iron (A.S.T.M. A48-36). 
Other teat pieces 0.506 and 1.26 
in. diam. 
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Fio. 24. — Test Specimen 
for Malleable Iron (A.S.T.M, 
A197-39). 


Strain Gages 

For the measurement of deformations of leas than 0.01 in., special strain 
gages should be attached to gage points, on tiic surface of the specimen, 
remote from the grips. These gages magnify the deformations by mechanical, 
optical, or electrical means and indicate visually or on a recording drum or 
OBoiliograph. 

Mechanical gages include the micrometer screw and, more recently, the 
dial gage which can bo obtained accurate to 0.0001 in. (Amos). Combined 



442 


MECHANICS OF MATERIALS 


structures; tte Forest Products Laboratory of the TJ. S. Department of 
Agriculture has issued data for the design of timber structures. Manufac- 
turers and engineers have also formulated allowable unit stresses for the 
guidance of designers. These specifications are undergoing constant revision 
with the gain of more accurate knowlcc^o of the factors on which the factor 
of safety is based. 

Consideration having been ^ven to the several factors mentioned above, 
the designer may be guided by the following procedures for determining 
allowable unit stresses at normal temperature. 

Static Loading, For ductile materials, an allowable unit stress equal to 
one-third to two-thirds (commonly one-half) of the unit stress at the yield 
point, and, for brittle materials, an allowable unit stress equal to one-sixth 
the ultimate unit stress will ordinarily provide for conservative designs. 
Thus for medium carbon steel, the allowable imit stress would be 35,000/2 = 
17,500 lb per sq in. and for cast iron it would be 24,000/6 = 4,000 lb per sq in. 

Dynamic Loading. For cases where the stress varies from a positive 
maximum to a negative maximum of the same amount, the allowable unit 
stress of one-third of the endurance limit is recommended for ordinary 
engineering materials. 

Where static and variable stresses are superimposed, Soderberg 
recommends that the factor of safety be found from 1/n * stlty -I- Ks,ls, 
where n b factor of safe^, » static loading, allowable unit stress, = 
stress at the yield point, i? = a factor to allow for stress concentrations or the 
effect of discontinuities (see p. 421), «r = allowable unit stress for dynamic 
loading, and a, » eoduranco limit. 

IMPACT ON BARS 

A static load ia one at rest. Dynamic loads arise from impact. A 
suddenly applied load arises when a load that is just touching a bar is 
suddenly released. The velocity of approach is sero, the load is constant 
throughout the entire deformation, and the internal force in the bar increases 
from zero to some value AS. The stresses and deformations are double 
those due to an equal static load. G > weight producing a suddenly applied 
load, e * maximum elongation. P •» internal force accompanying c. 
Work of weight (?« equals internal resilience }iPe. Therefore, P = 2G. The 
bar springs back and oscillates. 

An impact loading occurs when a moving weight strikes the end of a 
bar. The velocity of impact is t>. If the elastic limit is not exceeded, the 
external work of the moving weight falling from height h equals Gh, and ^so 
equals the resilience developed. P, S, and e are, respectively, dsmamic force, 
stress, and elongation in bar. Gih + e) = }iPe. Let e' and S' be the elonga- 
tion and stress which would accompanyCr if itacted as astatioload. G/e' = 
P/e. Then 

c = e' H- e'[l + (2A/e')3l^ 

The value of e' is small, and dynamic stresses and deformations are usually 
large and may exceed the elastic limit. It is here assumed that the entire 
energy of the weight produces clastic deformation in the bar only, t.e., that 
the supports are rigid and there is no friction. 

Materials show a higher elastic limit of deformation under impact than 
under static loads. E appears to be unchanged (Proc. Roy. Soc., Feb., 1905). 
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Stress, apparent S 

Pure shearing iS, 

True (ideal) stress T 

Proportional elastic limit Sp 

Yield point Sg 

Ultimate strength, tension. . . . Sju 

Ultimate compression Se 
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Bulk K 

Modulus of resilience Up 

Ultimate resilience Ur 
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Length I 

Area. A 

Volume.... V 

Velocity ti 

Radius of gyration r 

Rectangular moment of 

inertia I 

Polar moment of inertia 

Defoumation 

Grose, longitudinal e 

Unit, longitudinal. t 

Angular d 

Lateral s' 

■ Poisaon’s ratio ;i 

Reciprocal of PoisBon 'a ratio. . n 

Radius r 

Deflection f 

SIMPLE STRESSES 




Deformations are changes in form pro> 
duced by external forces or loads that act on 
non-rigid bodies. Deioimations are longitu- 
dinal, e, a lengthenmg ( +) or shortening ( -) 
of the body; and angular, d, a change of angle 
between the faces. 

Unit deformation (dimcnmonless num- 
ber) is the deformation in unit distanco. Unit 
longitudinal deformation s - e/l (Fig. 1). 

Unit angular deformation tan d equals d 
approx (Fig. 2). 

Accompaasdng a longitudinal deformation 
c is a lateral deformation c' (Rg. 1). The 
ratio of s'/s is Poisson’s ratio p. Values of 
fi are: glass, 0.244; brass, 0.333;copper, 0.333; 
cast iron, 0.270; wrought iron, 0.278; rteel; 

0,303; lead, 0.430; concrete, 0.10 to 0.20 at working stresses and 0.25 at higher- 
stresses. 


— !' — weU— 
Fia. 1. 


437 



444 


ilECBANICS OF UATERIAL8 


JT = 5 COB- fl -(• iS' sin’ o ' ,(1) 

r = (S — S') ^ 0 coa fl (2) 


Nmtx = S or S' and Tumt ~ ~~ ^0 when a = 45 deg. If o -|- o' “ 90 

deg, N' + K' = S + S' and T « T. The resultant stress R is the resultant 



Fkj. 13. Fia. 14. Fia. 15. 


Special Cases under Case H. (a) If +S = +S' (Fig. 13), T = 0, 
R - S = S\ Bad direction of R is normal. (5) If + S = - S' (Fig. 14), 
R bS = S', and direction angle of R = 2a. 3 bisects the sngJe nOr, 
Example. The metal in a steam boiler is subjected to a unit sireaa of 8,000 lb per 
eq in. in a clroumferentiai direcUou and 4.000 lb per sq in. in a longitudinal direction. 
Find the stresses on a plane the normal to which makes an angle of 30 deg with the 
direction of tie 8,000 lb stress. From (J> and (2), 

Normal stress N ■ 8000 cos’ 30® + 4000 sin^ 30® “ 7,000 lb per aq in. 
Tangential stress T - ( 8000 - 4000) s in 30® cos 80® » 1.730 lb por sq in. 
Resultant stress R — V7000* + 1730* ® 7,210 lb per sq in. 


Sin J = sin (2 X 30®) (8000 - 4000)/(2 X 7210) » 0.24023, whence angle 6, or the 
direction angle of R, is 13® 54'. For graphical solution, 


see Fig. 15. 

A block (Fig. 16) la acted upon by three pairs of 
normal rtresses St, S^, and St. The deformation 
Ct along nxisX is due tOiSsmodiBedby thclatcrol 
effects of 8u and St (see p. ^7). When the stresses 
are all of the same sign, e, = (S*/S) - ((5# -i* 
St) /tiE], where n = reciproed of Poisson's ratio, 
whence 

Ee^ =S^ -m-i-SM 
Eey =S^-m +-S.)/nl 
Be, = 5. - [CS, +5,)/nl 
When the stresses are of different sign, coireapond- 
ing changes occur in the formulas. The product 
Rs is regarded as a stress. The apparent stress 
is S, but the true stress T = Ee, 



Elastic strength under compound stress is Fio. 16. 

fixed, by three separate theories, as a certain value 

of either (1) the maximum princi3JaI parent stress; (2) the true stress accom- 
panying maximum principal deformation; or (3) the maximum shearing stress. 


For example, metal in a boiler ehell is under a hoop tension iSi and a longitudinal 
tension Sv = According to (1), metal wili begin to fail when St equals the clastic 

limit of the metal, regardless of the presence Sy. According to (2), the necessary 
stress at failure is the true stress Tt = Eti ® fi, — Sy/n. When n « 3, Ti = 

That is, a hoop tension one-fifth greater than the elastic limit under simple stress, as 
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In the presence of pure shear on eitemal faces (Fig. 6), the resultant 
stress S on one diagonal plane at 45 deg is pure tension and on the other 
diagonal plane pure compression; S ~Sv ~ S'v. S on diagonal plane is 
called "diagonal tension" by 'writera on reinforced concrete. Failure under 



pure shear is difficult to produce experimentsdly, except under torsion and 
certain special cases. Figure 7 ahowe an ideal case and Fig. 8 a common form 
of test piece that introduces bending streseeB, 

Let Fig. 9 represent the section of area A on which a shearing force Q acta. 
Then, ii pure shear should exist, St = QIA. Thie would 
be uniformly distributed over the area A. When shear 
is accompanied by bending (horizontal shear in 
beams) , the unit shear Sv increases from the extreme fiber "f" 
to the neutral axis OX. The unit shear parallel to axis 
OX at any point y distant from the neutral axis as at? 

(Fig. 9) is 


5, = (0^ yziy)}h 


whets I \i the moment oi inertia of the tioss section 
about OX. 

For a rectangular cross section (Fig. 10a). 


"2bli| 







For a circular cross section (Fig. 10b), 


’ Zirr^ \ 


4 0 


4Q 


•. for y ■■ 


For a circular ring (thickness small in comparison with the major diams^ 
ter), Sv (mas) = 2Q/ii, for j/ » 0. 

k-b-^j 


-♦izrt*- 

Fiq. 10b. Fra. 10c. Fig. lOd. 

For a square cross section (diagonal vertiwl, Fig. 10c), 


Fm. 10a. 




St ^ax) : 


1 . 6914 , for y = 7 * 
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obtainable thicknesses of ■wnll. The apparent fiber stress under which the 
different tubes failed varied from about 7,000 ib per sq in. for the relatively 
thinnest to 35,000 lb per sq in. for the relatively thickest walls. Since the 
average yield point of the material was 37,000 and the tensile strength 
68,000 lb per sq in., it would appear that the strength of a tube subjected to 
a collapsing fluid pressure is not dependent alone upon either the elastic limit 
or ultimate strength of the matedal constitutii^ it. Prof. Stewart therefore 
suggests as a substitute for formula (a) the following: 

P = 50,210, 000«/2))* (c) 

The experiments by Stewart are considered to be the most reliable. 

Carman {Univ. Jll.Bng.Exp.8ttt.BtM. No. 5, June 1, 1906) states that the 
portion affected by collapse from hydraulic pr^sure is generally not greater 
in length than 12D, that for greater lengths the collapsing pressure is inde- 
pendent of the length, and that the often-quoted law of Fairbairn type, in 
which the collapsing pressure varies inversely as the length, is only true for 
short tubes from 4D to 6D in length. 

Carman's formulas are as follows: 

For thin cold-drawn seamless steel tubes: P « 5O,200,O00ft/D)’. 

For thin brass tubes: P « 25,150.000((/i))*. 

For thick cold-drawn soamleas stMl tubcB:P = 95,5200/i)) — 2090. 

For thick lap-welded steel tubes:? « 83,270y/2)) - 1025. 

For thiok brass tubes:? » 93,365(t/I)) -2474. 

Limits of (t/D) are below 0.025 for thin tubes and above 0.08 for thick tubes. 

When {t/D] is leas than O.OC, Carman's approiimate formulas are; 

For cold-drawn seamless steel tubing,? » 1,000,000{J/?)*. 

For lap-welded steel, ? = I,l25,000(t/I))*. 

These approximate formulae are stated to ^vc satisfactory rough values for 
tubes of the moat common commercial thicknesses. 

A. E. H. Love gives the following rational formulas:? - (2B/(1 -m*)] 
X «/?)» for thin tubes and? = 2Sc[(t/D) - «/?)»] (special case of Lam6’8 
general formula— see below) for thick tubes, where St is the ultimate com- 
pressive strength (yield point), lb per sq in. The average values of these 
constants for steel are: E = 30,000,000; p » 0.295; St ® 40,000; and for 
brass: E « 14,000,000; fi = 0.357; iS. *= 11,000. Hence, 

For thin steel tubes: ? = 65,720,Cl00(f/D)*. 

For thick steel tubes: ? = 80,0001(t/i)) - {t/D)% 

For thin brass tubes: ? = 32,O90,0CIO((/2))*. 

For thick brass tubes:? = 22,000[(t/Z)) - (I/D)*]. 

The correction factor for eUipricity and variation in thickness is C = 
(DmiB/Dia«x)‘(lmim/fin&J’. Lovs's formula becomes ? = [2CE/{1 - p*)] 
(I/D)* for thin tubes, in which 0 = 0.69 for Stewart’s lap-welded steel flues, 
t == average thickness and D - maximum outside diameter, both in inches. 
Lamp’s formula becomes? = 2CBi(l/D)[l —C{l/D)*] for thick tubes, 
in which C = 0.8. 

Hollovr sphere with normal pressoro ?. Pressure on meridian plane 
= TTT*?. Tension or compresrion per lineal unit of shell = irr*?/2vr = ?r/2. 
Unit stress S = ?r/2l. The material carries Mi equal stress at right angles. 
True stress T - S - (5/n) = Pr/M. 

In thick cylinders (Fig. 18), the stress is not uniformly distributed. 
The hoop tension in the cjdinder under internal pressure is greatest at the 
interior and diminishes toward the exterior. An interior hoop, from Fig. 18, 
is shown in Pig. 19. Cylinder unit pressure at bore = pi. Radial internal 
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IftbU 1. ^ Unit at VolMtae, U-p 

(S = lonptudinal stress; 5, = sliearine stress; B = tensioa modulus of eloatioity: 
Q => shearing modulus of elasticity.) 


Tension or compression. . . . 

1 WQ 

\ 

Tokbion 

Solid, cfrcular 

Hollow, radii Ri and ffi . . 

ViS,>/o „ 

-h Rt') 1 S,* 

Be4mB (free ends) 


' A’ 4 y 

Rectangulsrsootion, bent in 
arc of erroSe; no Bhew 

lifiVB 

14SVR 

Catrioge 

Flat Spiral, tflci section. 

1 HSVB 
H4SVS 

Concentrated center load; 
rectansular orosg seetion. . 1 

iitS'-ZB 

HelicBl: axial load, oireu- 
larwire 

1 MS.VO 

Ditto, circular cross eaction. 


Helical: axial twist 

}iSi/B 

Uniform load, rectangular 

5te5*/R 

H^cid: axial twist, reet. 

1 iisys 

I-beam section, concen- 1 
trated center load I 



Uiiit rupture ■work Ur, someUttiee colled ultimate resilience, ia mcaa- 
uted by tbe area of tbe BtreaB-deformation diagram to rupture. 


Vr w Kc«(S„ + 2SAf), approx 

vhere Cu is tbe total deformatioa at rupture. 

For etructural ateel, X *J4oo X 135,000 + (2 X 60,000)] * 

13,950 ia.*lb per cu in. 

Example 1. A load P m 40,000 lb compresses a wooden block of cross sectional 
area A = 10 sq in. and length = 10 in., an amount « ® Keo in. Stress S ■ 
X 40,000 <■ diOOOibpetsqiii. 'UnltdongaUon t ^oo 10 Modulus 

of elasticity E » 4,000 ■h 1.000,000 lb per sq in. Unit fesilience Vf •• }i X 

4,000 X 4,000/1,000,000 » j ia.-lb per «u in. 

Example 2. A weight 0 *> 5,000 Ib falls through a height li » 2 ft; 7 b number 
of cubic inches required to absorb the shock without exceeding a stress of 4,000 lb per 
sq in. Neglect compression of block. Work done by failing weight = ca 5001) X 
2 X 12 In, -lb. ReaUicnce of block - 7 X 8 in.-lb - 6000 X 2 X 12. Therefore, 
V “ 16,000 ou in. 

ALLOWABLE TJNIT STRESSES 

Tbs unit Btresses used in tbe proportioning of machines and structures are 
called allowable unit stresseB or working Btresses. Unless the part is to be 
designed to fail under a single application of the load, the allowable stress 
is less than the ultimate stress. The ratio of the ultimate stress to the allow- 
able stress is called the factor of safety. Since the stress at the yield point 
frequently limits the allowable unit etresa, the factor of safety is sometimeB 
defined as the ratio of the stress at the yield point to the allowable unit stress. 

The magnitude of the factor of safety should bo determined as a result of 
a consideration of the following factors: incorrect assumptions on which the 
computations are based; effects of temperature changes and initial stresses; 
possible increases of loads; effect of repetitiong of stress (see p. 422) ; variations 
in the material and inaccuracies in workmanship; defects in the material; 
deterioration of the material; the effects of dynamic loads; effects of dis- 
continuities due to notches, sharp fillets, and holes (see p, 421). 

Numerous organizations have issued specifications which in their judgment 
provide for adequate designs. The A.S.M.E. has issued a code for the 
design of pressure vessels; the American Institute of Steel Construction 
specifications for steel buildings have been adopted in the building codes for 
®any cities; the A.W.S. lecommends allowable unit stresses to use in welded 
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Thick Cylinders with Shrinkage Eings. In these, it can be assumed 
that the stress under internal pressure is unifonnly distributed over each ring, 
provided the ratio r/I is great. 

Eeferring to Fig. 21, let I = sectional area (sq in.) of the cylinder for 
unit length in an arial direction;/ = sectional area of the shrinkage rings per 
unit length of cylinder; Si = tenaonal hoop stress in hoUov cylinder, lb per 
sqm.;iS3 = tensional hoopslrcssinshrinkagerings.lb 
pcrsqin.;p = interior pressure, lb per sq in.; and r = 
interior radius of cs’Iinder, in. Then, 

!=TpiiSim 

If the rings are shrunk on and R = outer radius of 
the inner cylinder; E(1 - J!) = inner radios of the 
rings before shrinking; Ci = l/£i for the inner Q'linder ; 

Cj = i/Fs for the shrinkage rings; ei and ei = unit 
strains respectively in the innw cylinder and shrinkage 
rings rvhen cold, then Z = ci + €s « CsSj — Ci5j, and Fig. 21. 
ft = Kill + (C:f/Ci/)]. 

The compressive stress in the cylinder before the pressure p is applied is 
iS' * ft/Ct; and the tcnsional stress in the shrinkage ring before the pressure 
p is applied is S" ® e:/C^ The pressure p causes a tensional stress of 
iSi + 5' in the cylinder and of Si — S" in the shrinkage rings. 

The difference E found in this way is a minimum. This difference has to 
be increased, however, depending upon the condition of the surfaces of the 
cylinder and rings. If the rinp ore made of 
tough material, K may be increased considera- 
bly, as the effect is only to produce permanent 
eipansion in the rings, while the inner cylinder 
will be compressed, thereby diminishing Its 
working tensional stress. 

The difference in temperature when the rinp 
ere forced on should be d » R/Cv, where Cv is 
the coefficient of expansion of the ahrinkage ring. 

Oval Hollow Cylinders. In Fig. 22, let o 
and b be the semiminor and semimajor axes. 

The bending moments at A and C will then be 

Mo = lpa-;2) - lp2,/25) - {plM 
ill = iU - p(as - h^/2 

where h and Jy are the moments of inertia of 
the arc AC about the x and y axes, respectively. 

The bending moment at any point will be 

M (paV2) + (pi*/2) + (pyV2). 

Thick Hollow Spheres. TOtii an internal pressure p, where p < 
T/0.65, 

ri = n[(T + 0.4p)/(r - 0.65p)]» 

The maximum tensile stress is on the inner eurface, in the direction of the 
circumference. With an external pressure p, where p < T/l.OS, 
rj = ntr/(r - 1.05p)]H 
In both coses T is the true stress (see p. 444). 





ipib-v) 


(«>•*) 




COMBINED STRESSES 


443 


As on axial bars, impact on beajns causes severe dynamic stresses. A 
■weight W falling from height h on the center of a simple beam produces a 
maximum dynamic deflection / and a dynamic fiber stress S. Let /' and 5' 
be the deflection and stress caused by W acting as a static load. By similar 
reasoning, 

5 =5'+S'[H-(2A//')]Kj (i) 

f =‘f'+ni + wm^- ( 2 ) 

17 must be large compared with the weight of the beam: otherwise, on account of the 
inertia of the beam, tbo energy will be used in local damage. Supports ore rigid, and 
there is no friction. 


The effect of inertia may be computed by tho laws of collision of bodies. 
Assume impact entirely inelastic. nWk ia the fractional part of the energy, 
producing elastic deformation in the beam or bar. TF’ = ■weight of beam or 
bar; If = weight of falling body; m = TF'/TF. 

For longitudinal impact on a bar, n = fl + 

For center impact 


on a simple beam, n « (I + 

If the beam is fixed at the ends, 
use instead of and H 
instead of For a cantilever 
struck at the end, use *Jf4o 
instead of and ii instead of 
H. To compute stresses and 
deflections, the value of Ain (1) 
and (2) should be multiplied 
byn. 



Fjg. 11. 



COMBINED STEESSES 
The stresses treated hero are 
in one plane. N is the unit 
normal stress, T tho unit 
tangential stress on an internal 
inclined plane, S the unit stress 
on a plane normal to the geo- 
metric axis, P the external 
force, and R the resultant unit 
stress. 




Fig. 12. 


Streasea acUag ou diSetont planes ca&not be resolved or compounded like forces. The 
area upon wliich the stress acts must appear ia tho equation. 

The resultant of several stresses acting together on the same plane 
is tho geometric sum of their indmdual actions. 

Case I. Force along One Axis (Fig. 11). The force P acts alone. The 
resultant stress on diagonal plane AB is resolved into a normal stress N 
and a tangential stress T. 

N - S cos* a r = 5 Bin o COB 0 

The rnaximum value of T equals H <S whou a equate 45 deg. The stresaea on 
the diagonal plane CD (see Fig, 12) ■when o -{- o' = 7r/2, are N' = S sin* a 
and T' = S sin o cos o. 

Case 11. Forces along Two Eight-angled Axes (Fig. 12). Here tho 
forces P and P' act. 
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a distributed load may be replaced by its resultant acting at the center of 
gravity (eg) of the load area. 


Simple Beams 

Tho reactions at the support are computed. Thus, in Fig. 23, }iWl 
= Ril, or'iJi = iiW; Ri = HW. In Fig. 24, HWl = Bil, or Ri = HIT; 
R. = Ingenerd, the -weight of the beam must be considered. 

The bending moment (in ft-lb or im-lb) at any section is the alge- 
braic sum of the moments of ibe external forces on one side only of the sec- 
tion, or Af = S(Px). It is also equal to the moment of the internal forces or 
stresses at the section. 

Examples : Uniform Load (Tig. 23). Jlf,i = S(P®) to left of point A at 
which moment is to be found. Ma = HlFr — {wx X Hx). Uniformly 
Varying Load (Fig. 24). (Weight of beam neglected.) M = S(Pj) = 
HWx - where fc is a constant {= h/l) and w is the weight of the 

loading per unit of volume. 

Abending moment that bends a beam convex downward is positive (-f), 
and convex upward is negative (— ). 

The shear V (Ib) is tho algebrmc sum.of the external forces on one side 
only of the section and parallel to tiie section or 7 = SP. In Fig. 23, 
V^HW-wx. In Fig. 24, 7 « HTT - 

The moment and shear may bo expressed by an ordinate dra-wn to scale 
at the section of the beam under consideration. A bending moment dia- 



gram is a series of such ordinates throughout the beam showing the -variation 
of bending moment. A shear diagram is similarly constructed. Table 2 
shows bending moment and shear diagrams for common cases of flexure, and 
gives vfdues of reactions (fl), moments (Af). shears (Q), and deflections (f). 

Maximum Safe Load on Steel Beams. To obtain maximum safe load 
(or maximum deflection under maximom safe load) for any of the conditions 
of loading given in Table 5, multiply the corresponding coefficient in that 
table by the greatest safe load (or deflection) for distributed load for the 
particular section under consideration as given in Table 4. 

The following factors for redumg the load should he used when beams 
are long in comparison with tiieir breadth: 

Batio of unsupported (Istcral) length to flange 

Width or breadth 20 80 40 60 60 70 

Batio of greatcstsafeload tocalculatedload. , 1 .9 .8 .7 .6 .6 
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shown in’ a testing machine, is required to caoso Jwlure. This method (2) ia commonly 
used. According to (3), failure wiB begiii :when shearing stress ^{St - Sy) is 
reached. .Ecsearohea (1904-1903), by Hancock, Guest, and Coker. point, to truth of 
theory (3). • This disoussion is for (daatic Btwsees and must not bo ertended to ultimate 
strength, ' . , 

. cVlINDEES AND SPHERES; TUBEi 

Thin Cylinders. " In -a tlun"envelop 0 '.or ring (Fig. 17) subjected to an 
internal unit pressure p, the Ibtce of'tenmon in ring? (hoop tension) ih'a 
Unit length is constant and equal to j?r. The uniform 
tensile stress S in the ring equak pr/l, or t = pr/S. 

An increase in t must be made to compensate for rivet 
holes, in joints. ; . . 

A: portion of any circular curved ring under 
normal pressure carries a force i* * pr. Internal 
pressure ^olds tension; .iextemal presaure yields 
compression. 

If the cylinder la closed at its ends, alon^tudinal 
stress S' acta. S' = Hrp/l - KS* Wbenn = 3 (see 
Poisson’s ratio) the true stress T = S t -HS' = HS. 

Collapsing Pressure of Tubes. Tubes under 
estemal load may collapse. The following notation is used in the various 
foimulas given for coUapaing piessuio; 

P = collapsing pressure, lb per eq in. D = outeide diam of tube, in. 

E “ modulus of elasticity. d - inside diam of tube, in. 

p » Poisson's ratio. I = length of tube, in. ' 

f = thickness of tube, in. ' - ' 

For collapsing pressure, where I is. not greater than OD, Pairbairn's 
empirical formula (1858) is: P = 9,672, 000(f*-‘ViI?)i' or, more simply, 
P =9,675, 600(iVlD). 

For large iron pipe flues, diameters 30 to 50 in., D. K. Clark’s for- 
mula is:? = 200,000 fVD‘-« ' 

In 1900, two series of experiments were made by Prof.'Roid T. Stewart on 
Bessemer steel lap-welded tubes (see Tram. AE.ME., 28, p. 730). In one 
series, the tubes tested wore ZH in. o. d. and of varying thickness and length, 
while in the other series they were 20 ft long and .of varying thiclmess and 
diameter. The tests showed that all the old formulas wore inapplicable 
to the wide range of conditions found in modern practice. Prof. Stewart 
found that the length of tube between transverse joints tending to hold it to 
a circular form has no practical influence upon the collapsing pressure of a 
commercial lap-welded steel tube, so long aa thia length is not less than about 
six diameters of tube. 

Aa based upon his researches,’ Stewart's formulas for the collapsing 
pressure of modern lap-welded Bessemer steel tubes are as follows: 

P = 1000[1 - Vl - 1600(f«/D,*;] ■ (a) 

P “ 86,670.(t/I>),,-,1386 ’ (i) 

Formula (a) is for values of P less than 681.1b per sq in., or for values of 
(f/D) less than 0,U23, while formula (5) ^ for values greater than these. 

' These. formulas are correct for tubes that are: 20 -ft in length between 
transverse joints tending to hold tiem to a circular form, and at the same 
time ate aubatantially.coTrect for all lengtha.graater than about six, diameters. 
They have been tested for seven diameters, ranging from 3 to 10 in., in all 
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Table 2. Beams of TTniform Cross Section, Loaded Transversel?— 

(conitnued) - 
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compressive unit stress = p. External unit pressure = ps. Hoop unit 
tension = S. Longitudinal unit etresa = Sl- 
In Barlow’s formula, it is assumed that the volume of the metal does not 
change during expansion of the cylinder. Therefore S varies inversely as the 
radius squared. Sr- = Sin*. 

The total internal pressure 2ripi » 2/Sdr, or pt « Sit/{ri + 1). 

In Lame’s formula, the cylinder ia assumed to stretch longitudinally 
80 that cross sections remain plane surfaces; the longitudinal deformation ei 
is therefore constant. ei is so connected vdth S 
andpthatEei, =Sl - 1(5 — p)/n]. Therefore 
5 - p = constant = K (a) 

Considering equilibrium of the internal hoop 
(Fig. 19), 

2rp - [(r + dr)2(p ± dp)] = 2Sdr, or 

d(pr)/dr =5 (b) 

Algebraic development of (o) and (h) leads to 
Lamp’s formula 

5 *= (n’jij - ri*ps + (pi - pa)n*r 2 */r*]/(rj* - 

Whenr e>nandp3 =0,5 » 5i the hoop tension 
at the bore, or 

5i =pi(rj2 +n»)/(r3* -r,*) (1) 

or rj =ri[(5i +pi)/(5i -pOlH 
Whear =rjandp! =0,5 =5} the hoop tension 
at exterior, or 5j = 2piriV(rj* -n*). Ifn =2ri,5i = 5pi/S andSj = Hpu 
These stresses arc apparent stresses. The true unit hoop stresses T an 
found by methods of p. 445. 
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Table 2. Beams o£ TTuiform Gross Section, Loaded TransTerselr— 
(continued) 


m 


rimr] 


Cl— 


.-J 


DDfl- 


Concentrated Load W' 

Oniformly Diat. Load IF“wJ: c<ei 

St-TT'-f+T 





w 

2 

W 

'2 


,, _ SI rfs’l / iijl\ 

^maz"^^"2r f) 

ei-< 

Deflection of beam under F': 


Deflection under W' 


Table TJaifoimly Distributed Loads ou Rectangular Beams 
I In. Wide* 

(Calculated for unit fiber stress of 1.000 Ib per b<i in.! nominal sise) 

Total Load in Pounds, Inclodino Weiout of Beau 


Depth of beam in inches 


H| 

6 . 

1 1 

6 ' 

9 

10 

11 

« i 


14 

15 

16 


800 

inof) 

1 1420 

1 1800 

2720 

7690 

3200 ! 

1 3750 

4350 

5000 

5690 


670 

910 

1180 

1500 

1850 

224(1 

2670 1 

1 313D 

3630 

4170 

4740 


y/i) 

7«l 

1010 

I2W 

159(1 

IWI 

2280 

1 2680 

3110 

3570 

4060 


5UU 

680 

890 

1120 

1390 

1680 

2000 

, 735I1 

2720 

3130 

3560 


440 

: 6UU 

290 

lUUU 

1230 

1490 

1780 

2090 

2420 

2780 

3160 

10 

400 

540 

7(0 

1 900 

1110 

1340 

1600 

1880 

2180 

2500 

2840 

II 

36U 

490 

63U 

' m 

mill 

1220 

1450 

1710 

1980 

2270 

2590 

12 

•4<ll 


! 5911 

• m 

93U 

II2II 

1330 

1560 

1810 

2080 

2370 

13 

'4111 

4211 

5311 

• bVU 

850 

1030 

1230 

1440 

1680 

1920 

2190 

14 

290 


510 

640 

790 

960 

1140 

1340 

1560 

1790 

2030 

15 

77fl 

360 

470 

600 

740 

900 

1070 

1250 

1450 

1670 

1900 

Ifr 

250 

340 

440 

560 

690 

840 

lOQO 

1170 

1360 , 

1560 

1780 


2i0 



3411 

, 650 

79(1 

940 

1100 

1280 1 

1470 

1670 

18 

220 

3U0 

400 

500 

m 

7VI 

890 


1210 


1580 

19 

210 

290 

38U 

420 

590 

710 

840 

990 

1150 

1320 

1500 

20 

2 on 

270 

360 

1 450 

560 

670 

800 

940 

1090 

1250 

1420 

22 

180 

2311 

! 320 

41(1 

500 

611) 

730 

850 

990 

1140 

1290 

24 

160 

2'4ll 

7911 

1 370 


560 

670 

780 

910 


n«D 

26 

IVl 

2111 

270 

1 340 

470 

520 

610 

720 

840 

960 

1090 

28 

140 

19U 

25U 

: ia) 

390 

480 

570 

670 

780 

890 

1010 

30 

130 

180 

240 

300 

370 

450 

530 

630 

730 

830 

950 


*This table is convenient for wooden beams. For any other fiber stress jS', multiply 
the values in table by S'/IOOO. 
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PRSSSUEE BETWEEN BODIES WITH CURVED SURFACES . 

Two Spheres. The radius A of the compressed area is obtained from 
the formula = 0.08P{ci + + (l/r;)], in which P is the com- 

pressing force, Cl and a (« 1/Bi and 1/Bj)'are reciprocals of the respective 
moduli of elasticity, and n and r* are the radii. (Reciprocal of Poisson’s 
ratio assumed to be n = 10/3.) The greatest compressive, stress (in.- 
Ib units) in the middle of.tho compressed surface will'be 5niax = 
and . - . . ' • . ' 

= 0.235P[(l/ri) +(l/r*)IV(ci 

The total deformation of 'the two spheres will be Y, which is obtained from 
= 0.46P*(CI -1- cj)*[(l/ri) + (l/rj)] . , 

For Cl = C 2 » i/E, ie., two spheres with the same modulus of elasticity, 
it follows that = 1.36 P/m/n) -b (l/r,)l, = 0.059PP'[(l/ri) -(- 

(l/j‘ 2 )]^ and y* = 1.84P*[(l/n) + {1/Ti)]/Ei If tbe radii of these spheres 
are ' also equal, A^ = 0.68Pr/S = 0.34Pd/£; .SUi = 0.235PEVr* = 
0.94PPV^^*; and y^ = 3.68PV£V * ' ■ 

Sphere and Flat Plate. In this case, n » r and rs « » ,^and the above 
formulas become A’ » 0.68Pr(ci + Cj) = 1.36Pr/£, and 

a 0.235P/r*(ci +cj)* » 0.059PP/r* 

Also y« = 0.4CP*(ci + ci)Vr = 1.84PV.B'r. 

Two Cylinders. The width h of the rectangular pressure surface is 
obtained from (6/4)’ - 0.29P(ci + cj)A((l/n) + {l/rj)]r where n and rj 
are tbe radii, and I tbe length. 

= (4P/2r6I)’ = 0.35P[(l/ri) + (l/rj)]/Kci +«)■■■ 

For cylinders with the same moduli of elasticity, Cl = cs “ 1/5, and (6/4)’ ■■ 
0.68P/5fI(l/ri) + (l/rj)]; and SW = 0.175P5l(l/ri) -t- (l/rs)]/f. When 
r, = r* = r, (6/4)’ * Q.29Pr/El, and - 0.35P5/ir. 

Cylinder and Flat Plate. Here n * r, ri = to , and the above formulas 
reduce to (6/4)’ = 0-29Pr(ci + ci)/f = 0.58Pr/5f, and 

5’m.x = 0.35P/ir(c, A-ct) = 0.175PB/Ir 

BEAMS 

For Properties of Structural Sted, see steel manufacturers’ handbooks. 

Notation • • , ' 

R = Reaction ' _ . 5, *= Vertical shearing unit stress 

M = Bending moment Z = Horizontal shearing unit stress 

IF = Total distributed load I = Rectangular moment of inertia 

w == Distributed load per lonp- Jp =■ Polar moment of inertia 

tudinal ^it ■ r = Radius of curvature 

P = Concentrated load ' ' i ' = -Slop 0 • 

7 or Q = Total vertical shear ’ / -‘= Deflection 

S • — Unit normal apparent stress I = Distance between supports 

A simple beam is a bar resting on supports near its ends. A cantilever 
beam projects out beyond a support. To compute reactions and moments, 
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TheoryoE Flexure, . 

A bent beam is abown in Kg. 25. ' The concave side is in compreBsion and 
the convex side in tension. These arc divided by the neutral plane of 
zero stress A'B'BA. The intersection of the neutral plane -with the face of 
the beam is the neutral line or elastic curve AB. The intersection of the 
neutral plane with the cross-section is tte neutral axis NN'. ' 

It is assumed that a beam is prismatic, of a length at least 10 times its 
depth, and that the external forces are all at right angles to the axis of the 
beam and in a plane of symmetry, and that flexure is slight. Other assump- 
tions are: (1) That the material is homo- 
geneous, and obeys Hooke’s law. (2) That 
stresses are mthin the elastic limit. (3) 

That every layer of material is free to ex- 
pand and contract longitudinally andlatcr- 
ally rmder stress as if separate from other 
layers. (4) That the tcnale and compres- 
sive moduli of elasticity areeqnal. (5) That 
the cross section remains a plane surface. 

(The assumption of plane cross sections is only strictly true when the shear 
is constant or zero over tiie cross section, and when the shear is constant 
throughout the length of the beam.) 

It follows then that: (1) The internal forces are in horizontal balance. (2) 
The neutral axis contains the center of gravity of the cross section, when 
there is no resultant axial etress. (3) Tho stress intensity varies directly 
with the distance from' the neutrd axis. 

The moment of the elastic forces about the neutral a.xiB, t.e., the stress 
moment or moment of resistance, is Jlf » SI/c, where 5 is an elastic unit 
stress at outer fiber whose dietance from the neutral axis is c; and I is the 
rectangular moment of inertia about the neutnd axis. 

ilf - Sl/e 

This formula is for the strength of beams. Por rectangular beams, 
M » where b s breadth, and h - depth. That is, the elastic 

strength of beam sections varies as follows: 

(1) For equal width, as the equorc of tho depth. (2) For equEil depth', 
directly as the width. (3) For equal depth and width, directly as the strength 
of the material. (4) If span varies, then for equal depth, width and material, 
inversely as the span. 

If a beam is cut in halves horizontally, the two halves laid side by side will 
carry only ono-half as much as the origaiud beam. 

The term section modulus is given to the value of I/c, where c is the 
distance to the fiber carrying greatest atrras. Moment of inertia of cross 
section = I. 

Tables 6, 7, and 8 give the properties of various beam cross sections. 

For horizontal or longitudiiial shear in beams, see p. 439. 

Eolation of Moment and Shear. The shear 7 is the first differential 
of the bending moment M with respect to z. dM/dx - V. "When M is a 
maximum, 7 is zero. In Fig. 23, dMfdx = }iW -wx, which equals 7. • 

Oblique Loading. It should be noted that Table 6 includes certain 
cases for which the horizontal axis is not4 neutral axis, assuming the common 
case of verticalioading. The rectangular section with the diagonal as a 



Fig. 25. 
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Table 6. Properties of Vsuious Cross Sections— (conh’nuefi) 


Section 

Moment of inertia 

Section modulus 

Radius of gyratioo 

Equilateral Polygon 

4 “area, (see p, 39) 
£>»rad circumscribed 
circle 

r=rad inscribed 
circle 

neno. aides 

0 = length of aide 

Asia as in preceding 
section of octagon 

(approi) 

e r 

I 

”n 180° 

R cos 

AR 

=—r appros 

4 

|6RS-a> R 

"Sj 2i ~2 

lISrHoi 

yj^r- 

'W 

3 T 

. CbHWtj+ti* 
3D{26+W 

1 3b+2bt . 

'“3 2Hti 

r 6lr*+6Ilbl+&l«,. 

Wl2b‘+126bi+2!.i> 

e 12{3b+2i>i) 

6(26+b0 

[£ 

•ip'iofjk- — »r 

i< i 

«*( 

|g.t. T 

n'l 

B B 
^1*— 


’ — — 

I B//5+M« 
c" OS 

1 BS>+W‘> 
yi2(BS+bh) 



IS- 

■ 5 
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Table 6. Properties of Various Cross Sections— (coniintiecl) 


Section 


Moment of iner^andsectios modulus 


Radius of BjTation 



CorrsEJtei iSeetlroai 
paraboltttllyenrred 


where 

fti-14(ff+0 I I>i=M( 5+2.60 r~ 3^ 

I 4s«=K(B-2.e{) ^ “ Vt{2B-r52H) 

I H 


(Apprommato values of feoafntdins of g>Tation r) 



Colena 


r= 0.3636D 0.295Z> C/4.53 i)/3.54 C/6 


rife 

p T-3e*m 

Ifj A"*'* 

p=f 5’ 

CroM 

f- C/4.74 

C/5 

BC/2.6(C+C) 

C/4.r4 


Table 7. Moments of Inertia of Eectanples 

(Unit widths: height ^ h’, axis at middle of depth) 


h 

I 

h 

I 

h 

I 


1 

h 

1 

1 

0.03333 

13 

m.t 

25 

1302 

37 

4221 

49 

9.804 

2 

0.6367 

14 

223.7 

76 

1465 


4573 


10,420 

3 

2.250 

15 

281.3 

7/ 

1640 

39 

4943 

51 

11,050 

4 

5.333 

16 

341.3 

28 

1829 

40 

5333 

52 

11,720 

s 

10.42 

17 

4CS.4 

29 

2032 

41 

5743 

53 

12.410 

6 

18.00 

IK 




42 

6174 

54 

13.120 

7 

2S.58 

ly 




43 


55 

13,850 

6 

42.67 

iu 


32 


44 

7099 

56 

14,630 

<1 

60.75 

21 

771.8 

33 


45 



15,430 

10 

83.33 

77 

8S7.3 

34 


46 


58 

16.260 

II 

110.9 

23 







17,110 

12 

144.0 

24 

1152.0 

36 

3888 

48 

9216 

60 

18,000 


principal axes are arcs Tntli re^>ect to trliich tie moment of inertia is, respec- 
tively, a maximum and s mmimum, and for 'which the product of inertia is 
zero. For sj'mmetrical sections, axes of symmetrj’ are always principal axes. 
For unsymmetrical sections, like a lolled angle section (Fig. 26), the inclina- 
tion of the principal axis -with the X axis may be found from tiio formula 
'tan2fl = 2fs,/(rj — I:),iti'vrb.icli9 = ai^e of inclination of the principal cxia 
to theX'aris, I-y » the product of inertia of the section vrith respect .to the 
X and Y axes, ly = moment of inertia of the Bection -with respect to the Y axis, 
I- = moment of inertia of the section 'with respect to the X axis. VTien thia 
principal axis has been found, the other principal axis is at right angles 
to it. 
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Table 4. Approximate Safe loads in Pounds on Steel Beams 

. (Pencoyd It(m Works) , , . . 

jUiowaWe fiber stress for st«£4, JftOOO Jb per m in. (basis of taUc); for iron, reduce 
•values ^''en lu table by odmIsIiul Bwms supported at both ends. 

L = distance between supports, ft. « * interiot 

A = seotional area of beam, sq in. i “ interior depth, iiu 

D = depth of beam, in. w = total working load, net tons, 



Greatest Bitfe toad, pounds 

j Deflection, inches 

Shape of section | 

j 

Load in middle 

Load 

distributed 

iLoad in middle 

Load 

distributed 

Solid rectangle 

mAD 1 
. 1 1 

1780X0 

L 

wL» 

32X0’ 

tel* 

5240* 

Hollow rectangle... 

890(df)-o<i) 1 

1T8(KXO-(«0 

vL* 

' trl* 

h 

L 

32(XOJ-a<i’> 

^2[ADi-oii) 

Eolid cylinder ' 

C67AD 

L 

1333X0 

L 

U)i» 

24iO> 

ml* 

38X0* 

Hallow cylinder 

667{Al)-od) 

ia33{XO-«iX) 

wi* 

1 wl> 

L 

L 

24(XO»-ad=) 

38(XOi-jdi) 

Even-legged angle or^ 
tee 


■IniB 


wL* 

1 62AO* 


ISiUD ! 

3050X0 

vlA 

_irl* 


L 1 

L j 

' 53iO* 

^xio* 


1390X0 1 

J7COXO 1 

vl* 

vL* 


L ! 

L 1 

1 60iD» 

60X0* 

T VtBhm 

W95iO 1 

3390X0 

vL* 

uH 

1 

i 1 

_£ 1 

\ 6$ADi j 

! mo* 


Table 6. Coefficients for Correcting Values in Table 4 lor Various 
Methods of Support and of Loading 


CondiUons of loading 

Maximum relative 
safe load 

Masimum relative 
deflection under 
max relative 
eafeload 




Load uniformly distributed over span 

1,0 

I.D 

Load ooncentrated nt oecter of span 

H 

0.80 


f/4e 


Load increasing uniformly to one end 

0.974 

0.976 

load incressing uniformly to center 

H 

0.96 

Load deoioasing unifomily to center : 


1.D8 




Load uniformly distributed over span 

H 

2.40 




Load increasing uniformly io fixed end I 

1,92 

Beam CoNriNpoite cver Two Spitostb Eqoi- 
msTANT ?ROu Eme 

Load uniioTmly distributed ov« span; 



1. If distance o >0.207U. 

l«/4a» 


2. If distance o< Q. 20711 

I 

i l-4a 


3. If distanced = 0.207U,, 

5.81 


Two equal loads ooncentrated at ends 

l/4a 



l = length of beam; c ® distance from support to nearest concentrated load; o = dis- 
tance from support to end of beam. 
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Internal Moment bejrond the Elastic Limit 

Ordinarily, the expression ilf » fiZ/c is used for stresses above the elastic 
limit, in which case S becomes an experimental orefficient 5;?, the modulus 
of rupture, and the formula is empirical. The true relation is obtained by 
applying to the cross section a Bbeea-strwn diagram from a tension and 
compression teat, as in Fig. 25. Figure 28 shows the side of a beam of depth 
d under flexure beyond its elastic limit; line 1-1 shows the distorted cross 
section; Utlo 3-3, the usual teetilineat lelatioa of stress to strain; and line 
2-2, an actual stress-strain diagrmn, applied 
to the cross section of the beam, compression 
above and tension below. The neatrni oris 
is then below the gravity axis. The outer 
material may be expected to develop 
greater ultimate strength than in simple 
stress, on account of the reinforcing notion 
of material nearer the neutral axis that is 
not yet overstrained. This leads to an 
equadization ot stress over the cross sec* 
tion. Sr exceeds the ultimate strength Su 
in tensiou as fbilows: for cast iron, Sjt « 

2iSjfi for sandstone, Ss ■ 3Sif; for concrete, 

Sr “ 2.2iSAf; for wood (green), Sr = 2.3Sif. 

In the case of steel I beams, failure practically begins when the elastic 
limit in the compression flange is reached. 

On account of support of adjoining material, the elastic limit in flexure Sf is else 
greater than ia tension, depending upon the relation of breadth to depth of section. 
For the same breadth, the difference decreases with increase of height, No diilerenoe 
will occur in the case of an I beam, or with bard materials. BaiiBchinger quotes for 
soft steel pistes, 1.27; Consid^re, 1.37: Hatt, 1.5 (R, R, Gaz., 1890). 

Wide plates will not expand and contract fredy, and the value oi B will be increased 
on account of side constraint. As a consequence of lateral contraction of the Abets of 
the tension side of a beam and lateral swdling of fibers at the compression side, the 
cross section becomes distorted to a Irapezmdal shape, and the neutral axis is at the 
eg of the trapesoid. Strictly, this shape is one a curved perimeter, the radius 
being f/m, whereris the radius of the neutral Kne of the beam, and mis Poisson's ratio. 

Deflection of Boams 

Whea a beam is subjected lobending, riicfiberaqu, one side elongate, while 
the fibers on the other side shorten (Fig. 29). These ebangee in length 
cause the beam to deflect. All points on tfao beam except those directly 
over the support fall below their origmal podtioti, as shown by Fig. 25. 

The elastic curve ia the curve tskon by the neutral axis. The radius of 
curvature at any point is 

r = EI/M 

A beam bont to a circular curve of constant radius has a constant bending 
moment. 

Replacing r in the equation by its approximate geometrical value, 1/r = 
d^lidxy, tho fundamental equation from which the elastic curve of a bent 
beam can be developed and the deflection of any beam can be obtained is, 
M = EJ<Pyf{dx)* (approximate) 

This is a formula for stiSnesS of beams. 

Substituting the value of M, in twjne of x, and integrating once, gives the 
slope of the tangent to the elastic curve of the beam at point x, y; tan t = 
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bonsojitsl asb (Tahlo 9) is such a case. The secases must be haidied by the 
principles of oblique loading. 

Every section of a beam has two principal axes passing through the center 
of gravity, and these two axes are alw^s at right angles to each other. The 

Table 6. Properties of Various Cross Sections 

(I = Moment of inertia.; 1/e = section modolus; r = ■\/l/A = tadiua of gyration) 
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where C" is & new ccmstant = n/m. Other factors remaining the same, the 
deSection varies directly as the stress and inversely as E. If the span 
is constant, a shallow beam will submit to greater deformations than a deeper 
beam without exceoding a sate stress. If depth is constant, a beam of double 
span will attain a given deflection with only one-quarter the stress. Values 
of n, m, and C" arc as follows (for otiier values, see Table 2): 


load 

1 ^ 

m j 

! c" 


I 1 

3 

. Vi 

Uuform 

2 ' 

8 

H 




Ml 

Vniiorm 


3B4/5 

51j 


8 1 

192 


Umfonn 

12 1 

581 

hi 

Conc^UUed aV eenU: 

I 16/3 1 

768/2 

1 

Uniform i 

123/9 

185 

Hi 

UnifonnlyTOrying, ' 
roaxiiDtun at center | 


“ i 

1 He 


Cantilever 

Cantilever 

Simple 

Simple 

fixed ends 

Fixed ends 

One end fixed 
One end supported 
One end fixed 
One end supported 
Simple 


Graphical Relations 

Referring to Rig. 31. the shear V acting at any section is equal to the 
total load on the right of the section, or 

7 = jieix 

Since icdx Is the product of ip, a loading intensity (which is espiessed as a 
vertical height in the load diagram), by dx, no elementary length along the 
iorisonfal, evidently i«£r is tbo area of a small vertical strip of the load 
diagram. Then fwdx is the summation of all such vertical strips between 
two indefinite points. Thus, to obtain tho shear in any section mn, find the 
area of the load diagram up to that section, and draw a second diagram called 
tho shear diagram, any ordinate of which is proportional to the shear, or 
to the area in the load diagram to the right of mn, Since 7 “ dUf/da, 
/7dl a M 

By similar reasoning, a moment diagram may be drawn, such that tho 
ordinate at any point is proportional to the area of the ehear diagram to the 
right oi that point. Since M = 

fMdx = EIl(df/dx) -h Cl =. £I(i + 0 
if I is constant. Here C is a constant of integration. Thus t, tho elope or 
grade of the elastic curve at any point, is proportional to the area of tie 
moment diagram jMdx up to ^t point; and a slope diagram may be 
derived from the moment diagram in the same manner aa the moment 
diagram was derived from iihe shear diagram. 

If I is not constant, draw apew curve whose ordinates are M/I and use 
these M/I ordinates just as thi- if ordinates were used in the case where I 
was constant; that is, /{Jlf/I)etr. =B(i -hC). The ordinate at any point 
of the slope curve is thus proportional to tiic area of the Jf/I curve to the 
right of that point. Again, ance iE = Edf/dz, 

Sim * /Ed; = E(i -V O') 

and thus the ordinate f to the elastic curve at any point is proportional to the 
area of the slope diagram fids up to that point. The equilibrium polygon 
may be used in drawing the deflection curve directly from the M/I diagram. 
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Table G. Properties of Various Cross Sections— (coniinwed) 

I Moment of inertia I Section modulus I Radius of gyration 


d„ ( iD + d) 
Srali ( E - d) 


.... 


«=)4a(B Tf) approx, 

b 0.05(D*-4*) , , , ,, 

approx wlienj_i3 vciy small 


r=0.1098(R‘-H)- 

0.283R»r»(fi-f) 

R+r 

■O.Sfrj’, approx 


4 fJHRr+r’ | 
R+r 




— 5— ar854.'i .i.r^.ti.,s5i»=j 


xCS’-rt 
O.Sln (approx) 
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lion energy in the material of a.bew In a length x is dV, and 

U = }i]iPdx/EI = }iiMdi 

•where’ M 5b the moment at any point «, and di is the angle betTreen the 
tangents to the olaatio curve at the ends of ds. The values of resilisncp 
and deflection in special cases wn eatily developed from this equation. 

BoUiBg Iioads 

Rolling or moving loads are those loads which may change their position 
on a beam. Figure 33 represents a beam with two equal concentrated moving 
loads, such as two wheels on a crane grdcr, or the wheels of a truck on a 



Fio. 33. Fio. 34. 


bridge. Since the maximum moment occurs whore the shear is aero, ’it is 
evident from tho shear diagram that the maximum moment will occur under s 
wheel. X < a/2'. 


a=i.(i+f-:) 




a W 
’1~ I* 


M,i max when x = J^o, 
M\ max when x = %a. 


J i " IV 




Example, Two whoel lends of 3,000 lb 'each, 
spabedon SlteeateiB, TROTeonaepanotl = 1511, 

X = 1.25 ft, andfi; = 2,5001b. Momoit 6.25 X 2500 



Figure 34 shows the condition when two equal loads are equally distant on 
opposite sides of tho center. The moment is equal under the two loads. 

If the fwo moving loads are (tf unequal weight, the condition ior 
maximum moment .is that the maximum moment will occur, under tho 
heavy wheel, when the center of tho beam bisects the distance- between, the 


MOUSNfS OF INERTIA 


m 


Calling tho moments of inertia witii respect to the.pmclpal axes, lx' and 
ly\ the unit stress existing anywhere in the section at a point whose coordi- 
nates are x and y (Fig. 27) is 5 * (itfy cos a/h') -f {Mx sin, a/Ty ') , in which 
M '=' bending moment with, r^pect to the section in question, a = the .angle 
which the piano of bending moment or the piano of tho loads makes, with the 
y axis, ilf cos « - tho component of heading moment causing bending about 
the principal axis which has been designated as the X axis, M sin a '= the 
component of bending moment caus- 
ing bending about the principal axis 
which -has been designated as the 7 
axis. The sign of the two terms for 
unit stress may be detormined by 
inspection in the usual way, and the 
result will be 'tension or compresdon 
as determined by the algebraic sum 
of the two terms. 

In general, it may be stated that 
when the plane of the bonding 
moment coincides with one of the 
principal axes, then the other prindpal axis is the neutral axis. TMs is the 
otdiaaiy case, in which the ordinary formula for unit stress may be applied. 
When the plane of the bending moment does not coincide with one of the 
principal axes, then the above formula for oblique loading may be applied. 



Table 8. Moments o! Inertia of Circular Cross Sections 

I = uomcat of inertia about a diam d » TdVC4 
e » distance from outer fiber to neutral axis 
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9 also gives tie maximum bendii^ moment ■which will occur between 
supports, and in addition the poaiticni of this moment and the points of 
inflection (see Fig. 40). 


i 4 f ^ i 








/ag 


R 

"jlli 

'III A 





Fig. 39. 


Figure 40 shows the values of the functions for a uniformly loaded con- 
tinuous beam resting on three equal spans with four supports. 

Table 9. TTiiiformly Loaded Continuous Beams over Equal Spans* 
(Uoiform iosd per ooit length = v; length of each span = 1) 


*1 

a* 

c e 9 

Shear on each 
ride of sup- 
port. L»left, 
R ■ right 
Beaotion at 
any support is 
L-i-fl 

Moment 
over each 
support 

Maximtim 
moment in ! 
each span 

Distance to_ 
point of mas- 
mum moment, 
measured to 
right from 
support 

Distance to 
point of inflec- 
tion, moasured 
to right from 
support 

L 

1 ' 1 

2 

1 or 2 

0 ! 


" 

0.125 I 

0.500 

None 


I ^ 

n 1 

m 

■a 


■imi 



2 : 

<n ■ 

IB 

■■ 





1 

0 1 

Mo 

0 

0.080 

0.400 

0.800 


2 

iio • 

Ho 

Mo 

0.025 

D.5D0 

0.276, 0.724 


1 i 

0 . 


1 0 

0.0772 

0.593 

0.786 

5 

7 

‘Jis 

IM, 

Ms 

0.0564 i 

0.536 

0.266, 0.886 


i ; 


'Hs 

Ms 

0.0364 

0.464 

0.194, 0.734 


1 

0 

; 

0 

0.0779 

0.395 

0.789 

6 

2 


*9f8 1 


0.0332 

0.526 

0,268, 0.783 


3 

; 

ms ' 


0.0461 

0.500 

0.196, 0.804 


1 

a 


0 

0.0777 

0.394 

0,788 


2 

'Hoi 

»Mn4^ 

‘Ho4 

0.0540 

0.533 

0.268, 0.790 


3 

*Hoi 

«Mn4' 

«.4 

0.0455 

0.490 

0.195, 0,785 


4 

«Mo4 

mo4' 

Mo* 

0.0453 

0.510 

0.215, 0.604 


1 

0 : 

Mi4f 

0 

0.0778 

0.394 

0.789 


2 

««4a i 

^4? 

m4» 

0.0338 

0.528 

0,268, 0.788 


3 

i 


mia 

0.044D 

0.493 

0.195. 0.790 


4 

1 

VM45 

m« 

0.0405 

0.500 

0.215, 0.785 

Vt 

SPI 

iluea 
)ly to : 

wl 

u2 

td* 

»Zs 

1 

I 


* The numerieiil values giTen are coefficients of the expressions at the foot of each 
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Fio. 29. 


dn/dx = i: Mdx/EI. ■ Since t is uauiJIy Email, ian i = t, ospressed in radi- 
ans. A second integration gives the vertical deflection of any point of the 
elastic curve from its original position. 

Example. In the cantilever beam ^ovn in 29, the bending moment at any 
eection, = -P(l - s) = El’Pv/iix)*. Int^rate and determine constant by the con- 
dition that when * » 0, d\f/dx = 0. Then Blduldx = ~Plx + Integrate 

again, and deterinme constant by the eonditiem that when i = 0, j/ >* 0. Then Ely = 
+PxV6. This is the equation of 
the elastic curve. When i = 1, tf =/ = 

-Plt/SEI. . 

Deflection in general, /, mtQr be 
expressed by the equation/ -Pl^/n^J, . 
where m is a coefficient. See Tables 2 
and 4 for values of / for beams of 
yarious sections and loadings. For 
coefficients of deflection of standard 
structural steel shapes, see steel manu- 
facturers' handbook. 

Since I varies as the cube of the depth, the stiffness, or inverse deflection, 
of various beams varies, other factors remaining constant, inversely as the 
load, inversely as the cube of the span, and directiy as the cube of the depth. 
This deflection is due to bending, but is increased by that due to vertical 
shear, espooially in deep beams. For a rectangular beam with a center 
load ?, the deflection due to vertical shear is /' * Pl/iGA, where 0 is the 
modulus of rigidity and A the area of cross section. The shear is assumed 
to be uniformly distributed. If the shear 5, is distributed according to tho 
parabolic law, f » 3PI/IQQA. If the load is distributed, the deflection 
due to vertical shear is one-tbird that due to same load concentrated at the 
center. 

Usually, deflection due to shear is unimportant, but in case of I-beam 
girders, where tho vertical shear in the web is la^c, /' may become important. 
Here the deflection due to shear * PljiGA, when the shear due to P is con- 
adered to act entirely on the web of area A. 

Design of beams may bo fixed cither by consideration of strength or, 
if deformations must be low, by stiffness. Stiff- 
nesa is controlled by design or by material (B). 

When aload may pass by two paths to asup- 
port, the different paths take parts of the load in 
proportion to their stiffness. 

Example (Fig, 30). Two wooden Btrineere — one(X) 

S X 16 in. in cross section and 29 ft hi span, the other 
(B) 8 in. X 8 in. X 16 ft — carry the center load P% =, 

22,000 lb. Required, tho load carried by each stringer. 

The deflections, /, of the two stringers must be equal. 

Load on ri = Pi, and on B Pi. / = Jhh»/48S7i = 

Piy/mh. Then Pi/Pj = fi’Ii/W* = 4. - Pi 

+ Pi = 4Pi-|-p8, whence Ps « 22,000/5 « 4,400 lb 
end Pi = 4 X 4400 = 17 ,0CO lb. 



Fw. . 


Relation between Deflection pud Stress 
Combine the formula M = SI/c = Pl/n, where n is a constant, P = load, 
and I = speai, with formula / ^PPjmEIf where m is a constant. Then ' 

/ = C''5P/£c 
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deflection are 80 

g^ebyobtotei 

l^„.»...w-» 

„m .».«»«, vJ^" 

^noiMnW, «■■('''“ 

•'"‘•"^/J/u'd'-Bc'” 

I of m P»”‘ <’• <'*'■ 

“-"“Ss»"s?"‘^'“‘*" 

Tte»gl.<!b»‘*rf^fSedbyil., » ^°« 

diagiambetweenO as jjidBismtho ' [ 

SteUionoEthe^S F 1 I 

Bame vertical widB . 

tte moment area betrreeau 

to a beam, »d ** '“S® ''• ®* ‘ , t. 

tsrji*s,cr,»i»^";=^s 

tlat depend PP«» '«5i=l»gll.«fBP“' 3n»» 

nenttel™®*"™*^ n'AY-^ 

®“mW ® ttbe beam. I'M 
. ff the volume of tbe beam 

„heie i ie the ladi® ,■ . at a 

„1 B, tee Table 1. , no® the el®lie deforma- 

Xbe teeilien® of beaiffl »!^ISonml roBilien®. oe ™ 
portionaltotitb’'"'"'"®' 
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•rable 10. Beams of tliiiform Strength (in Bending)— (confinuci) 

3. Sotported at Both Ends, Load P CkiscEUTRATED at Point C 



Load P Momto Acbo^ Spas 








CONTINUOUS SEAMS 


46.7 


resultimt of tte loada and tie-heavy whed., 'Figure 35 shows this.posiiaon 

and the shear and moment diagrams. . 

When several wheel loads constituting a system occur, the several 
suspected wheels must be examined in turn to determine which will cause the 
greatest moment. The position for the greatest moment that can 
occur under a given wheel is, as stated, when the center oi the span bisects 
the distance between the wheel in question and the resultant oi all the loads 
then on the span. The position for maximum shear at the support 
will bo when one wheel ia paaaing off the span. 

Constrained Beams 


Constrained beams are those so held or “built in" at one or both ends 
that the tangent to the elastic curve remains fixed in diroction. These beams 
are held at the ends in such a manner os to 
allow free horizontal motion, as illuBtnited 
by Kg. 36. A constrained beam.'is stiffer 
than a simple beam of the same material, on 
account of-the modification of the moment 
by an end reasting moment. Figure '37 
shows the two most common cases of con- 



strained beams. See also Table 2. 


Tiq. 36. 


Fiq. 37. 


Continuous Beams 

A continuous beam is one resting upon several supports which may or 
may not be in the same horizon^ plane. T^e general discussion for beams 
holds ioT' cou'tihuovia beams.' S,A « V, SI/c = M, and d*//doc* = M/EI. 
The' shear at' any section is equal’ to the algehr^c sum of the components 
parallel to the section of all external forces on either side of the section, 

, a 








Fio. 36. 

The bending moment at any section is equal to the moment of all external 
forces on either side of the 'section. The relations stated above between 
shear and moment diagrams hold true lor ‘continuous beams. The bending 
moment at any soction-is equal to the' bending moment at any other section, 
plus the shear at that section times its'arm; plus'fhe product of all the inter- 
vening external forces times their respective arms. To illustrate (Fig. 38) • 

■ Mx = Pi(Ii -}• b l) -f P}(lj *|- ®) -j- ^ 33 : — ,'PlCs .+ C + 5 ) 

- P:{1 4 a:) - Patt ' 

Mx = M,-^V,x-P,a 

Table 16 gives the value of the moment at-tte various supports of a uni- 
formly 'loaded continuous beam over .equal spans, and it also gives the values 
of the shears on each side of the.stipports. Note that the shear is of opposite 
Sign on either side of the supports and that .the sum of the two shears is eaual 
to the reaction. 

■ Kguro 39 shows the relation betweoh'tiie moment and shear diagrams for a 
uniformly loaded continuous beam of four eq'ual spans (see Table '9), Table 




4/4 MECHANICS OF MATERIALS 

toust bearing plate be conadered a circular plate built ia at the inner 
edge and loaded with a uniformly distributed load. 

Let R — outside radius of plate, r = inside radius of plate. P = total 
load on plate, uniformly distributed dong an edge, lb. p = load per sq iiu of 
plate surface, lb. t = thickness of {date, in. E = modulus of elasticity, lb 




Tig. 48.— Values of K. 


Fxq. 49. — ^^‘alues of M, 


per sq in. S = maximum unit stress, lb per eq in., y x deflection of one edge 
of the plate with respect to the other, in. 

For a plate loaded along the edge, S * KPfi'', y - ilPR'/EP. 

For a plate uniformly loaded S ~ KpR-/l*; y = MpR^/EP. 

The vdues of K and il/ depend on the ratio ii/r and vary with the method 
of support of the two edges. 

Values of K and M arc pven in Figs. 48 and 49. The constants are to be 
applied as follows: 

Plate uniformly loaded 

K:, Mi, plate simply supporled at inner edge, free at outer edge. 

K-,, Mi, plate simply supported at outer ed^, free at inner edge. 

Ks, Mi, plate built in at inner edge, free at outer edge. 

^4, Mi, plate simply supported at outer edge, inner edge prevented from 
rotating. 

, Ki, Mi, plate built in at inner edge, outer edge prevented from rotating. 
Plate loaded along edge ' 

Ki, Ml, plate simply eupported at outer edge', free at inner edge. 

‘ ilfs, plate built in at inner edge, outer edge prevented from rotating. 
^ £i. Ml, plate built in at inner edge, outer edge free. 




CONTINUOUS BEAUS 
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Continuous beams are stronger and much stifler than simple 
beams. However, a small, unequal mibridence of piers will cause serious 
changes in sign and magnitude of the bending stresass, reactions, and shears. 



6KCAa 


Fig. 40. 

Maxwell’s Theorem. When a number of loads rest upon a beam, tho 
dofleotion at any point is equal to the sum of tho deflections at this point 
due to each of tho loads taken separately. Maxwell’s theorem states that 
if unitloads rest upon a beam at two points^ and.F, the deflection at A duo 
to the unit load at B equals tho deflection at B duo to the unit load at A. 

Castigliano’s theorem states that the deflection of the point oi appli^ 
cation of an external force acting on a beam is equal to tho partial derivative of 
the work of deformation with respect to this force. Thus, if P be tbo force, 
/ the deflection, and U tho work of deformation, which equals the resilience, 
dV/dP =/ 

According to the principle of least work, the deformation of any structuro 
takes place in such a manner that tbo wort of deformation is a minimum. 



Fig. 41. Fig. 42 . 


Beams of 'Oidlom Strength 

Beams of uniform strength so vary in section that the unit stress S remains 
constant, and J/c varies as M, For rectangular beams, of breadth b 
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9. Rectangular Plate Supported at the Periphery and Subjected 
to a Concentrated Load at the Center, (a and ^ = length and breadth; 
and hja — c.) With the assumption made in (S), 

K\ =* 1.75 to 2.00 for cast iron. For i =a, c = 1 (square plate), and 

iSmi, = 0.75i:i?/i2 5 S,. 

Deflection of Square Plates with Difierent Methods of Support. 
Deflection under uniformly disbibutcd load = / == ISb^pKilirH^E. Values 
of are as follows: 

Middle of 
Center unsupported 
of plate edge 

Kt Fi 

2 edges supported, 2 rigidly fixed.. 0.134 

S edges supported, 1 rigidly fixed 0.212 

4 edges supported, 0 rigidly fixed 0.310 

2 edges supported, 1 rigidly fixed \ 0 430 0 825 

3 edges supported. 1 net supported 0.602 0.915 

2 edges supported, 2 not supported 0.994 1.110 

Trapezoidal Plates. Calculations for these are made by assuming 
equivsdent rectangular plates. 

Plat Cylinder Heads with Flanged Edges (Fig. 51). 


Method of supporting plate 


p| J + Ki| 




t 


1 


in which R ■ radius of curvature of the flange and r » radius 
of head or attached cylinder, both in in.; p = internal pressure, 
in lb per sq in. 

For steel heads riveted to the cylinder .ffj = 0.6, and Kt « 

0.33 to 0.8S; for casMron heads integral with the cylinder, Ki ^ Rt ^ 0.8. 

Curved Plates with Openings (Bach and Pfleiderer). With a single 
flue (Figs. 52 and 53) riveted into the plate, the greatest stress due to bend- 




fc 








Fig. 54. 

ing will be found at the flanges, and 
a 0.46p- 
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Table W. Beams of Uniform Strength (In Bending)— (coniin«e5) 
2. Fkkd at Oks Enp, Load P lIimroBKi.T Distributed over I 




Eleration: 

Roctongle ZPl 


Itectangle: 

I width U) vft- 


I 1 1 riable. depth 
N"*' 1 (j») variable, 



3. Supported at Dots Ems, Load P Concewtbated at Poist C 





^ctaogle: 
width (h) con- 
Biaot. depth 
(v) voriable 

Elevation: 
Tvro paiabolaa, 

VtTtiM* Tl\ 

points of sup- 
port 

.Plan: 

Bcc tangle 

^ctaDcIe: 
wjdth (py va- 
riable, depth 
Xh) ooDataat 

Elevation: 

Boctanglo 

Plan; 

Two triangles, 
vertices,, at 
points of sup- 
port 
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USCSAHICS OF MATERIALS 


Table 11. Torsion of Shafts of Various Cross Sections 
(For strength and stiffness of shafts, sec pp. 493 and 794) 


Crojs section 

1 Torsional 

1 resisting 

1 mofflcnt 

M, 

Angular deflection, ai 
()engtheliiL,rfttiiusal in.) 

Work of toimon 
(F"Toluine) 

^ In terms of tor- 
Bonal moment 

In terms of max 
shear 

! 


ifs. 

Mi ^31 ^ 1 

Glp rd* Q 

-SiKlfiX 1 
^ G d 

iSi’mai 

(Note 1) 

1 


r Di-di - 

r6~^‘ 

32 Ml 
,(D*-d*) 0 

„ St max 1 
(7 J9 ! 

IFi’metb'-fd! 

4 (? Dt ^ 
(Note 2) 

rhA 

{h>b) 

16 hi+h* Ml 

T 6»A» G 

Sfinax ht+As 

G bh* 

15»*m8x6*-|-A*_ 
8 0 A’ 
(Note 3) 

T 

h 

i 

1 

Ch>6) 

,.6HA» Ml* 

• _ S»max6*+A* 
“■*“0 — wT' 

4S,«max6*+A» 

4b 0 A« ^ 
(NoU4) 

I 

.t 

{^t-J 

|l.s, 

-i4f 

St max I 

“—I 

8 iSi’max. 

45 (? 

(Note 6) 


20*^’ 




J 


6’ „ ! 
1.09 





• When A/6 = 1 2 4 8 

CocfScientS.Ghecomes = 3.56 3.50 3. 35 3.21 and 

Coefficient 0.8 bMomes = 0.79 0.78 0.74 0.71 

Notes.— 1. 8t„„ at wTCpmfmww. . 2. at wttt citeuaSemcs. 

3. at 4; S.j « lOAfi/rAA*. 4. at middle of side A; in middle of 6. Si = 
9ilfj/2bA’. 5. Sinmj at middle of ade. , . 

spBmas 

It is assumed in the foUo^ring fomolas that the springs aro in no case 
stressed beyond the elastic liniit (t.e., that they are perfectly clastic), and that 
they are subject to Hooke's lair. 
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tilever and 5/5^ in a simple beam. The dotted extensions in Figs. 41 and 42 
show the changes necessary to enable these cantilevers to resist shear. The 
waste in material and extra cost in fabricating, however, make many of the 
forms impractical, except for cast iron. 

Table 10 shows some of the ample sections of uniform Strength. In 
none of these, however, is shear thktai into account. 


STEBNGTH OF PLATES 

Notation. 

? = total load, lb. , 8, = safe stress, lb per sq in. 

p = load per unit area, lb per sq in. S == modulus of elasticity. 

i - thickness of plate, in. / = deflection, in. 

5inai = maximum stress, lb per sq m. Ki and Ki =» coefficients. 

The values of Ki and Ki arc dependent upon the method of support and upon 
the initial force required to give n tight joint (to prevent . 
leakage) before the load is applied. Cases 3 and 6 follow $ 

Grashof; the others, C. Bach. The formulas apply only : 
within the elastic limit. ' ' 

Flat Plates 

1. Circular Plate Subjected to Uniformly Distrib- 
uted Load. 

Sasi ® ^ S„ and f - Rif*p!l*E. 

For east iron, Ki « 0.8 {fixed edge) to 1.2 (freely sup- 
ported) ; Ki " 0.17 (fixed edge) to 0.60 (freely supported). 

For mild steel Ki = 0.60 (not < 0.45) with fixed edge to 
0.76 (not < 0.67) when freely supported. 

In Fig. 43, Stau is at edge. In Fig. 44, Satx is at center. 

If the fixed ends deflect sufficiently to make the center and 
ciicnmferential etiesses equal, Ki « 0.38, or not < 0.33. 

2. Circular Plate Loaded at the Center and Freely 
Supported at the Circumference (Kg. 45) ;P uniformly 
distributed over area wrg’’. 


TT \ 3 r^i 




For cast iron, K\ = 1.6; Kj = 0.4 to 0.5. 

3. Circular Plate Loaded as in (2) but Fixed at the 
Circumference (Fig. 46). 

„ 1.365?, r _ „ 



^ 0.6825 r»? 

/ — ^7rp=0-2 


,r*P 


Fig. 46. 

k-R->| , 


4. Circular Plates with Concentric Circular Holes 
(Fig. 47). FiQ-47. 

The following formulae are used by the ‘WoBtinghouso Electric & Mfg. Co. 
foT the calculation of the strength of flat drcular* plates with holes (Fig. 47), 
such as diaphragms, flanges, and Kingsbury thrust-bearing plates, where the 
thickness is not over 15 percent of the difference in inside and outside diam- 
eters and where the deflection is not over half the thickness. The Kingsbury 
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MECHANICS OF MATEniALS 


Tablo 12. Strength and Deflection of Single-leaf Flat Springs 


Plana and elevations 

General 

S, = eo.OOOjF = 30,000,000 

of springs 

1 ° 

1 ' 1 '' i • 

. i . 1 . 


LoadP applied at end of spring 


s, 

6 

5,* 


2 


20.0 

E 

5. 

65 


1000 

10,000 

iS. 

6 

5.* 


Sx ‘ 


20.0 


5. 



3 1000 

10,000 

ss. 

6 

0.335,* 

1 




SB 

5. 

65 

3 1000 


u.tu 

0.S7S, 

6 

0.705.* 

5 

1,75 


14.0 

E 

5. 

C5 

5 

1000 

10,000 

LOSS. 

6 

0.7255.* 

3 

2.18 


14.62 

E 

5. 


4 

1000 

10,000 

LoadP applied at center of spring 

S. 

iE 

± 

45. 

S.» 

65 

1 

2 

ly_L 

2^1000 

40,000 

20.0 

0,875. 

6 

0.705.* 

5 

7^ 1 

1 

14.0 

4F 

45. 

65 

8 

16 1000 

40,000 

5. 

6 

5.« 

2 



20.0 

SS 

45. 

65 

3 

s'^iooo 

40,000 

1.035, 


0.7255.* 

3 

0.54 

1 

14.52 

45 

45. 

65 

4 

1000 

40,000 

S, 


0.335.* 


1 1 

1 

C CC 

65 

45. 

65 


3^1000 

40,000 



5. Laminated Triangular Plate 
Spring (Fig. 61). If the triangular plate 
spring shown at I be cut into an even 
number ( =5 2n) of strips of equal width {in 
this case 8 strips of width 6/2), and th^ 
strips be combined, a laminated epringwill 
be formed whose carrying capatity will 
equal that of the origlaal uncut spring; or 
P = Iibh%/ei-, n = m/bh%. 

6. Laminated rectangular plate 
spring with leaf ends tapered in the form 
of a cubical parabola (Fig. 62) ; see (3) onfe. 



Fig. 61. 
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A plate which is "built in” is held rigidly and is subjected to both shewing 
force and bending moments. A plate which is “prevented from rotating” 
on an edge has zero slope in the radial direction at that edge but is permitted 
to move perpendicular to the plane of the plate; it is not subjected to shearing 
forces but only to bending moments. Joi example is the inner edges of a 
turbine diaphragm with a heavy hub and simply supported at the outer edge. 

Example. A diaphragm having a clamped inner edge is loaded with a total load, 
P, 5,8 lb uniformly distributed along the outer edge. 

. R =■ 1.12 in.; r = 0.5 in.; t = 0.017 in.; R/r » 2.25; ^ 30 X 10< lb per eq in. 

From Fig. 48, Ki = 0.9; from. Fig. 49, Af* = 0.12. 

The maidroum stress, • S « AjP/P = 0,9 X 5.8/(0.(517)i » 18,000 lb per sq in. ■ 
The maximum deflection, jj = Mipk*/Sl* •= 0.12 X 6.8 X (1.12)*/30 X 10* X (0.017)* 
r= 0.006 in. 

6. Elliptical Plato Subjected to a Unitormly Distributed Load p 
(see Figs. 43 and 44). 

Major axis = 2a\ minor axis = 26; ratio of axes = b/a = c. 


ip 


■ s, 


For cast iron, K\ « 0.67 (fixed) to 1.13 (freely supported). 

For mild steel, Ki » 0.42 (fixed) to 0.71 (freely supported). 

For.c » 1 (circle), iSbk = Kih^p/tK 

6. Elliptical Plate with Load? at the Center. Notation as in (5). 
_ _ 8 ^8+4c*+^ ^ 


For oast iron, K\ - lAQ (fixed) to 1.07 (freely supported). 

For c = 1 (circle), ^Smex = SAiP/irl*. 

7. Infinitely large plate subjected to a uniformly distributed 
load and supported at pointa distant o from each other (Fig. 

60). For each single square, 

Sb„ » 0.2276a5p/i» ^ B,. and / « 0.02$4fl‘p/l*F. 

8. Rectangular Plate Supported at the Periphery and 
Subjected to a tJaiformly Distributed Load, (a and b <= 
length and breadth of plate; b/a =» c.) For the calculation of 
stress along the diagonal, as in case (5) of an ellipse, 

, .,,(6/2)* 2p 

^ , 

When b = 0, c •= 1 (square i^ate), and Sma* 0.26Kia*p/i* ^ Si' 

For cast iron, = 0.75 (fixed) to 1.13 (freely supported). 

For mild steel, Ki ~ 0.48 (fixed) to 0.72 (freely supported). 

If the plat© is supported on two sides (5 = «), the coefficient of a*p/i* will 
be 0.50 (fixed) to 0.75 (freely supported). 

Noter In cases (6) and (8), values of Ki for mild steel are: for elliptical plates, 
0.43 to 0.55 (max = 0.86); rectangular plates, 0.56 to 0.75 (max => 1.13). The maxima, 
which correspond to values lor free support, are to be rarely used. The minimum value 
of Ki corresponds to the case where the momat at the center equals the moment at 
the support, JUmsi = pP/lO. 

Tests on rectangular cast-iron plates at Caw Sshool of Applied Science (1896- 
1897), with load applied at center, give the following values for, the breaking load IF. 
For plates supported at the edges, If ~ 276Sf*/(P + t*); for plates 'with fixed edges, 
IF ■= 4425(7(1* + 6*). The plates ^ted were 10.X 15 in., to l}i in. thick; modulus 
of rupture of the cast iron, 33,000 lb per sq in.' ' 


U.( M 

■■^-4rO 
I-0-— o 
1 0 0 o 




MECHANJCS OF MATERIALS 

epring = 1. See “Esperiments on Helical SpMgs,” by Benjamin and 
^ench, Trans. 23, p. 298. 

For heavy closely-coiled helical ^ings the usual formulas are inaccu- 
rate and result in stresses greatly in escess of those assumed. See Wahl, 
“Stresses in Heavy Closely-coiled Helical Springs,” Trans. A.S.M^., 1928. 
In cases 10 to 12 and 15 to 18, the quantity kis unity for lighter springs and 
has the stated values (supplied by "Wahl) for heavy 
closely coiled springs. 

10. Spiral Coiled Spring of Rectangular Cross f 
Section (Fig. 65). 

P = bh%/^Tk-, I=bhyi2; V^Pf/2^S,-V/6El--, ™ \f- 

f =ra= PIt^/EI = 12Plr5/BbhS = 2rlS,lhEk. Pio. 55 . 

For hea'\’y closely-coiled springs fc = (3c — 
l)/(3c — 3), where c =■ 2i?/h and R is the minimiim radius of curvature at 
the center of the spiral. 

11. Cylindrical Helical Spring of Circular Cross Section (Fig. 68). . 

P « x(P5./32rh; 7 = vd^/U; U » ?//2 = S,W/8Ek^i 

/ = ro * Pli^/SI = UPlPljEd* = 2rlS./dEk. 

For heavy closely-coiled springs, i = (4c - l)(4c - 4) where c - 2r/ii. 

12. Cylindrical Helical Spring of Rectangular Cross Section (Fig. 67) , 

P = bh%m; I = 6hVl2; U =P//2 = S,WWi 
/ = ro » Plr^/EI - 12Pli^/Ebhi « 2T}S,/hEk. 

For heaty closely-coiled springs, fc = {3c — l)/3c - 3), where c » 2r/h. 





\jmm 
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Springs Subjected to Torsion 

The statements made concenung coiled springs subjected to bending apply 
also to (13) and (14). 

13. Straight Bar Spring of Circular Cross Section (Fig. 68). 

P = xd2St,/i6r = O.I963(PS,/r; (7 = Pf/2 = S,’‘V/iG; 

f =ra ^ 32PlP/Td*G = 2HS,/dG. 

14. Straight Bar Spring of Rectai^rular Cross Section (Fig. 69). 

P = 2m,/9r; K “ i/A; V - Pf/2 = 4SfV(E' -h V/iSG 
(masimum when E = 1); 

f S.GPlPQr + = 0.8riS,(y + h«)/hh=(?. 

Springs Loaded Anally Bither in Tension or Compression 
' protfl. For springs 15 (0 IS, r = mean ndiug of coil; n = number of coils.] 

15. Cylindrical Helical Spring of Circular Cross Section (Eg. 70). 

P » xd=S,/16rfc « 0.1963(RS,/rfc; U = P//2 = SfY/iGit^i 

f « 64nf^P/d<C? = 4x7M^S,/dffli:. 
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With two flues (Figs. 64 and 55), 

' = 22p ~ ~ 


— 2c 4* 


5e» y 

/l -j-26/ 


In computing h (Fig. 63), assume a = 1.5 to 2t. 


TORSION 

Under torsion, a bar (Fig. 56) is twisted by a couplo of the value Ppr 
Elements of the surface become h^cea of angle d, and a radius rotates through 
an angle a in a length I, both d and a bcmg expressed in radians. = 
shearing unit stress at distance r 
from center; Ip = polar moment of 
inertia; G = shearing modulus of 
elasticity. It is assumed iJiat the 
cross sections remainplane surfaces. 

The strain on the cross section is 
wholly tangential, and is seroattbe 
center of the section. Id = ro. 

In the case of a circular cross 
section, the stress £, increases 
directly as the distanno of tho 
strained element from the center. 

Tho polar moment of inertia Ip for any seclion may he obtained from 7p ■ Ii + lii 
where Jt and 7a aro the rectangular moments of inertia of the acotion about any two 
lines at right angles to each other, through tho center of gravity, 

The external twisting moment Mi is balanced by the internal resisting’ 
moment. 

For strength, Mt = Stlp/r. 

For Btifiness, iU » aGlp/k 

The torsional resilience U = V^Ppa = « a'‘GIp/2L 

Tho stato of stress on an element taken from the surface of the shaft, as in 
Fig. 67, is pure shear. Pure tenaon exieta at right angles to one 45 deg 
helix and pure compression at right angles to the opposite helix. 

Reduced formulas for shafts of various sections are given in Table 11,. 




Fiq. 67. 


Failure under torsion in brittie materials is a tensile failure at right angles: 
to a helical element o( the surface. Plastic materials twist oS squarely. 
Fibrous materials separate in long stripe. 

Torsion of Non-circular Sections. "When a section is not circular, the- 
unit stress no longer varies directly as tho dktanco from the center, Cross- 
sections become warped, and the greatest unit stress usually occurs at a point 
on the perimeter of the cross-seclaon neoresf the axis of twist. There is no 
stress at the corners of square and rectangular sections, and the analyses, 
become complex. 



Table 13. Safe Working I.oaclB and I>eflectiona of Cylindrical Helical Steel Springs of Circular Cross 
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Notation: - 

P =.Safe load, lb. 5# = Safostress (due to bending), Ib 

/ = Deflection for a given load, P, in. pereqin. ^ 

I = Length of spring, in.' Sv ~ Safe shearing stress, lb per aq 

V ='Vol\iiae of spring, cu in. in, 

V ~ Be^ence, in.-lb. 

For values of E, see p. 418. Benjamin and Hofiman (in “Machine 
Design ") recommend the foIIoTiring values for G and B : For spring brass 
wire, Sp = 45,000 to 60,000; G = 6,000,000; E = 9,000,000. For spring steel, 
tempered, « 75,000 to 115,000; 6 = 12,000,000 to 16,000,000: F = 
30.000,000. 

The work in inch-pounds performed in deflecting a spring from 0 to / 
(spring duty) is 17 = P//2 * SPV/OE. This is based upon the assumption 
that the deflection is proportional to the load. (7 is ft constant dependent 
upon the shape of the springs. 

The time of vibration. T (in seconds) of a spring (weight not considered) 
is equal to that of a simple dreuiar pend^um whose length 4 equals the d eflec- 
tion / (in ft) that is produced in the spring by the load P. IT = vy/klo, 
where g - acceleration of gravity in It pet sec.* 

Springs Subjected to Bending 
(See flrst case in Table 2, p. 451} 

1. Rectangular Plate Spring (Fig. 58). 

P » WSJGl, 1 a 6fcVl2; 17 =P//2 = 75;/18F; 

• / -PIV35/ - « 2P5./3W?. 

S. Triangular Plate Spring (Fig. 59). The elastic curve is a circular arc. 

? = hh%m I = bhyi2; V » S»-F/6F; 

/ -P1V2SI * myih^E = P5,/AE. 

3. Rectangular plate spring vvitb. end tapered in the form of a cubical 
parabola (Fig. 60). The elastic curve is a circular arc. P, J, and / same os 
kjr triangular plate spring (Fig. 59). V » P//2 = F/F/9F. 



Fio. 68. Fra. 69. Fra. 60. 


The strength and deflection of sii^le-leaf fiat springs of various forms 
are given (R. A. Bruce, Am. AfocA., July 19, 1900) by the formulas h ~ aP/f 
and h - cFl/li®. The volume of the spring is given by 7 = «lbh. The values 
of the constants a and c and iho redlience in inch-pounds per cubic inch are 
given in Table 12, both in terms of the safe stress 5, and for stated specific 
values of 5, and E. Values of t are ^ven also. 

4, Compound (Leaf or Laminated) Springs. If several springs of 
rectangular section are combined, the resulting compound spring should 
(I)_foim a beam of uniform strengfiithat ^) does not open between the joints 
while bending (f.e., elastic curve must a circular arc). Only tbe type 
immediately following meets both requirements, the others meeting only the 
second requirement, ' , , ' 
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7. Laminated Trapezoidal Plate Spring with Leaf ISnds Tapered. 
(Fig. 63.) Tiie ends of the leaves are trapezoid^ in form and are tapered 
according to the formula 
3/7 


= h/l 4- 




8. Semielliptic Springs (for locomotives, % “ * j|j 
horse-drawn and automobile trucks, etc.). p_iJi 
Uehiring to Fig. 64, the load 2P pb) acting on the | 
spring center band produces a temsional stress 
P/cos a in each of the indined shackle links. 



i .1, 

* 




M\ 


Fig. 63. 


horizontal force P tan a, which together produce 
a bending moment M =P{1 +ptana). 
equations even in (1), (2), and (3) apply to 
curved as well as straight springa. The beating 
force =2P = (2nhhV6)[5,/P +ptana)],andthe 
deflection = {<ol^/nW)P{t 4-ptaaa)/£ ‘ 

PSJhE. 

In addition to the bending moment, the leaves 
are subjected to the tonsional force 
P tan a and the transverse force P, 
which produce in the upper leaf an addi* 
tional stress iS Bptana/hh,aswellasa 
shearing stress to be calculated accord* 
ing to p. 466. 

In determining the number of leaves 
n in a given spring, allowance should he 
made for an excess load on the spring 

caused by the vibration. This is usu* _ ^ 

ally made by decreasing the allowable [H 

stress about 16 percent. ^ f' 

The foregoing does not take account I^q. 64. 

of initial stresses caused by the band. 

For more detailed information, see “The Design of Automobile Springs,” by 
E. E. Morrison, Machinery, Jan., 1910. 

9. Elliptic Springs. Safe loadPUb) “ n6h*5»/6i, where I = distance 
between bolt eyes (less H length of center hand, where used) ; defleotion/ (in.) 
= m,K!kE, where 



r being the number of fulWength leaves ^ total number (n) of leaves in 
the spring. All dimensions in inches. For semielliptic spriugs, the deflec- 
tion is only half as great. Safe load = nbh*SjZl. (J. B. Peddle, Am. Mach., 
Apr. 17, 1913.) 

Coiled Springa, In these, the load is applied as a couple Pr which turns 
the spring while winding or holds it in place when woimd up. If the spindle 
is not to be subjected to bending moment, P must be replaced by two equal 
and opposite forces (P/2) acting at the drcumfcrcnce of a circle of radius r. 
The formulas are the same in both casM. The springs are assumed to be 
fixed at one end and^ree at the other. The bending moment acting on the 
section of least resistance is Pr. The length of the straightened 



MECBANICS OP MATBUIALS 


If, as in certain classes of maaoniy construction, the material cannot 
withstand tensile stress and thus no tension can occur, the center of 
moments (Fig. 75) is taken at the center of stress. For a rectangular 
section, P acta at distance k from the nearest edge. Length under com- 
pression = 3k, and iSm = }iP/hk. For a circular section, Sm = [0.372 
0.056(fc/r)]P//:-\/^i where r = radius and k = distance of P from oircum- 
Table 14. Values of the Batio z/r (Fig. 76) 



Table 15. Values of the Ratio Sm.ix/S«TK 
(Note. In determining S average, use load P divided by total area of eroBS section} 
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For heavy closely-coiled springs, fe = [(4c - l)/(4c,- 4)] + 0.615/c, where 

= 2r/d. 

16. Oylinaiical Helical Bpitog o{ Keotangular Cross Section (Kg. 71) . 
P = 2V‘hS,/trh-,K=bm U =P//2 »4S,'T'(JP +l)/46W(>ncri- 
nium when K = 1)', 

f = 7.27mr3p(6* + + h^)/i>h^Gk. 

For heavy closely-coiled springs, i = [(4c - I)/(4c - 4)1 + 0.616/c, where 



17. Conical Helical Spring o£ Circular Cross Section (Fig. 72). 

[ = length of developed spring; d ® diameter of wire; r * masimum 
moan radius of coil. 

? « M/K^rh = O.I963d»5,/rfe; V •Pf!1 « 

f -a l^T^lP/Td^G » 16nj4P/d^ = rlS^/dGk = tni^SJdGk. 

For heavy closely-coilcd springs, & » ((4c - l)/(4c - 4)] •}■ 0.616/c, where 
C - 2r/d. . 

18. Conical Helical Spring of Bectangulax Cross Section (Fig. 73). 

K ^i/hiP -26W9r*1 K =?//2 =25/F(iP + l)/45(?A*(maxi-' 
mum when JT * I); 

/ = l.SrifPfb* -H l.WP(63 -}- h^/hm^ 

» 0.4rfS,(f>* 4- K^/bh^k = + ft-) /bim. 

For heavy closely-coiled springs, k = [(4c — l)/(4c — 4)1 + 0.616/c, where 
« = 2r/6. 

19. Truncated Conical Springs (Types 17 and 18). The formulas 
under (17) and (18) apply for truncated springs. In calculating deflection /, 
however, it is necessary to substitute (n* +J^ for r*, and irn(ri -1- rs) for 
irnr, ti and rs being respectively the greatest and least mean radii of the coils- 

Note. The preceding formulas for various forma of coiled springs are sufficiently 
accurate when the cross section dimenrions arc small in comparison with the radius of tho 
coil,- and for small pitch. Springs (15) to (19) are for either tension or compression. 

Safe working loads, and deflections of cylindrical helical springs 
of round steel wire in tension or compreesion are given in Table .13. The 
table is baaed on the formulas &V6n in (15) ante. (i-= diameter of steel, in.; 
D = pitch diameter (center to center of wire), in.; P = safe working load 
for given unit stress, lb; / = deflection of 1 coil for safe working load, in. 

Thetableisbasedonthevalueaofunitstressindicated.andff = 12,600,000. , 
For any other value of unit stress, divide the tabular value by the unit stress 
used in the table and multiply by the unit stress to bo used in. the design. 
For any other value of G, mrdtiply the value of / in the table by 12,600,000 
and divide by the value of G chosen. For square steel, multiply values of? 
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critical load at -^rhich equilibrium no longer obtains. The ratio of length to 
radius of gyration, or slenderness ratio, at 'nrhich a column begins to tail by 
buckling, is between 100 and 120. Such columns are computed by Euler’s 
formula. Few structural columns fail as long columns. 

Short columns with values of 1/r less tlian 100 begin to fail when the 
combination of direct stress and bendii^ stress reaches the yield point of 
the material. The actual failure is dependent upon the homogeneity of the 
material, the straightness of the column, and the ceeentricity of loading, all of 
which control bending stresses. Failure of built>up columns begins with a 
local crippling at some part of the column. Such elements are not susceptible 
of cdculation, and short columns of this kind are to be computed by empirical 
formulas which are, however, modeled on rationally derived forms. 

Failure of columns also depends upon the condition of their ends, 
as shown in Fig. 78: (o) Free-ended column, as a mast with a terminal load; 
(i) round-ended, as a spherical bearing; (c) fized-ended, when rigidly con- 



Fio. 78. 


nected to a rigid support; (d) square-ended, when a square^ended column 
abuts upon a support; and (e) a combination of rounded and dzed ends as 
a pin, The theoretical curves of flexure are shown by dotted lines. Col- 
umns of types (c), (d), and (e) are common. Ideal conditions are only 
obtained practically in free-ended columns. Structural columns have various 
degrees of freedom. The elements controlling the strength of columns are 
so indeterminate that refined onolyris is misapplied. 

Long Columns 

Notation. A - A rea of cross section; P >eIoad;f =Iength: r * radius 
of gyration = ■y/T/A; f =» deflection; / = rectangular moment of inertia; 
jS = unit axial stress. 

Euler’s Formula. A perfect or ideal column with a straight axis, of 
uniform material, aud loaded in the direction of its axis, would fail in direct 
compression like a short block. On account of imperfections, a sudden 
lateral deflection will occxir under some critical load on a long column, which 
will then be no longer in equilibrium. The critical load, acting with a 
continually increasing leverage, will continue to bend the column until it 
fails by buckling. This critical load, P, for rounded ends, is given by Euler's 
formula (published in 1759) as follows: 

P=>v*EI/l> 

The assumptions made in deriving this formula are: (1) that the shortening 
of the column may be neglected; (2) that the bent length of arc is equal to the 
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iSECHANICS OF MATERIALS 


be the allowable unit atresa for designing, and should be the ultimate com- 
pressive strength where ultimate load is required. 

Table 17. Values of tho Coefficieat K in EanMne’s Formula 


Both ends 
fi«d 

Fixed and 
rounded 

Both ends 
rounded 

1/3000 

1/5000 

1/36000 

1/25000 

1.95/3000 

1.95/5000 

1.95/36000 

1.95/25000 

4/3000 

4/5000 

4/36000 

4/25000 


Tetmajer’s experiments on round-ended columns iZ.V.d.I., 1896, p. 
1404) show that K varies with the material of the column and with the 
value ofl/r. For wrought iron, iT varied from 0.000448 to 0.000136; for steel, 
from 0.000370 to 0.000130. Tetmajer’s recommended values for JT are as 
follow’s; 


Castiron 20-150 0.00070 

. Wrought iron 20-250 0.00016 

Soft steel 20-250 0.00014 

Wood 20-200 0,00023 

Tetmajer’s formula for ultimate loads on round-ended columns is 
S -ail/T) -l-b((/r)*l 

Table IS. Values for Tetmajer’s Formula for Short Columns 



Straight-line Formula for Columns. Plotted results of teste yield a 
straight-line relation between the load at failure and the slenderness ratio l/r, 
T. H. Johnson's formula isP/A = S — C(f/r). where S is the unit strength of 
a very short column, and C is a constant obtained by drawing the straight line 
I tangent to a curve representing Euler's formula at a point where l/r = 150. 
The values recommended for use in this formula are given in Table 19. For 
designing, S and C should be divided by a proper factor of safety. 

Table 19. Constants for Johnson’s Straight-line Column Formula 
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by 1.06, and . values oi / by 0.75. For brass, take S, » 10,000 tO' 20,000, 
and multiply values of / by 2 (Howe). 

When designing a spring for continuous work, as a car spring, a low unit 
stress should be chosen; for intermittent working a higher value may be used. 

Examples of Use of Table 13. (1) Heqnired the sale load (P) lor a epring ot ^ in. 
round steel- with a pitch diameter {2>) of in. In the Ibe headed D, under 3^, is 
given the value of?, or 6781b. This ie for a unit strew of 115,000 lb persq in. The 
load, P, for any other unit streaa may bo found by dividing the 678 by 116,000 and 
mdtiplying by the unit etiess to be used in the design. To deteimine tbe number of 
coils, this spring would need to oompreas (say) 6 in. under a load of (say) 678 Ib, take the 
value of / under 678, or 0.038, which ia the deflection of one coil under tbe given load. 
Therefore 6/0.938 ■= C.4, aay 7, equals the number of coils required. The spring will 
therefore be in, long when dosed (7 X fi)f counting the working coils only, and 
must be 8^ in. long when unloaded. Aether there is an extra coil at one end which 
does not dcBect will depend upon the details of the particular design. The deflection 
in the above example is for a unit stress of 115,000 lb per eq in. The rule is, divide 
the deflection by 115,000 and multiply by the unit stress to be used in the design. 

(2) A ^4 in. steel spring of 3H hr. outside diameter hos'iU coils in dose contact. 
How much can it be extended without acceding the limit of safety? The maximum 
safe load for this spring is found to be 1074 Ib and tbe deflection ofione coil under this 
load ia 0.810 in. This is for a unit stress of 115,000 lb per sq in. Therefore 0.810 is the 
greatest admissible opening between any two coils. In this way, it is possible to asoer- 
tain whether or not a spring is overloaded, without knowledge o! the load carried, ' 

ECCENTRIC LOADS 

When short blocks are loaded eccentrically in compression or in ten> 
slon, i.e., not through, the center of gravity (cgK a combination of axial 
and bending stress results. 

The maximum unit stress 
8m is the algebraic sum of 
these two unit stresses. 

In Fig. 74 a load P acts 
in a line of symmetry at the 
distance e from eg; r s 
radius of gyration. The 
unit stresses are (1) Se, due 
to P, as it it acted through 
eg, and (2) Si, due to the 
bending moment of P 
acting with a leverage of e 
about eg. Thus imit stress 
S at any point y is 

S = S, ± Sb 
= (P/A) + Pey/I 
= fi((l ± « 2 //r*). 
y is positive for points on 
thBBameBideoicgasP.andnegativeontheoppoBitoBide. Forarectangular 
cross section of width h, the mmdmum stress fin, =,5a(l •+ 6e/b). When? 
is outside the middle third of width b and is a compressivo load, tensile stresses 
occur. 

For a circular cross section o! diameter i, Sm ='Se(l + 8e/d). The 
stress due to the weight of the solid ■mil modify these relations. . • 

Kote_. In these fomulaa « is mesaured from'tiie gravity axis', and gives tension 
when e « greater than H the width (measured in the same direction as e), for rectangular 
secUcuB; and when greater than H the ^buneter for solid circular sections. 
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MECSASICS OF ITATEBIALS 


i£t. S = 2<£yll = SPZ/rd*, aad & = 163fj/x<i* for a circular, sliaft. S and 
5, combine (Hg. 81) to prod«ice internal normal {Sr) and tangential (Sj) unit 
fitresses on an interior plane (seep. 443). In Jig. SI, Sn, and 5{ raiy Trith the 
angle d. S- is a maximum 'when cot 2d = —5/25-, and 5- is a mammum 
when tan 2d = t'S/ 2S;. The mazimum apparent 
stresses are: 

S, = MS ± Vs,’ + 6i5)= s, = Vs,= + (KS)= 

These formulas also apply to any case of normal 
stress combined Trith ^ear, as tchen aboltis under 
tension and shear, or when the material of a beam is 
under tension (or compression) and shear. TVhenSis Fig. SI. 
tension, use (-r) sign in order to find the m.-i-riTnum 
tensile stress Sr, and use (— ) rign to find the maximum compressive stress Sr. 
For strength under combined stresses, sec p. 443. 



Combined Torsion and Longitudinal Force 
A common case is the shaft of a vertical turbine, The lonptndiflal force 
is then compression. If TF be the weight carried on the shaft in pounds, 
d the shaft diameter in inches. E the horsepower transmitted, and n the 
tpm, 

. 2W , ./321,OOOSK*- , iW' ^ .1321,0005^* , 4TP 

+ V n’d> +557 V— nM. 


Combined Flexure and Longitudinal Force 
Figure 82 shows a bar under fleiure due to transverse and lonptudinal loads. 
The maximum fiber stress S (Fig. 82) is made up of 5s, due to the direct 
action of load ?, and $i, due to the entire 
bending moment df. Af is the algebraic 
eum of two bending moments, .Vi due to 
longitudinal load (*f for compresacn 
and — for tension), and Afi due to trans- 
verse load. Af = dfs i ill. Here 
Afi =?/and/ = C5jfV^c. 

For tfie Cate of Longiludirud Compra- 
tion. Sil/c = Af: + CPSii‘/Ec,oiSi = .lfsc/(I - 
stress is 5 = ” 



Fig. 82. 


-CFl-fE). Themaximum 
= 5} -{■ & compresaon. The constant C for the case of Fig. 82 is 
derived from the cquationsPi/4 =5iJ/cand/ =Pl*/^EI. Solvingfor/;/ = 
KsSjlV^c, or C s® Hs- For a beam supported at the ends and unifonnly 
loaded, C » Other cases can be rimilarly calculated. 

For the Cate of LoTigiiadinal Temiim, M = Us — Pf, and 5j = Afte/(I + 
CPl'/Kj. The maximum stress is 5 » 5i -f 5a, tension. 

A common method for computing stresses on eccentrically loaded 
columns consists in adding to the uniform stress, P/A, the additional 
stresses due to column action, (P/A)(S1V>^), as pven by Ranlane’s formula, 
p. 491, and that due to eccentridfy, (P/A)(q//r*), Thus, 

Total stress “ ^ ^ when 5i = j -b = stress due to 

flexure, and 5( = ^ = stress due to longtudinal load. 



COLVMilS 


fercQce. For a circular ring, 5 = average compressive stress on cross- 
sectioa produced by P\ e = eccentricity of P; s « length of diameter under 
compression (Fig. 76). Values of z/r and of the ratio of to average S 
are given in Tables 14 and 15. / ' i 

Chimney Iroblem. 'Waghl o! 
cliimney = 563,000 lb; e ■= 1.56 ft; outside i 

diamofchimney = 10ft8iii.;iBadediam= j — ^ f /sTa^S„„._ 

6 ft 6)^ in. Overturning moment = Pe =» ( -H "T:Sm'~ ' 

878,000 ft-lb, n/r-=0.a. e/r =» 0.29. l \ 

This gives (:/r) > 2. Therefore, the entire | \ 

areaof tbebaseisundercompresaon. Area t U—z— *| 

under compression = 65.8 eq ft; / *■ 516; c b—j--* ' 

5 = (563,000/55.8) ± (878.000 X 5.33)/54G | 

= 18,700 (msi) and 1.500 (roin) lb tom- « U — 2 — ^ 

pression per aq ft. From Table 15, by 'i 1 1 x 1 

interpolation, SmM/Stve = 1>86 “ iH.tttkit' In 1 ®m«. ' 

(563,000/55.8) X 1.85 = I8,6851bpct6qlt. I ! j 

The kern is the area around tiio | 

center of gravity of a cross section j-jq. 75 . Fiq. 76. 

■within ■whi<!h any load applied will pro- 
duce stress of only one sign throu^outthc entire cross-section. Outside the 
kern, a load produces stresses of different dgn. Figure 77 shows ketna 
(shaded) for various sections. 

For a circular ring, the radius of the kern r « Z)[l + (d/i?)*]/S. 

For a hollow square (H and h = lengths of outer and inner sides), the 



(a) H — 'b'“d }«— 

(b) (c) 

Bo. 77. 

kern is a square similar to Fig. 77(a), where j* ’ 

For a hollow octagon [Po and Ri => radii of circles 
circumscribing the outer and inora mdes; thickness of 
tvall = 0.9239{Po - St)], the kem is an oct^n similar to Fig. 77(c), where 
0.22565 becomes 0.2256Ra[l -i- {Ri/^Y]. 

COLXJMNS 

A column diners from a tendon bar in •that miy non-uniform yielding in the 
cross section brings about further yidding. This non'-uniform yielding is 
not serious in short blocks, but is serious in columns, 

Columns are divided for analy^ into long columns and short columns, 
in both of which initial inequahties introduce serious bending. 

Long columns fail by f^ckling at a load less than the elastic limit of tbs 
material. Buckling is the sudden collar of a long, column at or above the 
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perpendicular to j 15, ^licEjy'is the modified -widtii. Similarly, 

KE becomes E'E'. The new area A' is evaluated with a planimeier. 

Tai;des op A'. E-ectengle = h, width = b): A' = bti[l + 

(h/T’)Vl2 + (h/r)VS0 + •■■•]. Circle (radius = R): A' » 2Tr[r - 
•\/r5 - £=1. Any section: A' = S^l - (y/r) + (B-/r=) - (t/’M + {y*M) - 
etc.] dA}. Symmetrical sections: A' = A + (J/r-) -}• (l/H)S(y^da) + etc., 
where I is the moment of inertia of the sec- 


tion about the avis from whichyis measured. 

Example— Stress in Hoola (Fig. 85). The 
eenlralhorixontalsection ABisatrape*dd;areft= 
9,855 sq in. Radius of eumtuie r = 2.5 + 
1.843 = 4.343 in. EecenWdty of load = 4.3^ 
in. A' = 10.673 sq in. j/ = 0.33 in. Jf = 
20,000 X 4.343. Substituting in the ftbore equa- 
tions, 

„ 20,000 X 4.343 /4.343 10.673\ 

‘ “ 4.343 X 0,818 V 2.5 9.855 ) 

20,000 

" 17,700 lb per sq in. tendon. 

20,000 X 4.343 / iO.673 i^\ _ 

“■ 4.343 K 0,818 V 9.855 ~ 1 ) 

20,000 

—■■-7 = 0120 lb pet sq in. comptession. 

PioOO 

By the oidinen’ theory (p. 4G0). tension at B •• 
12,700 lb per sq in., and comprossioo at A > 
13|380lb per sq in. 


Crane Hooks. Esperiments by Rautenstrauch [Am. Meek, Oct. 7, 
1909) yield the results ^ven in Table 21. They show that the capacity of a 
hook calculated according to the ordinary theory is in cscess of its real 
strength. See also p. 99S. 


Table 21. Elastic Limit of Crane Hooks 


A « area, aq in.^ / » momwit of inertia.^ I * distance from load line to gravity 
axis, in. y *> distance from inner fiber to granty axis, in. 
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length of thevertical projeotionj and (3) fiat shearing forces maybe neglectedi 
To take acconiit of end conditiona, ESvdcr’s formula includes a coefficient «. 

Table 16. Stiength ol Hound-ended Columns According to Eulor’a 
Formula 

P = allowable load, lb. I ■= leneth of column, in. h =■ Bmalleat dimension of a 
rectangular aeotion, in. d *= diameter ol a circular section, m. r «= least ramus .oi 
gyration of section. 




Material 

Cast 

iron 

1 

Wrought 

iron 

Low- 

earbon 

Steel 

Medium- 

carbon 

Bteel 

Ultimate compreBsive strength, . . . 


53,400 

62,600 

39,000 

Alldwahle eompreauve Btreie, . . ■ 

7,100 

14,200,1)00 

15,400 

17,000 

20,000 


26,41)0,000 

5 

30,600,000 

31,300,000 • 


Bmalleat I allowable at worst . . . 

Pii 


Pl‘ 

Pli 


■KiinH 






59,4 

Rectangle (r ■> >• 

14.4 

17.5 

15.2 

17.2 

14.9 

16.0 

13.9 

OtouIbt ring oi smalUhioknesa. 

17.6 

21.4 

2I.I 

19.7 



Valuesofnrbothendsrounded.n « libothendsdxed.n 4; one rounded, 
one fixed, n » 2; one end fixed, one end free n ^ These values arc thoo- 
letioai. Esperimeute by Kitsch (Z.V.dJ., 1905, p. 907) show that when 
l/r " 100 the relation of the first three coefficients, instead of beinel:4:2, is 
1:1.13:1.05, and when Ifr - 200, it is 1:3.0:1.78 in the case of wrought-iron 
bars 20 mm (0.79 in.) tWek- • • 

Euler'g formula is proved to tie reliable for long columns that fail by, buck- 
ling within the elastic limit hy Tetmajer’s expeTiments (2.y.d.r., 1898, p. 
1404) . The value of the ratio (f/r) at which failure of round-ended columns 
by buckling occurred was as follows: wrought iron, 

112; soft steel, 105; medium steel, 90; cast iron, 80; 
wood, 100. Table 16, for columns with rounded 
ends (n '« 1), is based on the Euler formula. UA 

Short Columns 

Rankine’s formula applies to short columns, 
which fail under the stress St (Fig. 79)', this s^ess 
being the sum of (1) the stress St, a uniform cotn- 
pression due to P actiug'aa ml axial load, and (3) Ss 
in the outer fiber due to moment W of P acting with 
a lever arm / around the gravity axis of the sec- 
tion. = P/A and Sb ^Pfe/Ar^] P = 

iScA/[l + ifcM)], where r is the radius of gyration 
and c the distance from the outer fiber to the gravity 
axis. Here / is unknown and is roidaced.hy KPje, giving Ronkine’s formula 

'' i . 

This U largely used in de^gn. Valnw id K have been derived experimen- 
tally, and those recommended by Merriman'ara given in Table 17.' Rankine's 
formula is. to be used for-values of l/r » 20 to l20, -The value-of St should 
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PIPE UNB FLEXURE STRESSES 


arch theory: As = —KlMydi/BI, Aj/ = KjMxds/EI, and A5 = KfMds/EI 
where the constant K is introduced to correct for the increased flexibili^ 
of a curved pipe, and where the integration is over the entire length of pipe 
between supports. In Table 1 are ^ven equations derived by this method 
for moment and thrust at one reaction point for pipes in one plane that are 
fully fixed, hinged at both ends, hinged at one end and fixed at the other, or 
partly fixed. If the reactions at one end of the pipe are known, the moment 
distribution in the entire pipe then can be obtained by simple statics. 

Since an initially curved pipe is more flexible than indicated by its moment 
of inertia, the constant K is introduced. Its v^ue may be taken from Fig. 8, 
or computed from the equation ©ven on page 490. X = 1 for all straight 
pipe sections since they ad according to the simple flexure theory. 


Table 1. General Equations for Pipe Lines in One Plane 

SymmetricBl 

Ua^mmelticikl about ^axis 

Both ends fully fired; ' 


„ _ ElartCP - AB) 4- gfAtffBF - MI) 

" “ 2A£F + CGS - B'-H - - Cf* 

_ _ BltsiClI - -f BI&viBH - if) 
' " 2ABF + CGH - ^AM}-CF* 
„ EIMBn-AF)^BIiy{QH-Pf) 
* " 2ABF + COE - -A*Q-CFt 
AS - 0 

Both ends hinged: 

Afo»0 

ETAaO + ElAi/D 

“ ca- 




iifo-O 

- EI&x 


F p n 

^ CO- ’ 

HxiAB — CP) + &y(AQ — BF) | — toF 

CG-B’ 0 

Origin end only hinged, other end (ally fired 
Afo “ 0 


SfAiC + ElAyB 
ca-Et 


P a + EliiyG 
" “ CG - S* 

_ Ax(AB - CF) + Av(AO - BF) 

CG - B> 

In general (or any specific rotation &$ and movement Ar and Ay: 

^ EIAxiCF -AB)+ BlAyjBF - AS) + ElAtjCG - 

* ” 2ABF + CGH -A^-CF*-B^a 

„ _ ElAxCGH - A*) + EIAyiBH ~AF)-{- BlA9{.CF - AB) 

* ° 2ABF + CGE -AV-CF*- B»H 

p _ ElAxjBS - AF) + ElAvm - £9 + - AG) 

’ “ 2ABF + CGH - 4*0 - CfW - B*H 

In Fig. 3 are given the flexure constants JT, a, fl, and y for initially curved 
pipes as functions of the quantity X = tiS/r*. The flexure constants are 
derived from the equations 
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TalJle 20. Ailcrwable TJnit Stresses 01*^ per Sq In.) on Steel Columns 
According to Various Formulas 


1 

"f 

American 
Bridge Co. 

A. R. E. Aesn. 
Chlcfteo and 
New Fork 

Gordon 

PluladelpHa 

Boston 

19,000-100^ 
13,000 m&s 

16,000-5(4 

r 

14,000 max 

12,500 

16,250 

16,000 

,, t'l 

11 

IH- '■ 

* 36,000r» 

^ ' ll.OOOr* 

^ ‘ 20,000r« 



14.000 

12.410 

16,000 

15,920 



14.0I» 

12355 

15,660 

15,690 


13.000 

13.9I» 

12.195 

15,020 

15.310 

4fi 

13,000 

13.2» 

11,970 

U.185 

14,815 


13,000 

12.500 

11,690 

13740 

14720 


13.000 

11.800 

11365 

12,240 

13,560 


12, MJ 

11.100 

11.000 

1U40 

12.650 • 

eo 

11.000 

10,400 

10,615 

10,275 

12,120 

90 

10.000 

9,700 

10.205 

9.360 

11390 

iOQ 

9.QM 

9.000 

9785 

8310 

IOA70 

no 

8.000 

6.300 

9355 

7740 

9.970 

120 

7,000 

7.600 

8390 

7.035 

9.300 


Table 20 gives the allowable uoit stresses for steel columns as deduced 
from the Amerioari Bridge Co.’e formula and also as deduced from the Ameri- 
can Railway Enpneoriug Assa. formula (A.R.E. Assn.) ; the Gordon formula, 
and the formulaa from the building codes o( tho oitiee of Chicago, New York, 
Philadelphia, and Boston. 

For tables of stcuctural-stcel ’columns and steel-pipe columns, see stool 
manufacturers’ publications or handbooks. 

For columns carrying traveling mnetunery, cranes, etc., add 25 percent 
to the live load to allow for impact and vibration. 

W. H. Burr’s tests on cast-iron columns at Phoenisville {Eno. News, Juno 
30, 1898) gave a wide range of results. The average ultimate strength, 
(in pounds per square ineb) lor round columns is expressed by P/A = 30,600 
- 165(f/(i), where d and I are expressed in the same units. A large factor 
of safety, 4, must be used with cast-iron columns. Maximum slondernesa 
ratio is 70. 


COMBINBD STRESSES 

Combined flexure and torsion arise when a twisted shaft is bent by bolts 
or other forces. Elements of the shaft become helioes of variable pitch. An 



element of the surface (Fig. 80) ia subjected to a flexural unit stress S due to 
bending moment M, and a shearing unit stress Sv, due to torsional moment 





Values of A, B, C» F, G, and H for Various Piping Elements 
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BENDING OF CraVED BEAMS 

(From Morley, “Strengtli of Materiola,” LoEgmans) 

Simple beam equatioDs apply Tvhen the radius of curvature of a curved beam 
is large (8 to 10 times), compared to dimensions of its cross section. This is 
not the case in hooks, links, and rings, when some modification of formulas is 
necessary. Plane cross sections, normal to riie axis of curvature, are assumed. 
The deformation (e) is proportional to the distance from the gravity axis, 
but the unit deformation (a) is not pii^xHiional, since the lengths of the fibers 
vary. The elongation of any curved fiber is evaluated, and the stress deter- 
mined. The neutral axis is not at the eg, but is near the center of curva- 
ture. The stress variation is not rodalinear (Fig. 83). 



In Fig. 83, P = load; I = leverage of load about axis through eg of cross 
section; M = moment due to? “PI] A » area of cross section; r = radius 
of curvature of undeforraed beam from center of curvature to eg of cross 
section. Stress due to combination of direct load ? _(taken as acting at eg) 
and moment M * 5, or the normal unit stress at distance y from axis through 
eg. The equations which follow are for pure bending, but apply with little 
error to ordinary bending, including shear. 

: i) + 1 

S, M .1) . - I fcompreMio,!) 

whore 

, \y+T/ 


The neutral axis is at a distance y* from og,' whore y' « 

A' may be considered as a "modified” area, and is obtained graphically 
(Fig. 84) as follows: To find A' = rS^— first find the eg of the, original 

cross section. Lay off 0 so that 0(7 = r. Change each width in the' ratio 
01 r/ty +r). For example, draw OF intersecting AB in N, Draw NF' 
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PIPE IdNS FLBXUBS STRESSES 


Beactions and atresses are greatly influenced by flattening of the cross 
section of the curved porf^one of the pipe line. 

It is recommended that cold springing ^lowances be discounted in stress 
calculations. 

Application to Two- and Three-plane Pipe lines. Pipe lines in 
more than one plane may be solved by the successive application of the 
preceding data, ^viding the pipe line into two or more one-plane lines. 

Example. The TiiisyiciineliioBl inpe Bne of Fig. 4 haa fully fixed ends From 
Table 2 use fC « i for all sections, since only stra^ht segments arc involvedi 


Part of 
pipe 

Values of integrala 

A 

B 

c 

F 

0 

H 

0-1 

H 

2-3 

a> 

T 

ob 

j(!« + 1) 

' 0 
rtb‘ 

be ^ 
f(2fl+c) 

o' 

3 

o^b 

y -b OC(0 + C) 

0 

b» 

2 

bf 

0 . 

b« 

3 

b'fl 

' a 

b 

Total 0-3 

a’ 1 1 

y + ob 

+j(i. + .) 

ail 

2 

+ |<2. + .) 

+ oc(o + c) 

i 

!>i 

T 

+ btc 

o-|- b + e 


Upon introduction of a > 120 in., b > 60 in., and c » ISO in., into the preceding 
relations for A, B,C,F, G, II, the equations for the reactions at 0 from Table 1 become 


Afo - £/da(-7.1608 X 10-») + gfAy(-8.3681 X lO'*) 

F, » SrAs(+l.0903 X 10-») + £fAy(+3.1488 X 10-») 

Fv = £fAs(+3.I488 X W) +£/Av(-H, 33717 X lO’*) 

Also It follows that 

All - Afo - S7djK+3.06248 X 10-«) + £;dy(+7.8779 X lO'S) 
Mi- £lA»(-b2.4029 X 10'«) + 27dy(-1.12l5 X lO"*) 

Mi « M,-j-FyC - SlHx(+8.0?07 X 10'*) -f £/<lir(+I.2854 X 10-*) 
Thus the maximum moment M occurs at 3. 



Fw. 4. Pro. fi. — Rightrangle Pipe Line. 

The total maximum longitudinal fiber stress (a b.I for straight pipe) 

There is no tiahsTene flexure stress ainae all sections are straight. The maximum 
shearing stress is either (o) one-half of the maxunum longitudinal fiber stress as given 
above, (6) ono-half of the hoop-tennon sUesa oaussd by any internal radial pressure 
that might exist in the pipe, or (s) ono-half the.diSerenoe of the maximum lonptudinal 





PIPE LINE PLEZEKE STRESSES 
CAUSED BY EXPANSION ,OE MOVEMENT OF SUPPORTS 
BY 

H. V. HAWKINS AND W. H. SHIPMAN 


ItsPERENCEs: Shipman, "Design nf Steam Piping to Caro for Etpansion," Trans> 
1629. Wahl, "Stresses and Reactions in Expansion Pipe Bends,” Trans. 
1927. Hovgnard, "The Elnstic Deformation of Pips Bends,” Jour. Math. 
Pkys., Nov.. 1626, and Oct., 162S. 

Nomenclature. 

Mi = end moment at ori^, in-lb. 

M = maz moment, in-lb. 

Fg = end reaction at origin in i-diroction, lb. 

Fy ~ end reaction at origin in y-direction, Ib. 

j9| = {Mr/I)a = max unit lonptudinal flexure stresB, lb per sq in. 

St ~ {Mr/1)^ = max unit transverse flexure stress, lb per sq in, 
iSi = {Mr/I)y = max unit shearing stress, lb per sq in. 

A® = relative deflection of ends of pipe parallel to s-direction caused 
by either temperature change or support movement, or both, in. 
ty « same as As but parallel to j/-dirscUon, in. 

Note that As and Ay are positive if under 
the change in temperature the end opposite 
the origin tends to move in a positive s- or 
y-diroction, respectively. 
t = 'woU thickness of pipe, in. 

T a mean radius of pipe cross section, in. 

X e constant = tRM. 

1 » moment of inertia of pipe cross section 
about pipe center line, in‘. 

E » modulus of elasticity of pipe ataefuo^ aorfc- 
ing temperature, Ib per sq in. 

K « flexibility index of pipe. Z = 1 for all 
straight pipe sections, K * (10 + 

12V)/(1 4- 12X*) lor all curved pipe sec- 
tions •whore X > 0.335 (see Fig, 3). 

7 * ratios of actual max longitudinal flexure, 

transverse flexure, and shearing stresses to 
ifr/JforcurvedsectionaofpipoCBeeFig.S). pjQ, 2. 

A, B, C, F,G, H = constants given by Table 2. 

8 = angle of intersection between tangents to direction of pipe at 

reactions. 

Ad « change in 6 caused by mo'vementa of supports, or by temperature 
change, or both, radians. 

ds = an infinitesimal element of the length of the pipe. 
f2 = radius oi curvature ol pipe cemteu Uno. 

General Discussion 

Under the effect of changes in temperature of the pipe line, or of movement 
of support reactions (either trandation or rotation), or both, the determina- 
tion of stress distribution in apipe becomes a statically indeterminate problem. 
In general the problem may be solved by a digbt modification of the standard 
4Q7 
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PIPB LINE FLEXURE STBESSES 


fiber stress aad hoop-tension stress, wMchever oC these three possibilities is numerically 
greatest. 

The reactions for a right-aa^e pipe line (Fig. 5) may be determined from 
the following equatioiia: 

= CiEI&x/B* 

P» «= CtEl&x/Rf 
Ft “ CiBIix/B* 

In these equations, Ai is the s-componcnt of the deflection between 
reaction points caused by imperafure change only. The values of Ci, C’l, 
and Cl are ^ven in Fig. 6 for £ = I and for K = 2.' For other values of 
K, interpolation may be employed. 

Example. TOth o/fi = 20 and h/B » 3. the value of Ci is 0.0192 for K = 1 and 
0.0170 for X - 2. If ^ 1.75, the mterpolated values of CiisO.OlSO. Withlheotigm 

at the right-hand end (Fig. 5), is 0.248 for £ ^ 
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S = (10 + 12Xi)/(l + 12 X<). ■when > 0.335 

a « 5«£V(5 + 6K*)/r8 

0 = 18X/(1 + 12X*) 

7 = [8X -36X» + (32X» +2JI5)V«X* -^]/(l -l-m®), 'when X < 0.68 
= (12X2 18X - 2) /(I + 12X2), wbea X > 0.58 

The increased flexibility of the curved pipe is brought about by the tendency 
of its cross section to flatten. This flattening causes a transverse flexure 
etress -whose maximum is St. Because the maximum longitudinal and 
maximum transverse stresses do not occur at tho same point in the pipe's 
cross section, the resulting masiroum shear is not one-half the dilTerence of 
Sj and it ia 5,. In the straight sections of the pipe, a = 1, the transverse 
stress disappears, and 7 = K- This discussion of S, does not include the 
uniform transverse or lonptudinal tension stresses induced by the internal 
pressure in the pipe; their effects should be added if appreciable. 
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Fig. 3. — ^Flexure Constants forlniti^ly Curved Pipes. 


Table 2 gives values of the constants A, B, C, F, G, and H lot use in equa- 
tions listed in Table 1. 'The values may be used (1) for the solution of any 
pipe line, or (2) for the derivation of equations for standard shapes com- 
posed of straight sectiona and arcs of ciides as in Fig. 5. Equations for 
shapes not given may bo obtained by algebraic addition of those given. 
All measurements are from the left-hand end of the pipe line. Reactions 
and stresses are very greatiy influenced by end conditions, Formulas aro 
given to cover the extreme conditions. The folio-wing suggestions and 
comments should be considered -when laying out a pipe line; 

Avoid expansion bends, and dcsi^ the entire pipe line to take care of 
its own expansion. 

The movement of the equipment to -which the ends of the pipe line, are 
attached must be included in the A* wid Ay of the equations. 

Maximum flexibility is obtflaned by placing supports and anchors so 
that they -will not interfere -jritb the natural movement of the pipe. 

That shape is most efficient in -which the maximum length of pipe is 
working at the maximum safe stress. _ - 

Excessive bending moment at joints is more likely to cause trouble than 
excessive stresses in pipe -walla. Hence, keep pipe joints away from points of 
high moment. 
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The period of free vibration is 

T = 2ir/a, « = 2ir-\/5iJg (4) 

It is seen that the period is the smie os the period of a mathematical pendulum 
the length of which is equal to tiie static deflection of the spring under the 
action of the load F. This condumon can always bo used in calculating 
the period of free vibration of elastic systems when the static deflections are 
proportion^ to the load and the mass of the elastic portion of the system 
(in the above illustration the mass of lie spring) can bo neglected in'com* 
parison with the mass of the load. Taking, for instance, a beam with sup- 
ported ends loaded at the middle, and neglecting the mass of the beam in 
comparison with the mass of the load W, the static deflection of the beam 
will be fiii = Wl^/iiEl mid tho period of free vibration will be 
T = lat^/WPimia 

Vibrations with Damping. In practice, resisting forces are always 
present which cause a gradual damping of the original vibrations. These 
damping forces may arise from various sources such as air or fluid resistance, 
internal friction of the material of the vibrating body, or friction between 
sliding surfaces. When a body is vibrating in air or in a liquid and velocities 
are small, such as may exist in dashpoU, the resisting force is proportional 
to velocity and the ^SerenUal equation of vibration is 

— a + cx + Ja: = 0 (5) 

Q 

in which ci denotes the resisting force of the moving body. Using tho 
notation 

- n*. (8) 

where n ■ cff/2F, the general solution of Eq. (5) will bo 

X «■ sin + I# (cos qt + (n/g) sin gf)] (7)' 

The damped vibratory motion baa a period: 

T ® 2x/q = " n* (8) 

Tho quantity n is usually small in comparison ?rith Un and the difference 
between q and Un is a smat! quantity of the second order. It can be assumed 
therefore that a small damping force docs not affect the period of vibration. 

.The amplitude of the vibrations (7) gradually decreases with the time, 
due to the factor diminishing after every cycle in the ratio 

(9) 

This ratio is used in experimental determination of the coefficient of damp- 
ing. 

In the case of a constant friction such as exists between two dry surfaces 
of sliding bodies under consimit pressure, the period of vibration is tho same 
as in tho case of free vibrations without resisting forces [Eq. (4)}. The 
amplitude of vibration diminishes after each half cycle by the quantity 

0 = 2fi/ifc (10) 

where B denotes the resisting force and k is the spring constant. 

Forced Vibrations. When a periodical disturbing force Q sin ict is acting 
on the vibrating body, the differentia equation of vibration will be 


-i + ex +kx = Q sin wl 


( 11 ) 
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also very useful for an apprcKrimate calculatioa of the frequency of more oomplicftted 
systems. Considering the arrangement of Hg. 1 and neglecting at first the mass of the 
spring, the kinetic energy of the system during the vibration is 

r =. F(i)*/2|> (15) 

Measuring tho displacement of x from the position of equilibrium and taking into con- 
sideration that the fvei^t W m ninsys in balance mth the initial tensile fores ia the 
spring, tho increaao in potential eaetgy during the displacement x will be 

7 = kc*/2 (10) 

Then on the basis of the prindplo of consorvatton of energy, neglcoting tho damping, wo 
have 

(F*»/2{r) •}- k3?/2 = const. (17) 

This moons that during vibration the Aum of the kinetic and potential energy remains 
constant and equal to its initial value. Assuming, for instance, that at ( 0 the dis- 
placement is equal to x and the initial velouty is zero. Eq. (17) becomes 

(FiV2l>) + kiV2 = JtioV2 (18) 

When, during vibration, s becomes equal to zo, the velocity of tho weight F becomes 
equal to zero and the energy of the system consists of the potential energy only. When 
X becomes equal to zero, which occurs when the load during vibration passes through its 
middle position, the velocity has its miurimuo value and tbs corresponding magnitude 
of the kinetic energy, from Bq. (18), becomes 

F(*)W2(7 » kxo^/2 (19) 

This means that at this moment tho total energy of Ibc system is kinetic and equal to 
the potential energy which has been stored in tbo system during the initial displacement 
a from the position of equilibrium. Ruction (19) can be ueed for calculating tho 
frequency of vibration of the system. U has been shown (p. 505} that in this case we 
have a sunpls harmonic notion, i.e., it con be taken 

2 ■ f» cos ci>«( and (x)mx zwn 
Substituting in (19) we obtain 

s ig/W 

This coincides with the result previously obtmned (p. 600). 

In the foregoing consideration, the mass of the spring was neglected in comparison 
with the mase of the weight F. In order to determine the effect of such a simplification 
on the frequency of vibration, the approximate method developed by Lord Baylcigli 
may be employed. Assuming that the mass of the spring ie small in comparison with 
the mass of the load F, the type of vibration will not be substantially affected by tbo 
mass of the spring and it can be aesumod with eulhment accuracy that during vibration 
the displacement of any cross section of the epring at a distance c from the fixed end 
vtSy, zv/'.'. 41' Ah? ef JJh? insv .bawti, Ah?? .was? 

of an clement of the spring of tho length dc will be wde/g and the kinetic energy of tbo 
spring itself will be 

and the energy Eq. (18) becomes 

(FiW2p) + («I/3)i*m«/2ff = ixtfV2 (20) 

It can be concluded from this that in order to estimate the effect of tho mass of 
the spring on the period of natural vibration it is only necessary to add one-third of the 
weight of the spring to tbo weight F. Applying the same manner of reasoning to tho 
case shown in Fig. 3, it can be shown that in order to tako into consideration the mass of 
the beam in calculating the frequency of natui^ vibrations it is necessary to add to the 
weight F of the load of the wmght of the beam. In tho case of a cantilever loaded 
at tho end by load F, a satisfactory approximation in calculating frequency will be 
obtained by adding to the load F, •Kae of the weight of the cantilever. 

Non-harmoDic VibrationB. In the previoue discussion, it was assumed 
that tho spriiLg constant of the eystem waa independent of the displacement x. 
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distribution are always present. As a result of this, periodical disturbing 
forces occur which produce vibrations. Bi order to remove these vibrations 
in machines and establish quiet running conditions, balancing becomes 
necessary, especially in the case of large high-speed machines. Various 
conditions of unbriance of a rotor are shown in Fig, 6. Imagine the rotating 
body divided into two parte by any cross section mn. The three following 
typical eases of unbalance may arise: 

1. The centers of gravity of both parts may be in the same arial plane 
and on the same aide of the axis of rotation as shown in Fig. 66. ' The 
center of gravity C of the whole body will consequently be in the same plane 
at a certain distance from the axis of rotation. This is called Static unbal- 
ance, because it can be detected by a statical test. A statical balancing 
test consists of putting the rotor with the two end® of its shaft on absolutely- 
horizontal parallel rdls. If the center of gravity of the whole rotor is in the 

the rotor ^rill be in static equilibriuiu in any position; if the center is off 
tie axis, as in Fig. dJ, it will roll oa tho mils till tic center ot gravity reaches 
its lowest position. 

2. The centers of gravity of both parts may be jn the same axial plane 
but on opposite sides of the axis of rotation aa shown in Fig. 6c and at such 
radial distances that the center of gravity C of the whole body will be exactly 
on tho axis of rotation. In this case, the body will be in balance under 
static conditions, but during rotation a disturbing couple of centrifugal 
forces P will act on the rotor. This couple rotates with tho body and 
produces vibrations in the foundation. Such a case is called dynamic 
unbalance. 

3. In the moat general case, the centers of gravity Ci and C: may lie in 
different axial sections and during rotation a system of two forces formed by 
tho centrifugal forces P and Q will act on the body, Fig. 6d . This system of 
forces can always be reduced to a couple acting in an a.ti.'il section and a radial 
force, i.e., static and dynamic unbalance •mil occur together. 

In all cases, a complete balancing can be obUuned by attaching to the rotor 
a weight in each of two cross-sectional planes arbitrarily chosen, provided 
the position and magnitude of the unbrianco is known. For determining 
tills unbalance, various types of balancing machines are used. A balancing 
machine represents usurily an arrongemont in which the effects of any 
unbalance in the rotor which is under test may be magnified by resonance. 
In the older types of balancing machines, the vibration was observed visually 
or recorded graphically. Sometimes the vibration was eliminated by adjust- 
able compensating weights. Li the more modern types, such as those made by 
the Tinius Olsen Co. of Philadelphia, electric recording is used. In the 
GisholtiWestinghouse balancing machine, the entire operation has been made 
automatic by moans of electric circuits. 

Experience with large high-^pced machines shows that while balancing 
carried out on the balancing machine in the shop may show good results, 
nevertheless this testing is usually done at comparatively low speed and in 
service, where the operating speeds are high, unbalance may still be apparent 
due to slight changes in mass distribution. It is therefore necessary dao to 
check the balancing condition for normal operating speed. This teat is 
carried out either in the shop where the rotor is placed for this purpose on 
rigid bearings or in the field after it is asscmblod in the machine. The 
magnitude and the location of the correction weight can then be found from 
measurements of the amplitudes of 'vibrations of the pedestal, which are 
recorded by a vibrometor. 
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BffiFEHENCEg: Timoshenko, “Vibration Problems in Engineering," Van Nostrand. 
Sort, “Tecbnische BchwinEungtiebre,” Bpringer. Steuding, "Messung Mettbanisehet 
Schwingungen,’' V. D. 1. Verlag. Ito Hartog, "Mechanical Vibrations," McGraw- 
Hill. 

Notation. 


W = the Tveigtt of a vibialang body. 
g = acceleration due to gravity. 

I = moment of inertia of an oscillating disk about tbe axis of oscillation. 
G = modulus of elasticity in shear. 

E = modulus of elasticity in tension, 
p = Poisson’s ratio. 

k *= the spring constant, tho force necessary to produce a deflection 
of a spring equal to unity or the couple necessary to produce an angle 
of twist of a shaft equal to one radian. 

B W/k a the static deflection of tbe spring under tbe action of the load 
W, 

T » the period, i.€.. the time of one oscillation. 
f ~ 1/r “ the frequeticy, t.c., tiie number of oscillations per second. 

«fl ■ -sfgkfW or «n = V^f * the number of free osciDations per sec. 
A. B the amplitude of tbe vibration, 
a B tbe phase of the vibration, 
c B tbe coefficient of damping. 

Q sin ret B tbe periodical disturbing force. 

T\ B 2ff/« ■ the period of the disturbing force. 
j\ B l/fi B u/2t * the frequency of the disturbing force, 
a and x are the first and second derivatives of * with respect to time, t.e., are 
velocity and acceleration, respectively. 


Free Harmonic Vibration. The simpleet case of a vibrating system with 
one degree of freedom is shown in Fig. 1. The weight W attached to the 
spring has freedom to vibrate in the vertical ditection^ and thn 
mass of the spring is small in comparison with tho mass of the 
load W. 

If X denotes the displacement of tho oscillating load from the 
position of equilibrium, the differential equation of free vibration 
will be 

i + w»»® =0 

The general solution of this equation la 

s B So cos ci»a< + (*#/«„) sin (2) 

in which w is the displacement of the body from the position of equilibrium 
at the initial moment (i =0), and it is the initial velocity. 

Substituting in Bq. (2), 



= A tin «; xo/tin B A cos os 


wo obtain 


£ B ^ tin (ceftf -{- a) 
605 


( 3 ) 
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The unbalanced forces for various in-line engines with equal and equally- 
spaced cylinders are shown in the tabic on page 511. 

Engines of more cyh’nders are usually arranged in a Y lorraation, -with 6, 8, 
or 12 cylinders in each bank of the V. Since each bank is completely balanced 
in itself, the entire enpne is ^so balanced for any angle between the two legs 
of the V. In the V-S cnpne, consislii^ of two four-cylinder blocks of the 
0-90-270-180 type crankshaft, each biaik is unbalanced in primary momenta. 
It is possible to balance this engine completely by so choosing the counter- 
weight that the loi^tudinol and lateral unbalances of each indi-vidual 
cylinder are equal and oppoate (Pi = -Pj). By making the V angle 90 deg, 
the longitudinal forces of one block fall in line with the lateral forces of the 
ether block, and vice versa, thus compensating each other, which ensures 
perfect balance. 

Radial enpnes with master connccfuig rods as used in aircraft are not 
entirely symmetrical radially since the master rod is much heavier than the 
other rod. Therefore these en^nes labor under the same difficulty as single- 
cylinder engines, ie^ they can be balanced in the direction of the master 
rod or across it, but not in both directions simultaneously. Larger radial 
enpnea -nith two-throw crankshafts and two stars of cylinders have the 
balance cboractoristlcs of twO'CyHfider'in-lico esgines. 


Vibration Absorbers. The balancing of a machine can sever be absolutely perfeett 
and there exieti always a certain amount of unbalance which resulte ia disturbing forces 
producing vibrations. In order to reduce the effect of dbturbing 
forces on the foundation of a machine and to prevent the trani- 
inissLon of vibrations to the building, the introduction of special 
flexible elements between the maohino and the foundation may 
be useful. Let IF ■ the weight of the machine and Q un u( > 
the impressed vertical force' (Fig. 7), which is usually due to 
unbalance. If the machine is rigidly attached to the founda- 
tion, tbe entiro disturbing force will be transmitted to tbe 
foundation. By introducing the flexible springs oi a vibration 
- absorber between tbe machine and the foundation, a substanticl 
reduction in tbe force transmitted to the support can be ob- 
tained. It is only necessary to design tbe springs of the absorber 
ia sueh a manner as to make the period T. of natural vibration 
of the raachme TF on the springe Wge in compftrison with the period 
T = 2ir/w of the machine. Vibration will then be reduced [see Eq. 

(13)] ae compared with the displacements which would he produced 
hy the disturbing force Q siaaf under static condition. The forces 
which ate transmitted to the foundation aro [Hoportional to the ' 
deSection of the springs, and therefore will bo reduced in the eame 
ratio also. Neglecting damping and taking, for instance, Tr,/T = 

4, i.e., assuming that the operating epeed is four times that cor- 
responding to leaoimnce, it will be found from Eq. (13) that the amplitude of the forced 
vibration is only H s of Ihe statical deflection, or tiw force transmitted to the foundation 
will be reduced to Ks of the impressed force. 

The actual design of an absorber frequently otters difficulties, principally on account 
of space limitation. It is difficult to have sufficient space for placing springe which will 
be strong enough to transmit the load to the foundation and at the same time flexible 
enough to make the resonance speed of the system small in comparison with the oper- 
ating speed, In Fig. 8, a schematic iriew of a vibration absorber for n large eingle-phase 
generator ie shown. In order to rednee the effect of the pulsating torque, flexible 
’ springs are introduced between the stator of the machine nnd the foundation. By the 
use of special guides, the posribflity of lateral displacement of tho stator is prevented 
and only a rotation about the 0 axis renaina passible, ' 

Lot k “ tlie torque necessary to prodnee a statical deformation' of the springs such 
that the rotation of the stator about the Oaxta perpendicular to the plane of the figure is 



Fid. 8. 



VIBRATION 


507 


■ Vibrations consist of two parts, free damped vibrations such as ore repre- 
sented by Eq. (5) and forced vibratioM. The free vibrations will bo damped 
out, and the forced vibrations alone are of practical importance. The general 
expression for forced vibrations is 

1 = A sin (tfll ~ a) (12) 

where the amplitude of vibration and the phase are given by the following 
equations’ 

A - - 5)’ + (W) 

tan a = ca/fc(l - (14) 

The first factor on the right aide of Eq. (13) is the deflection calculated stati- 
cally, t.c., by division of the maximum magnitude of the disturbing force by 
the spring constant. The aocoud factor 
ia due to dynamical conditions and is 
criled the magnification factor. In 
Fig. 2 the magnification factor is repre- 
sented as a function of the ratio w/w*. and 
for various values of the constant c, which ^ 
is the coefficient of damping. ^ 

■When the disturbing force has a very 5 
low frequency as compared with the fre- o 
quency of the natural vibrations of tho '5 
lyatem, the ratio is small and the ^ 
magnification factor approaches unity. |, 

Another extremo case occurs when the £ I 
disturbing force has a very high fre- 
quency. In such a case, the ratio uVwn* 
is a large number and the magnification 
factor approaches zero. When « ap- 
proaches M„, i.e., the frequency of the 
disturbing force approaches the frequency Fra. 2.— The Magnification 
of natural vibrations of the system and Factor and the Coefficient of 
the damping forces arc small, the raagni- Damping, 
fication factor becomes large. This 

means that a small periodical disturbing force may produce very large forced 
vibrations provided it is in resonance with tho natural vibrations of tho 
system, From Eq. (12) it is seen that tho forced vibration 
always lags behind the disturbing force. When c is small 
and a is considerably less than Wa> the differenco of phase a 
is small. When « approaches Wn, a sharp variation in the 
phase of the forced vibrations takes place and at resonance a 
becomes equal to 7r/2. When a is considerably larger than 
«ni the difierence of phase approaches the value a - w. 

An example of forced vibrations is tho vibrations produced by an xmbal- 
ance of a rotating machine. TaMng into consideration the vertical compo- 
nent of the centrifugal force Q only (Fig. 3), the .disturbing force will be 
Q sin wri Heavy vibrations will be produced by this force when the number of 
revolutions of the machine per second approaches the frequency of the natural 
vibration of the system consisting of ^s mass of the' machine and of tho 
beams supporting the machine. 

The Energy Metbod. The vibration problem of a system such aa shown in Fig. 1 
can be solved by a consideration of the energy of the syatom. This energy method is 
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in the bearings are such that free displacements of the cross sections m - n 
and fni — m during tmat are posmble, every crank can be replaced by an 
equivalent shaft of uniform cross section of an arbitrarily chosen torsional 
nudity C. Tho length of the equivalent shaft will be found from the equation 

I = (mice, + («/C») + (2r/B)] (28) r-l 

in which { rf? sit 0 -_j. 

Cl = xd‘iO/32 = the toraonal rigidity of — Lr« v-. t 

the journal. Q 

Cs = xd<s(r/32 = tho torsional ri^dity of aLjiJ 

the crank pin. n n, 

S = hc’£/12 = theflexuralri©dityoftho ^ 

web. 

h == half the length of the mtun journals and tz, di, dt, etc., are the dlmen' 
sions shown in Fig. 11. If there are no clearances at the bearings, the length 
of the equivalent shaft will be found from the equation 

I = CI(2b/Ci) + (o/Cs)(l - r/s) + (2r/B)(l - r/2s)] (29) 

in which 


' f(a + X .d. 4. 

4C, 2Cj 2lBi 35 


G\2F^FiJ}/ \2C:2B) 


Cl « <fh*G/SM^ + A»); Bi » 

In actual conditions, the length of the equiralent shaft will depend OQ the 
magnitude of clearances and will have an intermediate value between the 
two extreme values given by Eqe. (28) and (29). 

In the case of a shaft 'with three rotating masses f l 'h \ p ] 

(Fig. 12), Jet It, I:, Jt = the moments of inertia of the m”""" I U 

rotating masses about the axis of the shaft and hj, hi = i, U ^ 

spring constants for the two portions of the shaft. Then * 

the frequency equation ■will to Fia. 12. 

+ ^> + « - » (“) 


from which tho two frequencies of natural 'zribrations can be calculated. In 
the case of a shaft -with many rotating masses as in the case of tho Diesel 
engine, approximate numerical and graphical methods are usually applied 
in calculating frequencies of natural vibrations. (See Lewie, Tram. Soc. Naval 
Architects Marine Eng., 83, 1925, p. 109. See also Holzer, “Die Bercchnung 
d. DrehschwingungeE," Springer.) If a pulsating 
torque is acting on the shaft and the frequency of the 
torque approaches one of the frequendos of natural 
vibration of the shaft, tlie conzhtion of resonance 
takes place and heavy forced torsioud 'vibration -will 
be produced. 

Critical Speed of a Rotating Shaft 
It is known that rotating shafts at certain spoods, ■' . . 

called critical speeds, become dynamically unstable and 
large vibrations are likely to develop. This phenome- Fig. 13. 
non is due to resonance eflecia, and the critical speed for 
a shaft is that speed at which the number of revolutions per second of the shaft 
is equal to the frequency of its natural vibration. 
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The frequency of free vibration of aach systems does not depend on the ampli- 
tude, the vibrations are fsocftronic. There are cases -where the spring 
constant of the vibrating system varies -with the displacement and the restor- 
ing force is no longer proportional to -flie ^placement, The natural fre- 
quency of systems involving such apringe depends on the magnitude of the 
amplitude. By using such iypea of springs, the -unfavorable eSect of reso- 
nance can be diminished. If, due to the resonance, the amplitude of -vibration 
begins to increase, the frequency of the -vibration changes, i.e., the resonance 
condition disappears. A simple example of such a spring is sho-tvn 
in Fig. 4. The flat spring, aupporUng the weight F, is built in at 
the end A. During -vibration, the spring is partially in contact with 
one of two cylindrical surfaces AB or AC. Duo to this fact, the free 
length of the cantilever varies -with the amplitude so that the rigidity 
of the spring increases with increasing deflection, i.e., the frequency 
of vibration increaaea with an increase in ampUtuik. 

In Fig. 6 , another example ia pven of a system in which the period 
of vibration depends on the amplitude. A body W performs vibra^ 
tions between two springs by diding -without friction along the bar Pi(j_ 4 . 
AB, This example illustrates the effect of clearance 0 on the fre- 
quency of vibration. The frequency -will depend not only on the spring con- 
stant but also on the magnitude of the clearancec and on tho initial conditions. 
Assume, for instance, that at the initial moment the body W is in its middle 
positioa and has an initial velocity v in the ®-diroction. Then tho time 
necessary to cross the clearance a -will be fi » a/v. 

After crossing the clearance, the body comes in con- 
tact -with the spring and further motion in the x 
direction will bo simple harmonic. The time during ^ 
which the velocity is changing from v to 0 (quarter 
period of tho si mple h armonic motion) -will be (see 
Eq, (4)]tj =w\/F/Aff/2. Thopcriodofacomploto Fig. 5. 
cycle of vibration is 

T = 4{(i -bfi) = i4a/v) ■\-2r‘\/W/hg (21) 

It is seen that the period is very large for very email values of r and decreases 
with increa se of ti. If a periodic disturbing force, ha-ving a period larger than 
2T‘y/wJkg is acting, it will alwaj^g be possible to give to the body ]V such an 
initial velocity that the corresponding period T will become equal to the 
period of tho disturbing force jmd in such manner reeonanco conditions 
will bo established. Some 
heavy -vibrations in machines 
with clearances and in electric 
locomotives have been explained 
in this manner. 

Balancing of Rotating W (W ( 0 ) (d) 

Machines. One of the most jia, g. 

important applications of the 

theory of -vibrations is in the solution of balancing problems. It is known 
that a rotating body does not exert any variable disturbing action on tho 
supports when the axis of roiation cointidea -with one of the principal 
axes of inertia of the body. It is difficult to satisfy this condition exactly 
in the process of manufacturing, because, due -to errors in geometrical dimen- 
sions aud non-homogeneity of the material, some irregularities in the mass 
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Tlio value obtained by using in this formula the static loads W and the 
corresponding dedections y is generally within 1 percent of the correct 
value. By repeating the caloulation, using Wtyu • • • as 

the concentrated loads acting on the shaft and finding the corresponding 
deflections j/ia, Via, yia. Via, and then writing fca- the correct value N^, 


Nc 




(33) 


IFtyi + Wm + Wm + 11^4/4 + . • . 

^ IFltfta + + Waysa + Wtyia + • . . 

a closer approrimation to the true critical speed will be obtained, as the values 
Via, fia ... will correspond more nearly to the elastic curve of the shaft at 
the critical speed. Similarly, by repeating ttie c^culation again will TFij/is, 
lF 5 y:o ... as loads and fintog corresponding deflections pii, ■ a still 

closer approximation to the true critical speed will be obtained. Unless, 
however, extreme care is taken to avoid cumulative errors of computation, 
ilcA obtsined for ©iccae&lve tsUls la liknly to be to a large 

extent illusory, and of no practical value. If the shaft carries any distributed 
loads, they should be replaced by approximately equivalent concentrated 
loads before using Eg. (32). In case the load* TFi, Wi, TFj, . are 
not all on the same span on a three-bearing shaft), the loads on one span 
must be assumed as acting vertically downward, and those on tbo other 
vertically upward, so as to preclude the possibility of a zero deflection at any 
point except at the bearings. The eame rule applies when the shaft has 
three or more spans. 

In practice, ^e loads are usually shrunk on the shaft so that its stiffness 
(or its moment of inertia) at the loads is greatly increased; the loads are not 
exactly concentrated at the assumed points; and, finally, the gyroscopic 
action of the loads on the bent shaft, especially toward the bearings, tends to 
Table 1. Critical Speeds of Shafts with a Single Concentrated Load 
(Beariags Bi and B:; distance c. to c. « 1) 


Cue 

Bearicga 

Load IT 
applied at 
distances 
from 

Critical epeed, Ri 
(If. . 187,7/\/J) 

^Static dedeotioa 

V 


Ri 

Ri 

Ri 

R> 



3 

Supporteif 

Supported 

a 

' b 

' 387,5(K^V^ 

i Wo»b' 

SEIl 

2 

Supported 

Supported 

m 

1/2 

1,550,000-^ 

iVin 

Wl^ 

4821 

S 

Fixed 

Fixed 

a 

b 


TTn’Ei* 

3S/I» 

4 

Eied 

Fixed 

1/2 

1/2 

3,100,000-^ 

1922/ 


Fixed 

1 

Supported 





■ 

“ 1 


775.000^V 

6 

Fixed 

Supported 

V2 

V2^ 

2,377, OOCh-^ 

70SEI 

7 

Fixed 

» 

1 


387,500-^ 

iVm 

Ff> 

321 


♦One bearing, Reload TF appliedat free end of abaft, at distance I from bearing. 
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Balancing of Reciprocating Machines 

For the calculation of tho unbalanced forcoa in a ainglo cylinder-crank 
Kiechaniam, the moving parts are divided into a reciprocating weight and a 
rotating weight. The reciprocating -weight TTiae consists of the piston and a 
fraction oi the connecting rod. 5or tins purpose, the connecting rod is 
laid horizontally on two ecalea, one under the crank-pin end and one tinder 
the piston-pin end. The fraction of the weight so. found under the piston- 
pin end should be added to the wmght of the piston to find the reciprocating 
weight. The rotating weight Ww again consists oi two parts. The first 
of these is a weight so chosen that if it is concentrated at the crauk-pin center 
it causes a centrifugal force equal to that of the -ontire crank structure, 
including tho countorbalance; the second ia that fraction of the connecting rod 
found on the scale under the crank-pin end. Tho sum of these two contri- 
butions is the rotating -weight IFWi* 'It in dow that Wren is always positive, 
but that Fwt may be made zero or oven negative by countenveighting the 
crankshaft. 

The alternating unbalanced forces caused by these two wei^ts are usually 
divided into primary forces, alteiuating once per le-volution, Mid secondary 
forces, alternating tmee per revolution. For a single crank, these forces 
ace as follows i 


Primary^ 


along cyl. center line, (TTw, + TTrotlaiV/p 
across cyl. center line, Wmuih/o ® Fi 
y along cjd. center line, ° Ft 

'(across cyl, center line, zero 




In these expressions, r is tho crank radius, I the connooting rod length 
between its two bearing center, and u the uigular engine speed, in radians 
per second. By counterbalancing, one of the primary components can be i 
reduced to zero, but the other primary as well as the secondary force cannot 
be eliminated. For a two-cylinder engine with 180 deg cranke, both primary 
forces are equal and opposite in direction for tho two cylinders, so that a 
two-cylinder engine is in '‘primary force balance.” However, the forces 
of the two cylinders are not in line, so that they iorm a couple; tbenoo a two- 
cylinder engine is “unbalanced for primary moments.” 



Crank 

airasgemeot 

Primary force 

Beo- 

ond- 

Primary moment of 

Secondary 

moments 

cylind- 

era 

1 

i 

Lott^- 

tudi- 

1 Lat- 
CTOl 1 

!’ 

force 

lODQ- 

Long, force 

Lat. force 

1 


Pf 

Vi 

Ft 1 




2 

0-180 

' 0 

g 

2F> 

Fil 

H 


• 3 

0-120-240 

0 

0 

0 i 

VlFil 

iVJM 


4 

0-1W-I8CM) 

! 0 

1 0 ' 

4Fi 

0 

0- 


4 

O-%'270-180 

0 

1 f ' 

0 

VlOFil 

•\AoPti 

D 

5 

W2-144-21fr-288 

0 

0 

» 




6 

"'7 

0-120-240- : 
240-120-0 

0 . 

0 

0 

0 

0 

0 


of360®/7 

0 

0 

0 

'Unbalanced 

Unbalanced 


1 

0-180-W-270- 
270-90-180-0 , 

0 

0 

g 

,0 , • 

0 

0 


Ib this table { ia the distance belveea cylinder centerliaea. 
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straightea out the shaft. For these reasons, the value of Ne as computed by 
Eg. (32) will usually be found to be somewhst low. 

If a single load TFi alone isnctingontbe (weightless) shaft, Eq. (32) becomes 

N, = mj/Vv (34) 

and in this form it is occasionally applied to singl6.^pan shafts carrying more 
than one load by taking for y the maximum deflection of the shaft, no matter 
where it occurs. 

A shaft may have as many critical speeds as the number of loads it carries. 
A shaft carrying a distributed load therefore have an infinite number of 
critical speeds. For engineering purposes, only the first critical speed is 
usually of importance, while the second critical speed is only occasionally 
reached. For shafts of uniform or average diameter d (in.), carrying one or 
two concentrated loads or a uniformly distributed load (lb), formulas for 
the critical speed can be written down directly. Tobies 1 and 2 are for 
steel shafts having a modulus of cloaticity E = 29,000,000. Table 1 gives 
the single critical speed Nf Table 2 gives directly or indirectly the two 
critical speeds and Na. In all cases, the weight of the shaft itself is 
cither neglected, or a part of it (one-half to two-thirds) is added to the con- 
centrated loads. Shafts with very short or self-aligning bearings are con- 
sidered as supported at the bearings, and those with long rigid bearings os 
fixed. 

As defined above, a shaft at its critical speed is in a state of maximum 
sensitiveness (or indifferent eqmlibrium), so that the smallest force may, if 
allowed sufficient time, deflect it to infinity and break it. ' The minutest 
deviation, however, from the mathematically exact critical speed is sufficient 
to restore to the shaft a considerable amount of its elastic resistance. In the 
neighborhood, therefore, of its critical speed a shaft merely undergoes more or 
less intense vibrations, which are generally transmitted also to the supporting 
frame. The deflecting force may be due to some external cause, but it is 
usually supplied by the almost unavoidable deviations of the centers of gravity 
of the various loads from the center line of the shaft. By reducing these 
deviations to a minimum by fine workmanship and very careful balancing, 
the vibration at the critical speed may be made scarcely noticeable. 


Lateral Vibrations of Prismatlcal Bars 


Let I = the length of the bar and o = -s/EIg/Ad, where El = flexural 
ripdity of the bar, A ~ area of the cross section, d = weight per unit volume 
of the material of the bar; then the general equation for calculating frequencies 
of various types of natural vibration is . 


fi — Oidfl* (35) ^ 

The numerical values of the coefficient depend on the con- 
ditiona at the ends. 

Bar with Simply Supported Ends. The consecutive 
types of natural vibrations shown in Fig. 14, have one, two, 
three . . . half-waves. The correspondingvrfuesof the factor a,' in Eq. (35) 


are 

on = ir/2; a: = 4v/2; ccj = 9r/2; . . . a,- = t*x/2 

The following tabulation gives values of ot,- for three other cases of end sup- 
port. Case I is for a bar with one end buUt in and the other free. Case 
II is for a bar with free ends or with built-in ends. Case III is for a bar 
with one end built in and the other end simply supported. 
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equal to one radian and I = moment of Inerda of the stator about the same niia. Then 
the period of rotational vibration of the stator is Isee Eq. (25J below) 

r. => 2.Vj7i (22) 

Neglecting damping, the reduction of tie traque transmitted to tie foundation will be 
in the ratio [see Eq. (13)1 

i(6jv«a>) - ij-‘ = mm - 1]-’ (23) 

where T is the period of the pulsating torque acting on the stator. 

In most cases, steel springs of various shapes may be used for mounting. Rubber 
springs are now available and we very convenient. The rubber usually is stressed in 
shear and is bonded to steel flanges which can be attached to the machine and to the floor 
with a common bolt connection. They are manufactured by the Goodrich Co., Akron, 
Ohio, under the trade name of “VibroIuBulators” and are available in several sizes. For 
the design of rubber supports in otiicr cases, it is necessary to calculate the deflection 
characteristics of each design. Since these deflections are usually large 
in comparison Avith the original dimensions of the rubber, the ordinary 
formulas of strength of materiids do not apply (aco Smith, "Rubber 
Mountings," Trons. AjS.M.£., A12, 1938). 

Torsional Vibrations of Shafts. The eimplesfc case of 
torsioaal vibration is shown ia Fig. 9 in which a circular disk is 
attached to the shaft. By twisting the shaft, torsional vibra- Yia. 9. 
tioos of the system can be produced. 

Let 

G « modulus of elasticity in shear. 

If = polar moment of inertia of the circular cross section of tlio shaft. 

k B! QIp/l as the spring constant, i.e., the torque necessary to produce an 
angle of twist equal to unity (one radian). 

7 » moment of inertia of mass of the disk about the axis of the shaft. 

6 = the variable angle of twist of the shaft during vibration. 

The differential equation of torsional vibration wiU bo 

IS + ke«0 (24) 

and with the notation dSr? ~ k/I, the period of torsional vibration will be 
r = V". = 2iVJ7t « 2r\/n/Gl, (25) 

In the case of a system consisting of two disks joined together by a 
shaft (Fig. 10), the disks will always rotate in opposite direc- 
tions during vibration and there will bo a nodal Msetion mn 
which will remain stationary during oacillation. The dis- 
tances h, It of this section from the disks will be inversely pro- 
portional to the moments of inertia of the disks. Thenfi = p 
+ It) and It = lli/{li + It), Substituting h and 7i 
instead of f andlinEq. (25), the foUowing equations for the system in Fig. 10 
are obtained: 

T = iWlM/ih +h)ai,; f = Vai + im,lhUI2-:r (26) 
In the ease of a shaft of variable cross section, such a shaft can always be 
replaced by an equivalent shaft of constant cross section noting only that a 
portion of a shaft of the length I and diameter d can be replaced, without 
changing the angle of twist of the shaft, by a portion of the length U and diam- 
eter do provided that 

h = W/d< . (27) 

In the case of crankshafts (Fig. 11) the problem of torsiond rigidity depends 
on the conditions of constraint at the bearings. Assuming that the clearances 
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Bar of Variable Gross Section with Thicker End Built In and the 
Other End Supported. AsBuming for I and A [Eqs. (37)J tiie approxi- 
mate values of the fundamental and higher frequencies will be obtained 
by multiplying the corresponding frequencies of the prismatical bar with one 
end built in and another end supported (p. 518) with the factor (38) the 
constants jSi, yi, and yi' being taken from the table below: 


■■ 

Pi 

y< 

pi' 

Yi' 

. I ft 

1 

P'i 

yf 

1 1 

Q.43I 

0.569 

OMS 

0.857 

4 

6.‘«4 

0.306 

0.62S 

0.662 

2 : 

0.480 i 

0.520 

0.612 

0.724 

5 

0.496 

0.504 

0.631 

0.654 


0.490 

0.510 

0.623 

0.680 

6 

0.497 

1 0.503 

D.633 

0.649 


Bar of Variable Cross Section with Free Ends. When the bar con- 
sists of two equal halves joined together at their thick ends, each half being 
generated by revolving the curve 

y -03^ (30) 

about the s-axis (a: measured from the free ends) the frequency of the funda- 
mental natural vibration will be ^ven by Eq. (35). The constant cci for 
variouB values of n in Eq. (39) is given below 

n “ 0 ki H HI 
tti « 3.58 4.47 5.26 5.96 6.52 

Vibration of Turbine Blades. Con^dcring Uic blade as a cantilever bar ofvari- 
able cross section built in at ita thick end, the frequencies cd natural vibrations in each of 
the two principal flexural planes of the blade will be obtained from the equation 

/-•/V+A* (40) 

in which f\ denotes tie frequency of the blade when the rotor ie etatienary, and ft repre- 
Bcnte the frequency of the blade when the elastic forces arc neglected and only the 
restoring action due to centrifugal force is taken into consideration. Assuming that 
the variation of the eross-scctional area and of the moment of inertia along the blade 
are given by Eqe. (36), the frequency /i of the fundamental type of vibration can be cal- 
culated by using the tabic fotlowing Eq. (36), the frequency ft will be found from 
the equation 

ft = /»»/2r (41) 

in which u angular velocity of the turbine and 0 = the constant given in the table 
JwW/orr.nTOas'fSia«rcii'riwr»^Mir/V, snhavvf .=• 
end of the blade, 2 = the length of the blade, and e is defined by Eq. (36). 


0/2 

c = 0 

e = .2 

f = .4 

c = .6 

c= ,8 

c = 1.0 

0 

1.00 

1.00 

I.DO 

1.00 

1.00 

l.Ofl 

1 

1.57 

1.58 

1.59 

I.6I 

1.64 

1.71 

2 

1.98 

2.00 

2.01 

2.04 

2.09 

2.19 

4 

2,62 

2.64 

2.66 

2.ro 

2,77 

2.92 

6 

3.13 

3.15 

3.18 

3.S 

3.31 

3.50 

8 1 

3.56 

3.59 

3.^ 

3.68 

3,78 

4.00 

10 

3,95 

3.98 

4.02 

4.08 

4.19 

4.44 


Vibrations of Membranes 

Assumed that the membrane is a perfectly flexible and infinitely thin sheet 
of uniform material and thickness and that it is uniformly stretched in all 
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Shaft Trith One Disk. In order to exclude from our consideration the 
effect of the weight of the shaft and of the disk, a vertical shaft toII be con- 
sidered (Fig.' 13) . Lot C be the center of gravity, of the disk (Fig. 13o) . 

€ = a small eccentricity. 
u = the angular velocity of the rotating shaft. 

X = the deflection of the shaft at the disk. 

W/g = the mass of the disk. 

Then the centrifugal force acting on the shaft will be 

]Fu*(a: +c)/i/ (o) 

The elastic reactive force with which the shaft is acting on the disk will bo 
equal to 

kx (6) 

where k is the spring constant of the shaft. In the case of a shaft of a uni- 
form cross section and with the disk attached at the middle, k = 48FZ/f’. 

Equating (a) and (b), we obtain Wu*(i + e)/g » fess 
from which 

X ~ e/KwoV"®) ~ 1] 

where ci)„< = kg/W 

It can be concluded that the deflection x tends , to incroase rapidly as u 
approaches p, i.c., when the number of revolutions per second of the shaft 
approaches the frequency of the lateral vibrations of the shaft and disk. 
The critical value of the speed will be 

»cr = -y/gk/W (31) 

At speeds higher than the critical, the center of gravity C will be situated 
M shown in Fig. 136 and the equation for determining x will he 


Wu>Kx — e)/g - kx . . 

from which 

X ^e/il - (w«Vw*)l 

It is seen that for speeds above critical, with increasing w the deflection x 
decreases and approaches the limit c, i.e., at very high speeds the center of 
gravity of the disk approaches the line joining the supports and the dpflected 
shaft rotates about the center of gravity C. 

The critical speed of a rotating shaft is the speed at which its elastic forces 
are completely neutralized so that it is incapable of offering any resistance to 
a deflecting force. This speed is equal numerically to the frequency of vibra- 
tion of the shaft with tho masses mounted on it, if deflected by an external 
force while the shaft is at a stwdstiH. Its value depends on the length of 
the shaft, its various diameters, tho manner in which it is supported, and on 
the magnitude and distribution of the loads it carries, but it is independent 
of whether the shaft is horizontal or vertical. 


Shafts of Uniform Diameter. If a shaft on two supports carrying loads 
Wi, Tfj, TFj, IF; , (lb) has such dimensions that the static deflections 
at those loads, if the shaft were horizontal .(although actually it may be 
vortical), would be yi, yz, y$, y* , . (in.),' respectively; the first or lowest 

critical speed lie in rpm is given by the formula 


- = 187.7 


V 


Wim ■+ Fjjft + TFiys + W<yi + . . . 
Fqn* + Ftjft* + .i- TTq/iS . . 


(32) 
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For the fundamental type of vibrataon of a square plate, 

! - ( 46 ) 

Consecutive frequencies of a square plate Trith free edges are given by tbe 
equation 

U = (eff/2TO^V^M (47) 

in which a; is a constant depending on the mode of vibration. For the 
three lowest inodes, the values of this constant arc 

ai = 14.10; at = 20.56; aj = 23.91 • 

Circular Plate Clamped at the Boundary. Equation (47) can be used 
for calculating frequencies, o denoting m this case the radius of tho boundary. 
Denoting with s’ the number of nodal circlos and with n the number of nodal 
diameters, the magnitude of the factor a; in Eq. (47) will be pven by the 
following table. The table also gives values of a{ in Eq. (47) for a Circular 
plate with free boundary. - 



Plate clamped at boundary 

Plate vrith free boundary 


n»0 

71 o 1 

ae2 

n-0 

» = 1 

n • 2 

no 3 

D 

1 

2 

10.21 

39,78 

88.90 

21.22 

34.84 

9.076 

38.52 

».52 

59.86 

1 

■ 5,251 1 

. 35,24 ! 

' 1 

12.23 

52,91 


Circular Plate Plaed at the Center. The constant ai for consecutive 
modes of vibration having e nodal circles is as follows; 

«« 0 1 2 3 • 

3.75 20.01 60, 6B 119.7 

Vibration of Turbine Disks. It is well established that fractures which 
occur in turbine disks and which cannot be ezpluned by defects in the material 
or by excessive stresses due to centrifugal forces may be attributed to flexural 
vibrations. Exporimonts show that such vibrations, at certain speeds 
of the turbine, become very pronounced and produce great additional bend- 
ing stresses which may result in fatiguo of the metal and in the gradual 
devdiopment ol cracKs, w'ludn usualty start at ttto houncianes ol t’ne steam 
balance holes and other discontinuities in the of the turbine disk where 
stress 'concentration is prccent. Tho most important cause producing 
these vibrations in turbine disks is that due to non-uniform steam pressure 
along tho circumference. A localised pressure acting on the rim of a rotat- 
ing disk is sufficient at certain speeds to mountain lateral vibrations in tho 
disks. Experiments show that the fiulure should be attributed to those 
types of vibration having several diameters as nodal linos. These vibra- 
tions can be considered as comlnnations of two waves traveling circuni- 
ferentially in' tho direction of rotation and ‘in tho opposite direction. The 
amplitudes of backward moving waves are usually' larger than those of for- 
ward moving waves. Backward moving waves become especially pro- 
nounced under conditions' of resonance when the backward speed of these 
waves in the disk coincides exactly with the forward angular velocity of tho 
rotating disk so that the waves become stationary in space. This type of 
vibration is responsible in a majority of cases for disk failures. (See paper by 
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Table 2. Critical Speeds of Shafts Carrying Two Concentrated Loads 

(The formulas ue for ah&fta supported at the bearings) 


General formula: Nci and Het = -i- T “ iAV^Y^] 

For Hc^ use minus sign; for ugc plus sign. The values of A, U, and V are given in 
the table below, whenever Nc\ and Net are not given directly, yi and yt = static 
deflections at IVi and IFj (shaft boiuontol). 
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lishcs an air connection between tbe iimde of the pipe and the ears. In use. the plunger 
is moved in the pipe very slovdy till a pore abging note is heard. On the caUbr&ted 
pipe, tlie corresponding frequency is read off. The instrument can be easily made up, 
the calibration being / ■= 13.200/1, where / •= frequency, cycles per sec and 1 = length 
of pipe, inches, 

Amplitude meters or Tibrometers indicate amplitudes only and give no infoimi' 
tlon regarding frequencies. 

The vibrometer of the Vibration Spemaliy Co, (Philadelphia) is a seismic instrument 
with a natural frequency of 200 per min and very little damping, so that vibrations of 
frequencies above 500 per min can be measured. The relative motion of the weight 
and the frame is magnified 100 timea. There is one indicator for horizontal and one tor 
vertical vibrations on the same instrument which can be read simultaneously. Measure- 
ments can be made up to 2,200 cycles per min with the standard indicators and up to 
4,000 cycles per min with special indicators, making the standard instrument fit for 
1,800 rpm machinery. It is very rugged and intended for rough use in shops and power 
houses. 

The vibrometer of Carl Schenk (Darmstadt, Germany) operates on the same principle 
as the previous one. Its natural period is 40 per rain, it has optical indicators, and can 
be used for frequencies from 200 to 5,000 per min. Both horizontal and vertical vibra- 
tiona can be read on the same inatrument. The magnification Is 400 with the “pre- 
cision" type or 75 vrith the “shop” type. The weights are critically damped, which is 
& great advantage. 

The Davoy Vibrometer (Vibroscopo Ino., New York) is held still in space, and con- 
tact with the vlbratiDg machine is established through a light pin. The relative 
motion sets a mirror vibrating which gives a band of light on a ground-glass scale, It 
can be bought with a magnification of 250 or 500. The low limit of frequency depends 
entirely on the kind of support. The upper frequency limit should bo of the same 
order as the Schenk instrument on account of the optical magnification, 

Tlbrograpbs give a displacemenUlime record of the vibration. 

The Geiger Vibrograph, Lehmann and Michels, Hamburg, Germany (See Z. Vtf. 
deuf. Ins. ^0, 1915, p. Sll) can bo used as a Mismic instrument. Its magnification can 
be adjusted between 1:3 and 1:24. The record b traced on paper. A timing device 
tracing 1,500 cycle per min waves on the paper b built into tbe instrument. The 
Bobmic mass and spring cart be ea^ly rcplac^ by others of different characterbtics, so 
that it has a very wide frequency range. The standard instrument can be used from 
SOO up to 4,000 or 10,000 per min dependbg on tbo magnification. There U no damping 
in the instrument. Vibrations can be recorded in a vertical, horizontal, or any oblique 
direction. Tbe seismic part can he removed and die instrument used as a direct vibra- 
tion recorder with magnifications up to 72 times. In this case, the instniment itself 
should be held still in apace by suspending it or holding it in the hands. The vibration 
is transmitted to the pen of the inslrumcnl by a light rod or needle. The instrument is 
capable of recording vibrations of small and li^t machinery, which is impoesibla with 
-any -seisniio 'inSminierti. Tfi can’oe finangca'io a'wrsjograpn or stress recorlrcr. 
disadvantage b the rather small magnification. 

The Maihak Vibrograph (If, Maihak, Hamburg, Germany) is similar to Geiger’s, 
but is a plain sebmio instrument and cannot be transformed into a torsiograph or a 
direct recorder. 

The Cambridge Vibrograph (Cambridge Instrument Co., Cambridge, England, sea 
Enoincering, 1925, p. 271) has a natural frequency of about 250 per min and no damping. 
To record vertical or. horizontal vibrations two separate instruments are required, both 
on the seismic principle. The range of frequency is about 1,000 to possibly 10,000 
per min. It records by means erf a sharp needle on a band of celluloid, which is viewed 
through a hand microscope or con be microphotograpfaed for reproduction. Its sensi- 
tivity is great; magnifications up to 2,000 &ve good pictures; amplitudes can be read to 
an accuracy of 0,01 mil. Since there is no provision for direct recording, the use of the 
instrument is restricted to heavy moehuies and structures. 

Torsiographs. The Geiger Torsiograph (Lehmann and Michels, Hamburg) records 
noa-uniformities of the angular rotation of ^afts by means of the seismic principle. 
A very light aluminurapulley of Oin. (Mnmeter carries inside itself a heavy steel flywheel, 
coupled to it by a flexible spiral spring. The pulley is driven, preferably by & 
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Cantilever Bar of Variable Cross Section. If the variation of the 
cross-aectiona! area and of the principal moment of inertia of the cross section 
^ong the axis of the bar can be expressed in the form 

i=oa-c*A); /*Ml-cx/0 (36) 

0 , i, c being constants and x being measured from tbe built-in end, then the 
values of the coefficient «i in Eq. (35) for the fundamental type of vibration 
are 

f= 0 0.4 0.6 0.8 1.0 

ai = 0.560 0.652 0.720 0.858 1.140 

An approximate solution for a cantilever of variable cross section can bo 
obtained by assuming that tbe variation of / and A along the axis of the 
bar (Fig. 16), measuring i from the built-in end, can be represented by the 
equations 

I - Iii^l - - m' sin A » -n^ - n' sin (37) 



Eiq. 16. 


in which 


n = (j4j — m' 

, \ (A^-V A\ ^ \ 

" = 4 — 


Then the frequencies of the fundamental and higher modes of vibration will 
be obtained by multiplying the corresponding frequencies of the prismatical 
cantilever bar (see p. 518) with the factor 


V(1 - wft - m'/S't-)/(l “ n7» - n'7’*) ' • ' (38) 

The constants |6,-, 7t, and r,-', for the consecutive modes of vibration are: 




621 
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■Wilfrea Campbell, Trans. A.S,M.S., 46 , 1924, p. 31. See also papei by 
Freundereich, Engineering, 119, 1925, p. 2.) 


VIBRATION INSTRUMENTS 

By J. P. DEK EA&TOa . 

' Beieubnces: Steuding, "Messung Mechaniaeber Schmngangen," V. D. I. Vcrlag. 
Timosbenko, " Vibration Problema in Engineering," Van Nostrand. 

Many vibration instruments eonaist of a weiglit, suspended on springs in a 
frame, which is made to follow the vibration to be measured. They are based 
on the seismic principle. 

Lot the point of suspension A of a mass-spring system be given a motion 
a sin wt. The mass will swing with the same ftcqu«icy but with a different 
amplitude. Tho amplitude of the relative motion between the mass and the 
frame, as a function of «, is shown in Fig. 1. For very siow motion of the 
frame (« nearly zero), the spring will not extend at all; for a motion in reso- 
nance with the natural frequency of the system the relative motion will 
be large, while for a very rapid motion of A (« largo) , tho mass cannot follow 
and will stand still in space so that the relative motion is a, or equal to tlio 
vibration of the frame. An irvstrument recording vibration amplitudes, 
therefore, should have a natural frequency which is low with respect to the 
frequency of the vibration to be measured. 

The acceleration belonging to the motion 
a sin ut is sin (ol; again a harmonic 
motion rrith the amplitude o«*. The equa- 
tion of the fully drawn curve in Fig. 1 is 
Relative motion «= -- w’) 

which for small values of u is nearly equal to 
Ob)<. Therefore, accelerometers should 
have a natural frequency which is high 
with respect to the frequency of the accelera- 
tion to be measured. 

A certain amount of damping is desirable 
in either class of instrument (dotted curve in Kg. 1) . For the accelerometer, 
large damping is a fundamental necesaty. An impure vibration contains, 
besides its fundamental frequency, many higher harmonic frequencies. ' An 
impure wave of 10 cycles per sec can cause lesonanoe in systema with natural 
frequencies of 10, 20, 30, etc., (grcles per sec, hut not in a system of 5 cycles 
per sec. In an accelerometer, the natural frequency is higher than the 
measured frequency so that the danger of resonance always exists and can be 
avoided only by a great amount of damping. In a vibrograph, the natural 
frequency is lower than the measured one and no resonance can occur, so that 
such instruments can be built without much damping. 

Frequency Meters. Tho Fullarton Vibtometer (Kelvin, Bottomley ’and Baird, 
Glasgow) is a single cantilever of whidi the length can be varied. The instrument is 
clamped to the atnioture under investigation, and at a certain length of the cantilever 
it responds. The correspaading frequency can be read off a scale, 

The above instrument can be made for frequencies from 6 to about 100 cycles per. sec. 
For frequencies higher than this, which may cause objectionable noise, the adjustable 
organ pipe is useful, It consists of a tube in which a plunger is inserted. The plunger 
has a email hole, which by means of rubber tubing and two stethosoope earpieces eatab* 





Fiq. 1,— Vibration of Spring- 
suspended Weight. 
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ejection from, tie atom, 'thereby enabling it, bee9;ue of its increased energy, to combme 
TOth other atoms to form moleonlee of eittier dementary substances or compoundi. 
This convenient atomic model abould be regarded as only a worldng hypothesis for 
coordinating a number of phenomena about adiich much yet lemaina to be knonii. 

Chemical Blements^ 
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beU. from Ibe sViait Made: test, aad ti^sB foKom aotioa ot tlife ekafr exactly. The 
flywheel, loose on its shaft, is dragged along by the spring and rotates uniformly on 
account of its great inertia. The relative motion of the two is recorded on the paper 
band in the same manner as with the vibrograph. The instrument is of great usefulness 
lor the investigation of torsional vibiatioM of gas and DLetcl engine applications. 

Accelerometers. The Cambridge accelerometer is a seisraio instrument with a high 
natural frequency and critical electiomagnetic damping and has the same celluloid 
recording device as the Cambridge vibtograph. A single instrument can record vertical 
and horizontal accelerations simultaneously. By inserting diflerent springs, it can be 
adapted to various uses approximately as follows: 

Spring abed 

Natural frequency per sec 24 29 43 71 

Record can be read as close as tf/400 p/200 p/100 p/30 

Max acceleration measured p/2 p 2p 6p 

Velocity Meters. A reversed ratio loudspeaker may be used for trans- 
forming the mcitioTia of a vibration into an alternating current 'which may 
then bo passed through an amplifier and to an oscillograph, where it is cither 
observed visually or recorded photographically. In such an electromagnetic 
device, the electric current or voltage is proportional to the velocity of motion. 
The loudspeaker element must be mounted on a seismic mass but the pick-up 
instrument can be made quite small. The instrument is made by the Sperry 
Gyroscope Co. (See Draper and Bentley, “ Moaeurement of Aircraft 
Vibration During Flight,” Jour. Acronouf'ic^ Sciences, 3, 1936, p. 116; and 
Hull, "Modem Aide to VibraUoa Study,” Tram. A.S.MJjl., 1937, A-161.) 

Stress recorders measure variations in strain. They arc clamped or screwed to two 
poinia on the member to bo tested and the relative motion of these points is recorded. 

The Csmbridge Stress Recorder has a gage length of 10 in. and scribes ite record on 
a film of celluloid 15 times magnified. By optical magnification of this record, the stress 
for steel can be read with an accuracy of about 200 lb per eq in. It can bo used for 
frequencies up to 90 per sec. 

The Peters telemeter (Southwark Foundry and Machine Co., Philadelphia) ie made in 
gage lengths of 2 and 8 in. It operates on the change in electrical resistance due to 
compression of a stack of thin carbon disks. Two carbon piles arc built in each instru- 
ment, connected in a Wheatstone bridge circuit and recorded in an oscillograph. With 
the 8 in. gage length and a sensitive oscillograph, stresses in steel enn be road with an 
accuracy of 200 lb per sq in, It is posable to havo several telemetcre in difierent 
places record simultaneously on tho same oscillograph film. The instrument can be 
used for frequencies up to about 300 per sec. It can also be placed on the rotating part 
of machines; in that case, three slip rings have to be mouated on the shaft. The 
pile principle has been used also for a recording pressure gage and for an accelerometer 
for a special purpose. 

The Moullin stress recorder (Cambridge Instrument Co.) operates with alternating 
current, utilizing the variation in reluctance duo to tho displacement of an iron core. 
The oscillograph record is not a definite line as with the previoua instrument, but rather 
a band of light of which the envelope is to be read. It was originally built for use on 
airships. The same recording principle is also used on a torsion meter for measuring 
torque variations in a shaft. 

The sinallest strain recorder consists of a piece of carbon glued to the test member 
vrith a thin piece of paper in between for dectiica! iasulation (see p. 440). By inserting 
the carbou in one of the branches of a Wbeatetone bridge, and by amplifying, th^e 
variations can be recorded on an oscillograph (Eeama and Guerke, "Vibration Stress 
Measuremeate in Strong Centrifugal Field,” Trans. A.S.M.E., 1937, A-156), 
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Specific GraTitf and Bensitf of Water at Atmospheric Pressure 
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Compres^ility of Liquids 

If 01 and n aro the volumes of the liquids at pressures of pi aod pt atm, 
respectively at aoy temperature, the coeffideat of compresdbility b la sivea 
by the equation 



The value of b X 10< for oila at low preaeures at about TOP varies from 
about 55 to 80; for mercury at 32 F it is 3.9; for chloroform at 82 F it is 100 
and increases with the temperature to 200 at UO F; for ethyl alcohol it 
hdcases from about 100 at 32 F and bw pressures to 125 at 104 F; for 
glycerin it is about 24 at room tempcraturo and low pressure. 


Volume of Water as a FuncUon of Pressure and Temperature 

(From “IntemalioDal Ciitietl Tables") 
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Composition ot Air 

The percent volumetric compomtion ot diy air at sea level is N-, 78.03; 
Oj, 20.99; A, 0.94; COj, 0.03; Hi, 0.01; Ne, 0.00123; He, 0.0004; Kr, O.0DD05; 
Se, 0.000006. For ordinary purposes, this is taken as Ni, 79; Oi, 21. On 
this basis, the ratio of Nj to Oi is 3.76. On the basis of mass or weight, the 
percent composition is No, 75Ji; Oj, 23.2; A, U3; COj, 0.045 or approximately 
N:, 76.8; Oj, 23.2 and the nitrogen-oxygen ^roght ratio is 3.32 (data from 
“International Critacal Tabies," vd. 1, i>. 393, McGraw-Hill). 
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Cheoiistry 

■Every elemonttixy aubatance ie made up ei wceeto^y small patUcles called atoma 
■which are all alike and which cannot be iurtber subdivided or broken up by chemical 
processes. It will be noted that this statement is virtually a definition of the term 
elementary substance and a limitation (rf the term chemical process. There are as 
many different classes or families of atoms as there are chonucal elsments. 

Two or more atoms, either of the same kind or of different kinds, are, in tlis cose of 
most elements, capable of uniting with one another to form a higher order of distinct 
patticlca called molecules. If tbo moleculea or atoms of which any given matorial is 
composed arc all exactly alike, the material is ft pure eubstance. If they are not all 
alike, the material is a mixture. 

If the atoms which compose the molecules of any pure substance are all of the same 
Idnd, the substance is, as already stated, an elemeiitaiy aubatauce. If the atonvB 
which compose the mcdccules of a pure chemical substance are not all of the same kiird, 
ths substance is a compound substance. 

The stoma are to be considered as the emoUcst particles which occur separately in the 
Btruotuie of moleculea of either compound or elemcutary aubatonces, ao far as can ho, 
determined by ordinary chemical analyaia. The molecule of an element conslata of a 
definite (usually small) number of its atoms. The molecule of a compound oonalats of 
one or moia atoms of each, of Its several elements, the numbers of the various lands 
of atoms and their arrangement being definite and fixed, and determining the character of 
the compound. This notion of molecules and tlicir constituent atoms is useful for inter- 
preting the observed fact that chemical reactions— c-ir. Die analysis of a compound into 
its elements, the synthesis of a compound from the dements, or the changing d one or 
more compounds into one or more different compounds— take place so that the masses 
of the various substances concerned in a given reaction stand in definite and fixed ratios. 

It appears from recent researches that some substances which cannot by any avail- 
able means bo decomposed into simpler substances nnd which must therefore bo defined 
as elements, are continually undergoing spontaneous changes or radioactive traos- 
torjnatlon into other substances which can be recognised as phj'sically and chemically 
different from the original substance. Badiuin is an. element by the definition given 
and may be considered as made up of atoms. But it is assumed that these atoms, so 
called because they resist all efforts to break them up and are therefore apparently 
indivisible, nevertheless split up spontaneonsly, at a lato which scientists have not been 
able to infiuence in any way , into other aioniB, thus lorming other elementary subBtances 
of totally different properties. , 

The view genera^ accepted at present is that the atoms of all the chemical elements, 
including those not yet known to be radioactive, consist of several kinds of still smaller 
particles, two of which are known as protons and electrons. The protons with other 
particles are bound together in the atomic nudeus and are positively charged. Tho 
electrons are negatively charged particles, all alike, external to the nucleus, and sufficient 
in number to neutralise the nuclear charge in an atom. The differences between the 
atoms of different cliemiosi elements are due to the tUfferent numbers of these smaller 
particles composing them. According to the oii^al Bohr theory, an ordinary atom is 
conceived as a stable system of such electrons revolving in closed orbits about tho 
nueleus like the planets ol tho solar system aromiA the sun. In a hydrogen atom, there 
is one proton and one electron; in a radium atmn, there are 88 electrons surrounding a 
nucleus 226 times as massive as the hydrogm nudeus. Only a few, in general the outer- 
most or ’valonce electrons of such an atom, ue subject to rearrangement within, ot 
520 



536 


IRON AUD BTSEl, 


Semisteel is a term that is nWobsolete axid is no guoraatee oi any specino 
or useful property in the metal. 

Puddled iron (steel) is ■wrought iron (pteel) made by the puddling process. 
Puddled steel is necessarily b 1^ bewing.' '• 

Pig^n 

Lon ore Is reduced in a furnace to form pig iron, which is the raw 
material for practically all iron and steel products. Nearly 00 percent of. the 
iron ore mined m the United States comes from the Lake Superior region; 
this ore has the advantages of hi^ quaUty and the cheapness with which it 
can be mined and transported by 'way-of 'die .Great Lakes. The ore consists 
mainly of hematite (Fe»Oj) and contuns 60 to 70 percent Iron. Other 
important iron-ore districts in the' United States we in Alabama, in the 
Adirondacks in New York, and in Pennsylvania. 

. The blast furnace con^sta of a verti^ shaft over 20 ft diam and 100 ft 
high containing a descending column of iron ore, coke, and limestone and a 
large volume of ascending hot gas. The gas is produced bj^ the burning of 
the coke in the hearth of the furnace and contuns about 84 percent carbon 
monciide. This gas reduces the iron ore to metallic icon ■which melts and 
picks up considerable quantities of carbon, manganese, phosphorus, sulphur, 
and silicon. The gangue (mostly silica) of the iron ore and the ash in the 
coke combine with the limestone to form the bbst-furnaco slag, The pig 
iron and slag are drawn off at intervals from the hearth through the iron 
notoh and cinder notch, respectively. The modem blast furnace produces 
100 to 1,200 tone of pig iron per To produce 1 ton of pig iron requires 
approximately 2 tons of icon ore, 1 ton of coke, half a ton of limestone, and 
4 tons of air. 

Wrought Iron 

Manufacture. Pig iron is heated in a puddling furnace at o' temperature 
BomefThat above its melting point with the addition of iron oxides (ore, mill 
scale, etc.) . The puddling fumaco is a reverberatory furnace with an oxidiz- 
ing flame which plays over the bath of molten metal. Air is allowed to enter 
the furnace and furth^ promotes the oxidation. As the impurities are 
gradually burnt out of the iron, its melting point is raised bo that the resulting 
purer metal forms in globules -which nro collected together by means of long 
iron rods manipulated by the puddler. This iron is not molten, but is taken 
from the furnace in a pasty condition in the form of balls and contains semi- 
molten slag (principally iron sdicBtea) racchamcally included. The ball is 
put' through a squeezer or hammered with a steam hammer to remove a 
large portion of the slag and is now called a bloom. It passes through a 
rolling mill and is then known as mnekbar. The bars are usually sheared, 
piled crosswise, and the pile ia reheated and rerolled -with further removal of 
slag, the purer iron product being called refined baj iron. This is the 
■wrought iron of commerce. When refined bar iron is Bboared, piled, and 
rerolled in.a similar manner, ibe resulting material is called double-refined 
iron. ■ ■ ' I - 

■ In a new method of mwufacturing' wrought iron, known as the Aston 
process or New Byers process, a very-low-carbon ferrous metal is prepared 
in a suitable furnace, ‘usually a Bessemer converter.' The relatively pure 
molten iron is poured into a’ladle con^ning slag of the proper composition. 
An instantaneous and violent’ action'bccurs upon solidification of the’metal) 
with profuBe gas liberation, and' -the ’metal' ^comes a pasty mass’ of iron 
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+ (16X3) ■ 159.68/ PereeQt&TCotiKWiitt compound = (65.84 X 2) X 100/159.68 “ 
69.94. 

Solubility ot laorgaalc SubotancoB in Water 
Number of grams of the anhydrous substance ^lable in 1,000 nams of 'water. The 
common name of the substance ia ^ven in parentnesis. 



Compoation 

Teraperaturo, degP 

iz 

m 

212 


ils(SO<)t 

313 

52) 

891 

Aluminum potassium sulphate (potas- 

AiiKi(SO«l(. 

24BiO 




siuin slum) 

30 

170 

1540 


NB^HlDOs 

119 

504 

.760 

Affioianium chloride (sal amrooiuac). . . 

NBri3 



NH 4 NOJ 


3440 



(NHOtSO. 

706 • 




BaClf2HiO 

317 




Ba(NO;)t 

50 










594 


1576 

Celdum hydiomde (hydrated Unws) .... 

Ca(QH)s 

Ca(NO,)t.4HiO 

1.77 

931 


0.67 

3626 

Calcium sulphate (gypsum) 

Copper ffulpaate (blue vitnol) 

CaSO«-2HiO 




O^fSHtO 

' 140 

1 334 

820 

753 

1060 

Ferrous hvdroade 

Fe(OH)t 

(l.0O67t« 



Ferrous sulphate (green vitriol or cop* 



482 





|hrrie chloride 

FeCIi 

730 

3)60 

53tf 

PbQs 

6.73 

16.7 

33.3 

Lead luttato 

Pb(N0»)4 

403 


1255 


PbSOi 

0.042i»> 




MgCOi 

i.m 


723 


Mg^vdEsO 

524 


Magnesium hydroxide (mUk «f 1 

1 

mafnesia) 

Mg(OH)t 

0.009'» 



Magnesium nitrate 

MclNOrlrCHrO 

665 

.903 ' 


Ms^esium. sulphate (Eosom salts) 

Mg^i-TBiO 

269 

5D0 

710 

Potassium carbonate (potash). 

JfrCOi 

693 

1216 

1562 


Ka 

264 

435 

566 

Potassium hydroxide (caustic potash) . . 

KOH 

971 

HM 

1773 

Potassium nitrate (saltpeter or nit^) . . 

KNO, 

131 

851 

. 2477 

Potassium sulphate 

KjSOs 

74 

165 

241 

Set^um bicarbonate (baking soda) 

Sodium carbonate (sal soda or soda ash) 

NaHCOj 

69 

ffi 


NaCoj-lOHrO 

204 

475 

452 

Sodium chloride (common salO ........ 

Sodium hydiomde (causliosora) ; 

Nad 

357 

366 

392 

NaOH 

420 

m 

35W 

Sodium nitrate (chili asltpetcr) 

NaNOi 

733 

1146 

1755 

Sodium sulphate (Glauber salts) 

Zinc chloride 

NarSOrlOHrO 

ZnCh 

49 

2944 

466 

4702 

422 

6147 

Zinc nitrate..,...;,... 


947 



Zinc sulphate 

Zi£OvVB,0 

419 

768 

• 807 


f** 69 F. 68 F. Xn. cold water. W 50 F, 


Solubility uC Qaaea in Water 
(By volume, at atmospheric pressure) 


t (deg F) = 

32 

1 ^ 1 

i 212 

^ ((degF) = 

32 

"es j 

212 

Alt'. 

Acetylene I 

Ammoma. ' 

Cacbcn^oridc. . . 
^rbon monoxide. 
Chlorine 

Q. 03 J 

1.89 j 
1250 

1.8? 1 
0.039 
5.0 

0.020 

1.12 

700 

0.96 

0.025 

2.5 

[ <I,«I2 

6.26 

U.M, 

Hydrogen . . 

^drogen sulphide. . 
^drocfaloric acid. . . 



OxyM 

Sulpourie acid 

0.023 

.5.0 

560 

o.okJ 
0.053 
67 . 

, 0.02a' 
2.8 1 

1 480 ' 

1 OiOl?! 
0.034 

43 

Q.Q18 

0,87 

J.OIOS 

0.0183 
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Uses. Wrousht iron can be obtuned in tbe form of plates, sheets, forging 
billets, structural shapes, ban, pipes, and tubing. The principal use for 
wrought iron is in the form of pipe used for mildly corrosive conditions. 
It is also used extensively for general forging purposes. Wrought iron 
was fottnerly used for making cnidblB Bfcecl, and is still employed by some 
manufacturers for that purpose. 


Ingot Iron 

Ingot iron (Armco iron) is a commercially pure iron which is made in a 
basic open-hearth furnace in a maimer similar to steel. The refining opera- 
tion is carried on considerably further by the addition of a very pure grade 
of iron ore which oxidizes out the impurities to a low point. A high furnace 
temperature is required for this operation owing to the high melting point of 
pure iron. A typical analysis of ingot iron is given in Table 1. 

Physical Constants. Sp gr, 7.866; melting point, 2795 F; specific heat 
at 77 F, 0.108 ; heat of fuBon, 36 Btu per lb; thermal conductivity at 212 F., 
465 Btu per hr per sq ft per in. per dog F: thermal coefficient of expansion 
at 212 F, 7 millionths per dog F; electrical resistivity at 82 F, 9.60 michohm- 
cm; temperature coefficient of electrics) resistance between 82 and 212F, 
0.0031 per deg F. Many of these constants are affected considerably by 
small changes in composition, grain size, or mechanical treatment. 

Table S. Mechanical Properties of Ingot Iron 

(R. L. Kenyon, A.S.M. Mctab Handbook, 168^) 
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13 
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Px 
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Tensile yield strength, kips 

16-31 

19 i 


26 ' 

19 

18 i 

31) 



38 

lUU 

43 

42 

41 

47 



4MR 


42 

4!) 

47 1 



» 1 

Z 1 


2 

2 

2 1 

2 



79-77 

6Wri 

76 


71 

70 

Hardness, Brlnell No 

Sl-lOO 

67 

220 

IDl 

9U 

82 

no 


Table 4. Bflect of Temperature on Mechanical Properties o£ Ingot 
Iron 

(A.S.M. Metals Handbook, 1938) 


Temp F 


3S0 

400 

450 

500 


600 

650 

700 

730 

800 

850 

Tensile strength, kips, 

Percent elongation 

Percent reduction of area. . . . 

Modulus E X 10"> 

Idmiting creep stress,* klpa . . 


>9.8 
26. S 
10 

Z8.4 

B2.7 

16.5 

57 

28.1 

55.5 

26.8 

54 

Z7.8 

55.0 

28.9 

54 

27.4 

58 

64.3 

31.7 

54 

27.i 

19 

62.9 

36.8 

56 

26.6 

41 

60.8 

40.3 

58 

26.7 

36 

57.3 

43.9 
60 

25.9 
32 

51.7 

47.8 

63.8 
25.5 
27 

45.8 

51 

67.5 

25,0 

22 

42,0 

51 

67,5 

24,4 

18 

36.0 

50 

65.3 

14 


*0.001 ia. in 300 days. 
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scrap, /thea melt the, scrap mth an <mdizing flame. When melting is well 
advanced, molten pig iron is added and a reaction takes place between.the 
iron oxide and the impurities in the pig iron. The acid slag iormed ,by the 
oxidation of silicon and manganese is run off, and with further heating the 
lime comes up through the bath causing a violent boil and forms a basic slag. 
This slag makes it' posable to remove a large percentage of the phosphorus 
in the iron. When all the impurities ate lowered to the desired extent, the 
metal is, tapped through a hole in the rear of. the furnace and poured into a 
ladle. 'Various additions aro-made to-the steel either in the furnace beforo 
tapping, or in the ladle, to deoxidize the steel and to obtain the desired com- 
position. The time required for tho complete operation is 8 to 12 hr. 

Acid-open-hearth steel la produced in an open-hearth furnace having 
an acid or siliceous lining. The process is very similar to the basio except 
that, an add dag is used so tiwt no phosphorus can be terntyved from the steel; 
This requires a scrap and pig-iron charge of low phosphorus content. , 

Bessemer steel is made in a pear-shaped converter which is mounted on 
trunnions so as to be tilted easily for charging and pouring. Molten pig iron 
is poured into tho converter, and air is blown through the liquid metal. 
Heat is liberated by the oxidation of the Impurities — silicon, manganese', 
and carbon. ' 'When the carbon has been nearly eliminated, the metal ,i« 
locarburized by the addition of alloys containing oarboii, monganeec, and 
silicon. E^m 8 to 20 tons of steel arc made in one blow requiring only 
10 or IS min. 

Acid Bessemer steel is made in a converter having a eiUccous lining and 
is the only Bessemer steel made in the U. S.. for our ores are not suitable 
for the production of pig iron for baric Bessemer steel. The latter is made 
in'a converter having a magnerite lining, and limestone is added during the 
process to form a basic slag which removes a large propoition of tho phos- 
phoTua in the pig. The process requires a pig iron very high in phosphorus, 
whereas the basic open-hearth process can use pig iron containing phosphorus 
in all but tho highest amounts. 

Electric Steel. Bedning can bo carried further in, an electric futnaca 
than in either the Bessemer convertor or the open-hearth in consequence of 
better control of the composition of the elag and higher obtainable tempera- 
tures. The electric furnace commonly used in the production of electric steel 
is the three-phase arc furnace in w^ch the electric arc heats tho bathi 
The furnace has a basic lining and is usrially charged with cold steel scrap. 
When the bath is molten, iron oxide is added to produce an oxidizing slag. 
The slag is then made reducing by the addition of carbon, some sulphur 
is removed, and the oxygen in the steri ia greatly reduced. The desired 
composition is then obtained by the addition of the necessary alloj'6. The 
induction furnace is amply a melting furnace to which the various 
metals are added to make the derired alloy. When steel scrap is used 
as a charge, it wiE be a high-grade scrap tho composition of which is well 
know, 

, Crucible steel is made in small grapHte crucibles which are usually heated 
in regenerative gas furnaces. The process consists of melting iron together 
with various alloys, the purity of tho product depending on the purity of the 
raw materials. This method of producing steel results in a high quality 
product but is almost obsolete. , , . 

Steel Ingots. After refining the steel by one of the preceding methods, 
the steel is tapped into a ladle and poured into iron ingot molds. Many 
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BsPERENffi8‘StouglitQa,“Tbe Metalloid' of IroanndSteel," MoGraw-Eill. BuUens, 
“Steel' and Its Heat Treatment.” TViley. Bain, "The Alloying Elements in Steel," 
A.S.M, “National Metals Handbook,” A.S.M. Alloys of Iron Monographs, Ecgi- 
n«ring Foundation, MeGtaw-Hill. Woldnran and Domblatt, “EnBmeering Alloys," 
A.S.M. , ' 

Classification of Iron and Steel 

Iron (Fe) is not a high-purity, metal commercially but contains other 
chemical dements which have a large effect on ita physical and mechanical 
properticB. The amount and distrihution of these elements arc dependent 
upon the method of manufact'ure. The most important commercial forms of 
iron are listed below’. (Definitione are those given in the National Metals 
Handbook, 1939 ed.) 

Pig iron, ia the product of the blast furnace and is made by tbo reduction o^ 
iron ore. 

Cast iron is an alloy of iron containing so much carbon that, as cast, it is 
not appreciably malleable at any temperature. 

WWte caat Iron, contains carbon in the combined form. The presence of 
cementite or iron carbide (FejC) makes this metal bard and brittle, and the 
absonoe of graphite pves the fracture a white color. 

Malleable cast iron is an alloy in which all the combined oarbon in a 
special white cast icon has been changed to free or temper carbon by suitable 
hoat-treatment. 

Gray cast iron ia a cast iron which, as cast, has combined or cementitic 
carbon not in eicess of a cutectoid percentage^the balance of the carbon 
occurring as graphite flakes. The term “gray iron" is derived from the 
characteristic gray fracture of this metal. 

Mottled cast iron is cast iron, the fracture of which is mottled, with 
white parts in which no graphite is seen and gray parts in which graphite is 
seen. 

Ingot iron is an open-hearth iron very low in carbon, manganese, and other 
impurities. 

Wrought iron is a ferrous material aggregated from a solidifying mass of 
pasty particles of highly refined metallic iron with which is incorporated, 
without subsequent fusion, a minately and uniformly distributed quantity of 
slag. 

Steel is a malleable alloy of iron and carbon, usually containing substantial 
quantities of manganese. 

Carbon steel is steel that owes ite disrinctive properties chiefly to the 
carbon that it contains. 

Alloy steel is steel that owes its ^sfincUve properties chiefly to some 
element or elements other than carbon, or jointly to such other elements and 
carbon. Some of the alloy steels neoesBiuily contain an important percen- 
tage of carbon, even as much as 1.25 percent. There is no agreement as to 
where the line between the alloy steels and the carbon steels shall be drawn. 

Bessemer steel, opea-hearth steel, crucible steel, and electrlc- 
iurnwe steel are steels made by the Bessemer, open-hearih, crucible, and 
electric-furnace processes, irrespectiTe of carbon content, 
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Pipe, Begregation, and inclttflicmfl are defecta in tie Bteel which cannot be 
remedied to any large extent Surface defects such as seams, laps, and 
scabs can bo removed by chipping the surfnce with air hammers, scarfing or 
dcseaming with oxyacetylene torches, ^in(hng, or, mechanically, by machin- 
ing. To inspect the surface of steel products, the scale can be removed by 
vicUing in acid, by the ubc of a torch in fiame sealing, or by tnechanicai 
means. 

Sdechameal Treatment of Steel 

At present, all but 2 or 3 percent of the total steel produced is oast in the 
form of ingots and then sublected to some fonn of mechanical treatment. 
The solid ingot is heated to between 2000 and 2600 F, depending on the com- 
position of the steel, and then hot-worked by rolling, pressing, or hammering. 
Hot work conssts of any mechanical treatment at temperatures above the 
thermal critical range of the steel. Considerable impTovement in mechanical 
properties is obtained by hot work. It will increase to some extent the yield 
and tensile strength, but it is especially benefid^ to the ductility of the steel 
since it breaks up the dendritic structure in the ingot and minimizes the 
effects of segregation and inclusions. The tomperature at which hot work 
is completed is important and should be above, but as near as practicable to. 
the thermal critic^ range, the exact tomperature depending upon the carbon 
and alloy content. 

The e^ect of rolling is to elongate tho incluaons in the direction of rolling, 
giving the steel excellent properties on samples taken parallel to this direotion, 
dthough testa on samples taken in a traneverse direction will not have as 
high mechanical properties. Hammer forging is more effective than rolling 
in that working can be done in more than one direction thus eliminating 
directional properties to the steel. The alow application of pressure in a 
forging press works the interior of a large forging roore effectively than 
hammering; the press is used to a large extent for laife high-quality forgings. 
Bolling, hammering, or pressing effectively breaks up tho coarse crystallisa- 
tion of a cast ingot when a reduction in area of 3 or 4 to 1 has been 
obtained. 

Shaping of steel by rolling is adopted whenever possible because of the 
rapidity of the operation and its relatively low cost. Rolling operations 
are carried out in mills which derive their name from the name of the product 
that they produce. Thus an ingot may be rolled into blooms in a blooming 
mill and slabs in a slabbing mi]]. In the blooming mill, the ingot is reduced 
by several passes to a bloom, having dimenriona about 6 in. square or larger. 
The bloom may then be further reduced to a billet which is somewhere 
between lyi and 6 in. square. The names blooms and billets still apply 
if the products are rectangular in form when the widths are less than twice 
the thichieBa. However, if the xndth far extaseds the tliickness of tho 
rectangular aectiau, it U called a slab. Blooms are tolled on finishing mills 
into slmclural shapes, rails, wheds, sheet har for further rolling into sheet, and 
skelp to be used in the manufacture of pipe. Blooms may also be used for 
forging purposes. Slabs arc rolled into platos, and billets are rolled into rods, 
bars, bands, hoops, small shapes, and seamless tubes. 

Cold work is work done on the metal below the thermal critical range and 
usually is done at atmospheric temperature. It greatly increases the yield 
strength and tensile strength, espedally the former, and reduces the ductility. 
It includes all operations such aa cold rollmg, cold pressing, twisting, and 
wire drawing. Large tonnages of rfieets are cold-rolled, which grea% 
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particles, thoroughly, mixed , with. dag.- 'This pasty ball ofiiroti'is similar to 
the old-puddled, ball "except that it is 6 or -7 -times ^-large.i The ball is taken 
to a squeezer and compacted into fi 1,000 lb bloom 'which can be rolled directly 
into muckbar; slabs, rods, skelp,- or aay other desired form; In this .process' 
no-rabbling or agitation by'hand-or jnachineds required. The ■wrought iron' 
produced has the metallographic characteristics and' physical properties 
that are normal to a hand-puddled material, with an advantage of greater 
control of operation and of uniformity 'of product. 

Composition.' Typical 'analyses for hand-puddled and Bycts ■wrought 
iron are given in Table' 1. - Wrought iron is' distinguished ftorn 'other irons 
Table 1. Typical Compositions' of Wrought 'Iron, Ingot Iron, . 

Electrolytic Iron, and, Steel (Percent) 


Material 

CV 

'Mn' 

•p ■■ 

i 

' S ■ 

Si 

Slag 

■weight 1 

Wrought iron (Hand puddled) ; . 

Wrought iron (Byera) • . 

0.05- 

0.08 

0.015 

0.006 

0.06- 

0.05 • 1 
0,02 
0.020 1 

oM' 

0.068' 

0.062 

>0,005 

0.005 

0,012 

o:o'o9 
.0,010 
i 0,025 
.0.005, 
‘O.05O 

O.IO 
0.16 
Trace 
0,005 
0,009 1 

"2.0 

1.20' 

Eliotrolytic iron 



in that it baa a high phosphorus' content wd .contains a large amount of. slag 
inclusions. 


Properties. Wrought iron can be readily worked and welded at tempera- 
tures close to its melting point. It is ductile when cold, has good forming 
qualitiea, and is said to be superior to mild steel in resistance to corrosion 
and fatigue failure. It has many practical applications owing to its abOity 
to -take on and bold protective metallic. and paint coatinga and its good 
machining and threading qualities. .The mechanical properties of wrought 
iron are dependent upon the type of finished product. Table 2 gives the 
A.S.T.'M. mechanical test requirements for single- and double-refined bars. 


Table 2, mechanical Properties of Wrought Iron 
(A.8.T,M.^ Designation A189-39T) 



-Single-refined bars 

1 . Double-refined bars " ’ 

• ■ :-<tf ■■ ' 

Bars 
under- . 

in.' 
diam or 
thickness 

Bus 1% 
toZK.ia. 

' cxcl. in . 
disin or 
Uiickness 

Bus 
i over 
2Min. 
diarA or 
tiucicnese 
and all 
flat bars 

.Bars j 
under 
in. 

diam or | 
thickness 

Bars 
to 2^ in. 
excL'in 
diam or 
thickness 

Bare 
- over . 
•2H in.' - 
diam' or' 
thickness 
and all 
flat bars- 

Tensila strength, min, lb 
„.persq in...., 

48,000 

47.000 

46.0)0 ! 

48-54,000 

. 47-54,000 

46-54,000 

iield point, jnin, lb per 
eq in .■'. 

0.60 T.8. 

0.55 T.S. 

■0.50T.Si 

0.60T.S. 

0.55 T.S.' 

'0.50T.8.‘ 

illong in 8 in., min, per- 
cent 

'25, ' ■ ' 

n'-''- ' 

20 




Seduction in area, min, 
-percent 


35 . 

30 

,45 .... 

,40 

35 ^ ... , 




544 


mu. MD.STBKi ,, 


■■ I{ ansteniU contfdi^ne 0.80 percent earbon (eotcct-^Jd cwnporition} is slowly cooled 
through the critical temperaitne, fomte and cementite are rejected Bimultsiieouely, 
forming altemalo plates or Umellao. This inierciBtructure is called pewlite since when 
polished and etched it has a pearly heter. Wien examined under a microscope, how- 
ever, the individual plates of ecmenlite cm’ easily be distinguished. If the austenite 
contains' less than 0.80 percent carbon (bypoeutecteid composition), free ferrite will 
first be rejected oa slow cooling flic critical until tie cempostic® of the remain- 

ins austenite teaches 0.80 percent catbm when the simultaneous rejection of both ferrite 
and carhide will again occur, produmngpeufite. So abypoeutectoid steel at room tern- 
peraturo will bo compoaed rf sreaa d free fernte md areas of pearlite, the higher the 
carbon percentage! the greater Um amount of pearlite present in the steel: Wheh 
austenite contming mme than 0.80 percent carbon (hypereutectoid composition) ia 
slowly cooled, cementite is thrown out at the austenite grain boundaries, forming a 
cementite network until the austenite contains 0.80 percent carbon at which time pearlite 
is again formed. Thus, a hypereutectoid steel w^n slowly cooled will have areas of 
pearlite surrounded by a thin carbide network. 

As the cooling rate is increased, the qiacing between the pearlite lamellae becomes 
emsller; with the resulting greater diepccsioa of carbide preventing slip in the iron 
crystals, the steel hceomca harder. Also with an ineresse m the rate of cooling, there is 
less timo for the separaUon of excess ferrite or cemenUte and the equilibrium amount of 
these constituents will not bo precipitated before the aoitenitB transforms to pearlite. 
Thus vdih a fast rats of coobng, pearlite may contda mors or leu carbon than given by 
ths eutectoid composition. When tho eooling rate becomes very rapid (as obtained by 
quenching), the carbon docs not have sufficient time to separate out in the form of'ear- 
bide, and the austenite transforms to a highly stressed structure supeisaturated with 
carbon called tnarteoalte. This structure ia exceedingly bard but brittle and requires 
tsaperiag to incceuc the ductility. Tempering consists of heating martensite to some 
temperature below the critical enuring the carbide to precipitate in the form oi small 
spheroids. The higher tee terapeclng temperature, the larger the carbide particle sbe, 
the greater the ductility of the steel, and the lower the hardneu. 

In a cathon steel, it is posrible to have a structure consisting either of parallel plates 
of carbide In a ferrite matrix, the distance between the plates depending upon the rate of 
cooling, or of carbide spheroids in a ferrite matrix, the site of thesphorends depending upon 
the temperature to wbieh the hardened steel was healed. (Some spheroidization occurs 
when pearlite U heated, but only at high temperatures close to the critical temperature 
range.) At low tempering temperaturas, the carbide particles arc subraicroscopic in 
size, therefore a hardened steel when tempered at a low temperature and examined under 
a xnicToicope after etching will appear dark. This dark etching microslnioture haebeen 
called tcoostite. When the carbide particles can be resolved under a microscope, the 
structure has been known as sorlnte. Higher tempering temperatures cause the car- 
bide spheroids to appear cioai^, and Iho miorosteucture is usually referred to as a 
spheioidizcd atiucturc. On aceoant of tho lack of a clear demarcation between troostite, 
sorbite, and n spheroidized structure, it is becoming cuetomaiy simply to refer to ths 
structure as tempered martensite and giro the tempering temperature or the hard- 
ness of tee product. The teime troostite and sorbite have fca- many yearn been used to 
denote very fine nodular peariite and imperfeefly developed pearlite formed in steels 
cooled just too slowly to be folly martenate, but thm use of the terms ia disappearing; 

Heat-tr«ating Operations , 

The following defiiutions of terms have been adopted by the .A.8.T.M.i 
S.A.E., and A.S.M. in substantiaity identical form. 

Heat-treatment. An operatum, or combination of operations, involving 
the heating and coolingof a metal or an alloy in the solid state, for the purpose 
d! obtaining certain derirable conditions or properties. 

■Quenching. Hapid coolii^ by immeraon in liquids or gases or by contact 
with metal. 
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• Mechanical Properties. The average mechanical properties of ingot 
lion.' after varioua treatments are ©ven in Table 3 (from A.S.M. Metals 


Handbook). 

Young's modulus for ingot iron is 29,300,000 Ib 
per sq in. in both tension and compteaaon, and ^ 
the shear modulus is 11,800,000 lb per sq in. v 
Poisson’s ratio is 0.28. The effect of temper- ^ 
ature on the mechanical properties is shovn in g 
Table 4. The effect of cold rolling on the 2 
tensile strength, yield strength, elongation, and g ■ 
shape of the stress-strain curve is shown in Jig. ^ 

1. ArmcQ iron welds evenly and easily; it holds p 
paint well and has superior enameling properties; 



Bedurtbn by Wd RsllInq.PerCtnt 

; , , . , - , . Fig. I.— Effect of Cold 

It has a high magnetic i^eability at high Bolling on the Stress-strain 


inductions and low retentmty. 


Relations of Armco Ingot 


ITses. In galvanised-shect form for culverts, Iron. (Kenyon and 
flumes, roofing, and siding; in plate form in oil Burns.) 
tanks, water tanks, boilers, gasholders, and large 

pipe; in enameled form for ranges, refrigerators, tables and kitchen furniture, 
lighting fixtures, and similar orticica. The purity of Armco iron makes it 
valuablo as melting stock in making high-grade tool steel. 


Electrolytic Iron 

Electrolytic iron, has been product in commercial quantities since 1904 
and has been useful in the production of metal with unusual properties. 
Many diSorent processes have been tried out but, for economic reasons, 
most of them have been shortlived. The production of thin-wall large- 
diameter tubes has been successful since H is comparatively expensive to 
form them by rolling. Large revolving mandreis are used as cathodes, and a 
ferrous-chloride electrolyte is usually employed. It requires about 31 hr 
to plate 0.1 in. of iron in the form of a tube on the mandrel, but little labor or 
supervision is necessary, and a high percentage of satisfactory tubes is 
obtained. The tube is given a preliminary anneal to make it ductile and is 
then stripped o5 by special machines and reannealed to remove the hardness 
due to the cold-work of the stripping operation. Jllectrolytic iron is extremely 
brittle as deposited so that it can be readily pulverized to a fine powder, 
and this has been one way of producing a hi^purlty iron powder. Table 1 
gives a typical analysis. 

Mechanical Properties. Annealed electrolytic iron has tensile strength 
35,000 to 40,000 lb per sq in.; jdeld strength, 10,000 to 20,000 lb per sq in.; 
elongation in 1.6 in., 40 to 60 percent; reduction of area, 70 to 90 percent. 
Large variations in mechanical propertira will occur with change in amount of 
iiupuritieB. grain size, or previoue meehameal or thermal treatment. 


STEEL 

Steel Manufacturing. Sted is produced from pig iron by the removal of 
impurities in either an open-hearth furnao:, a Bessemer converter, or an 
electric furnace. In the United States, over 86 percent of steel is produced 
in the basic open-hearth furnace, liris is a' reverberatory furnace having 
a capacity up to 150 tons, although some special tilting furnaces have a 
capacity up to 400 tons. The hearth has a basic lining of magnesia and 
dolomite, and the- roof is made of high-grade silica brick. A practice in 
wide use for making structural steels is to charge limestone, iron ore, and 
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“S curve.” Tariaua cooline rates are shown diagrammatically, and it will 
be seen that the faster the rale of cooling, the lower the temperature of trans- 
formation, and the harder the product formed. At around 1000 F, the 
austenite transforms rapidly to fine peariite, and to form martensite it ia 
necessary to cool very rapidV throi^ this temperature range to prevent the 
formation of peariite hrfore the ^edmen reaches the temperature for the 
formation of martensite. The minimuTn rate of cooling that is required to 
form a fully martensitic structure is c^ed the critical cooling rate. No 
matter at what rate the steel is cooled, fhe only products of transformation 
ofthisstcelwillhepcarliteormartenfiite. How- 
ever, if the steel is given an interrupted quench 
by quoaching in a molten bath at some tem- 
perature between 400 and 1000 F, an acicular 
structure is obtained which is called Baiixlte 
and the heat-treatment is called austemper- 
ing, Bainite has condderable toughness com- 
bining high strength with high ductility, and 
although austempeiing is not employed to any 
large extent today, it would appear to be avery 
promising method of heat-treating steels. Ite 
limitation is that it can be applied only to 
aiticlea of small cross section, for molten baths 
do not cool carbon steels sufficiently rapidly to 
prevent tho formation of peariite in samples 
more than H iu, approx diam. 

The maximum hardness obUiaable inahisb-esrbon 
ateel with a fine pcaili tc structure is approximately iOO 
Briaoli, although a marteaeitie structure mould have 
a hardness of approximately 700 Brinell. Besidea 
being able to obtain structures of greater hardncea by 
forming martensite, a spbcroidid sltuclnre will have 
considerably higher proof stress (>.«., stress to cause a 
petnaneni deformation of 0.01 percent) and ductility 
than a lamellae structure of the same tensile strength and hardness. It is essential 
therefore to form marteORte wben optimum properties are desired in the steel. This 
can be done with a piece of steel having a small cross section by heating the steel above 
the cntical and quenching in water; bat when the cross section ia large, the cooling rate 
at the center of the section will not be sufficiently rapid to prevent the formation of 
peariite. The characteristic d steel tbal detamines its capacity to harden throughout 
the section when quenched is called hardeQabiUly. This terra should not be confused 
with the ability of a steel to attiun a certain hardness. The intensity of hardening, i.c., 
the maximum hardness of the marteiiate formed, is largely dependent upon the carbon 
content of the steel. 

Three main factors affect the bardenability of atod; (I) austenite composition; (2) 
auetemte grain size; and (3) amount, natnie, and distribution of undissolvcd or insoluble 
particles in the austenite. The austenite eomposition will determine the position of tho 
“nose" of the S curve, i.e., the rate of decomposition, in the range of 1000 F. The 
slower the rate of decomposition, tbelorger the section that can be hardened throughout, 
and therefore the greater the bardenability of the ateel. Everything else being equal, 
the higher the carbon content, the greater the bardenability. The question of austeni- 
tic grain size is of considcraUeiroportancemanysteel thftfcis to be heat-treated since 
it affects tho properties of the Eted to a ccmEidentble extent. When a steel is heated to 
just above the critical teraperatine, small pdyhedRil grains of austenite are formed. 
With increase in temperature, there ia an iaorense in the siia of grains, until at tem- 
peratures close to the melting print (he gnins are vwy large. The relation between tho 
grain size developed and the beating tonpeialuie rrill vary considerably among steels 
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defects in rolled steel products mior be introduced by incorrect ingot prac- 
tice, and the production of high-grade-'sterf requires great care at this 

Btagel- ' ■ ' ' ■ ' 

- ■ High-quality machine and tool Btecls are deoxidized in 'the ladle with silicon 
aiid aluminum to such a degree tiiat there is no gas evolution in the steel 
upon solidification, and they arccolled killed, steels.' Wheii this. steel' cools 
in the mold, shrinkage of the steel on eolidifying causes piping, the. cavity 
or “pipe” being usually found in the upper portion of tho ingot. To mini- 
mize this condition, a large-end-iqi'inold is together with a refractory 
"hot top" which'supplies molten steel tb'the main'body of the ingot while 
solidification proceeds. This minimizefl tho'amount of metal that has to be 
discarded on account of pipe, but 'the top .discard still' amounts, to 16 or 
20'percent of the total weight of th'o ingot. .la'lflSfi,- 15 percent of the total 
Bte'el' production was killed Bteel; - r' ' <■ , 

'• In order to reduce the cost of hot tops and large' percentage of metal 
discard when making mild steel for structural purposes, the steel'is not fully 
’deojddized. This results in blowholes in the 'Steel on solidification; the 
presence of these blowholes minimizes piping by distributing throughout 
the ingot amail voids instead of having one large one in the upper center of 
tho ingot. If not exposed at the surface of 'the ingot, these blowholes weld 
together during rolling. Stool deoxidized in this manner is called'semikilled 
steel. If the steel is deoxidized still less in the ladle, a reaction takes place 
during solidification in which tho oxygen and tho carbon in the steel form 
carbon monoxide which is freely evolved from the ingot. The intensity of 
ilus reaction afiecta the ingot structure greatiy. If the reaction is allowed 
to go to completion, the product is called rimmed steel, but if the reaction is 
stopped after a short wUle by preventing, in a mechanical manner, further 
evblutiou of gas from the top of the ingot, the steel is called capped steel. 
The gas evolution results in an outer skin on tho ingot which is clean and very 
low in carbon. In capped steel, the skin is thinner and there is less segrega- 
tion or concentration of impurities than un rimmed steel. Tho presence 
of this nearly pure iron skin enables tho production of an excellent surface 
finish on the rolled product, and therefore ebeet and atrip is made nearly 
exclusively from rimmed or capped eteel. ■ • ■ 

Some defects besides the ocourrenco of pipe in rolled steel products arc 
Begregation, ingot cracks, seams, scabs, lai», and inclu'sioDS. Segregation, 
or the concentration of impuritjes, occurs in all steels upon solidification, but 
it can be minimized by proper mold design and low pouring temperatures. 
Rough mold eurfacea or molds confauning cracks or ca'ritieB interfere with tho 
normal contraction of the ingot, and tranaverae cracks in the ingot skin may 
result. Cracks thus produced soon- have thoir surfaces oxidized, and when 
the ingot is rolled out, these defects will he elongated in the direction of 
rolling and are called seams. Any radized crack or blowhole at the'surfaco 
'will roll out into a seam. Impropen pouting conditions such as splashing of 
steel in the molds'will form scabs. Wheu'roUing'with grooved rolls'which 
'are not properly designed or set up, fins are liable to result from the flow of 
metal between the flat bodies of the rolls. If- the fin is thin and wide, it will 
be folded oyet when the steel passes throng t'he next set oi rolls and vdH 
form- a lap. Non-metallic incltmons consietingiof sulphides, silicates, 
etc'., are found to some extent in ^ steels and are introduced in the refining 
niid deoxidation'df the steeh Steels cbntwning many inclusions are' said to 
be' "dirty,” but the presence of fliese'ihclurions, unless they are large in size, 

ia not necessarily detrimental to thcphyacal. properties.".:.' 
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than of plain carbon Btcel. The qaenchin^ operation does not have to be bo 
drastic in the alloy Bteel as would be necessary to harden the plain carbon 
steel. Consequently, there is a smaller difference in temperature between the 
surface and center during quenohing, and cracking and warping resulting 
from sharp temperature gradienta in a steel during hardening can be avoided. 
The elements most effective in increasing the hardenability of steel are 
manganese, silicon, and chroiniuni. 

Such elements as molybdenum, tungsten, and vanadium are effective in 
increasing the hardenability when dissolved in the austenite, but they arc 
usually present in the austenite in the form of carbides. Tho main advan- 
tage of these carbide-forming elements is that Uiey prevent the agglomeration 
of carbides in tempered martensite. Tempering relieves the internal stresses 
in the hardened steel and causes ^heroiduation of the carbide particles 
with resultant loss in hardness and strength. The presence of these stable 
carbide-forming elements arablcB higher tempering temperatures to be used 
without sacrificing strength. This permits th^ alloy steels to have a greater 
ductility for a given strength, or, conversely, greater strength for a given 
ductility, than plain carbon steels. 

The third factor which contributes to the strength of alloy steel is the 
presence of the alloying element in tbc ferrite. Any element in solid solution 
in a metal will increase the strength of the metal, so that these elements will 
materially contribute to the strength of hardened and tempered steels. 
The elements most effective in strengthening the ferrite are phosphorus, sili- 
con, manganese, nickel, molybdenum, tungsten, and chromium. 

A final important effect of alloying cloments is their influence on the 
austenitic grain size. Martensite formed from a fine-grained austonite 
has considerably greater resistance to shock than when formed from a coarae* 
grained austenite. Tho osides formed by the deoxidafion of the stool by 
different elements apparently prevent grain growth above the oritioal tom- 
perature over a considerable temperature range. Aluminum is the moat 
effective clement to form grain-growth inhibitors, and moBt killed steels 
Table S. Trends of Influence of the Alloying Elements 
(Bain, A.S.M. Metals Handbook, 1939) 


Element 

As disBolTed 
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improves their surface finish as well ta iDcreoaeB their Btrength (see p. 673 
for cold-rolled sheet). 

Constitution and Struetore of Steel 

As a result of the methods of produodoa, the following eleraenta are always present in 
steel; carbon, manganese, phoaphoms, eulphnr, aiUcon, and traces of oxygen and aluroi' 
num. Various alloying dements are frequently added, such as nichel, chromium, 
copper, molybdenum, and vanadium. The most important of tho above elements in 
steel is carbon, and it is necessary to nndmaiand the eSecl of carbon on the internal 
structure of the steel to understand the hent-trefttment of carbon and low-alloy steels. 

In Tig. 2 is the iron-won carbide equaibrvum diagram which shows tho phases that 
are present in steels of various carbon eontonta over a range of temperatures under 
cqdlihtium coa<UtiQn8. Pure iron when heated to 1670 F changes its internal crystalline 
structure from a body-centered cubic amuigemenl of 'ntoDU, alpha iron, to a face- 
centered cubic structure, gamma iron. At 2535 F, it changes back to the body-cen- 
tered cubic structure, delta iron, and at S7&5 
F the iron melts, '^en carbon is odded to 
iron, it is found that it has only sh^t solid 
solubility in alpha iron (only 0.007 percent at 
room temperature). On the other hand, 
gamma iron vnll hold up to 1.7 percent carbon 
in solution at 2066 F. ThoalphaironconUin- 
fng carbon or any other element inaolidsolu- 
tlon ia oaUed lerrlte, and tho gamma iron 
containing elemente is solid solution is called 
austenite. Usually when not in solution in 
the iron, the carbon forms a compound FoiC 
(iron carbide) which is extremely hard and 
biittlo and U known as oomeiitlte. 

The temperatures at which the phase 
changes occur are called crltitad points (or 
temperatures) and, in the diagram, represent 
equihhtLum conditions. In practice there is a 
lag in the attainment of equilibrium, and the 
critical points ate found at bower Umperalurcs 
on cooling and at higher temperatures on heat- 
ing than those given, the difference incrcanng 
with the rate of cooling or heating. 

The various critical points have been 
theVAc’! A; whcv.AAwwlon 
cooling, they are referred to as At, on beating oa Ac, The various critical points arc 
distinguished from each other by numbers after the lettoie. being numbered ia the order 
in which they occur as the temperature increases. Act represents the magnetic change 
in cementite on heating; An, tho bepnitiBg of tTanalormation o( leirita to auatenite on 
heating (IineF<SX); Aci, the magnetic change in ferrite on heating (lino JlfO); Acj, tho 
end of transformation of ferrite to auatenite onheaUni' (lineCOSK) ; and Act, the change 
from austenite to delta iron on heating (line HI), Oa cooling, the critical points would 
he referred to as Art, Ara, Ars, Ari, arid Are, respectively. It must be remembered that 
the diagram represents the pure iron-iron cubido syatom. The varying amounts of 
impurities in commercial steels affect to a contidenhle extent the position of the curves 
and ospocially the lateral position of jxunt B, 

Carbon steel in equilibrium at room temperature will have preaont both ferrite and 
cementite, The physical properties of the ferrite are approximately those of pure iron 
and are characteristic of the metal. The presence of eemeatite does not in itself oauso 
steel to be hard, but rather it ia tho shape and distribution of the carbides in tbe'iron 
that determmes the hardness of the sied. The loot that the carbides can be dissolved 
in austenite is the basis of the heat-treatment of ated unee tUeateel can be heated above 
the critical temperature (above line OOSE in tiie diagram) to dissolve all the carbides, 
and then suitable cooling through the oooling range produce the desired aUe and 
djstribution of carbides in the ferrite. 



Iho. 2.-— Iroo-Itoii CaTbid® Equi- 
librium Diagram. 
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cooling rates (quenchinB) to form the hard martenritio Btmotures. In 
selecting a quenching medium (see A.S.M. Metals Handbook), it is impor- 
tant to select the quenching me^om for a particular job on tho basis of 
size, shape, and allowablo distortion before choosing the steel composition. 
It is convenient to classy steels in two groups on the basis of depth of 
hardening, viz., shallow hardening and deep hardening. Shallow-hardea- 
ing steels may be defined as those wMch, in the form of 1 in. diam rounds, 


Table 7. Approximate Critical Temperatures for S.A.S. Steels 
(Gondeosed fromA.8.M. Metals Handbook, 1939) 
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' Hardening. Heating 'and quenchmg certain iron-base ailoya from a 
tmperatTue either ’Tfitbin or above the ciiiicd range for the purpose of 
producing a hardness superior to that obtained when the alloy is not quenched. 
UBiially restricted to the formation of martensite, ■ 

Annealing is a heating and cooling operation implying usually a relatively 
slow cooling. The purpose of such a heat-treatment may be (1} to remove 
stteases; (2) to’ induce eofteesa; (3) to alter duetdity, toughness, cleotricali 
magnetic, or other physical' properties; (4) to refine the crystalline structure; 
(6) to remove gases; or (6) to produce a definite microstructure. The tem- 
perature of the operation and the rate of cooling depend upon the material 
being heat-treated and the purpose of the treatment. Certain specific heat- 
treatments coming under the comprehensive term annealing are as follows: 

1. Full Annealing, Heating iron-base alloys above the critical tempera- 
ture range, holding above that range for a proper period of time, followed by 
slow cooling to below that range. The annealing temperature is generally 
about 100 F above the upper limit of the critical temperature range, and the 
time of holding ia usuiliy not leas than 1 hr for each inch of section of tho 
heaviest objects being treated. Tho objects being treated are ordinarily 
allowed to cool slowly in the furnace. They may, however, bo removed 
from the furnace and cooled in some medium that wll prolong tho time of 
cooling as compared with unrestricted cooling in the air. 

2. Process Annealing. Heating iron-base alloys to a temperature below 
or close to the lower limit of the criticol temperature range followed by cooling 
as desired. This heat-treatment is commonly applied in the sheet and wire 
industries, and the temperatures generally used are from 1020 to 1200 F. 

3. Normalizing. Heating iron-base alloys to approximately ,100F 
above the critical temperature range followed by cooling to below that range 
in still air at ordinary temporsture. 

4. Patenting. Heating iron-base alloys above tho critical temperature 
range followed by cooling below that range in air. in molten load, or a molten 
mixture of nitrates or nitrites maintmned at a temperature usually between 
SOO to 1050 F, depending on the carbon content of the steel and tho properties 
required of the finished product. This treatment is applied in the wire 
induatry to medium- or high-oatbon steel m a treatment to precede further 
wire diwing. 

5. Spberoidizing, Any process of heating and cooling steel that produces 
a rounded or globular form of carbide. Thefoilovring spheroidizing methods 
are used, (1) Prolonged heating at a teraperatere just below the lower critical 
temperature, usually followed by relatively alow cooling. (2) In the case 
of small objects of high-carbon steels, the spheroidizing result is achieved 
more rapidly by prolonged heating to temperatures alternately within end 
slightly below the critical temperature range., (3) Tool steel is generally 
spheroidized fay heating to a temperature of 13M to 1480 F for carbon stoela 
and higher for many alloy tool steels, holding atheat from 1 to 4 hr and cool- 
ing slowly in the furnace. 

G. Tempering CaUo termed &:a,vriijg), Heheating hardened steelto some 
temperature below the lower critical temperature, followed by any desired rate 
of cooling. Although the terms "tempering" and "drarving” are practically 
synonymous as usedin commerdal practice, the term " tempering” is preferred. 

Figure 3 summarizes the rates of decomposition of a eutectoid carbon steel 
over a range of te'mpecatures'i tho tiKulting curve being frequently called an 
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quencbiiig' medimn, and finally the condition of the Buriace of the steel 
before quenching. Steel that carries a heavy coating of scale will not cool 
so rapidly as a steel that is compMstively scale free, and soft spots may be 
produced; or, in ertreine cases, comi^ete lack of hardening may result. It is 
therefore essential to minimiae scaling as much ns possible. Decarburization 
can also produce undesirable results such as non-uniform hardening and thus 
lower the resistance of the materisd to alternating stresses. 

Tempering of fully hardened steel is carried out for relief of quenching 
stresses and for the recovery of a limited degree of toughness and ductility. 
The operation will give almost any desired combination of properties by 
proper selection of the time-temperature conditions. Table 8 gives the 
ErineU hardness obtained in severed carbon sad alloy steels when tempered 
for I hr at various temperatures. It should be emphasized that steel should 
Table 8. Brinell Hardness o! Carbon and Alloy Steels 



be tempered immediately after hardening to prevent cracking caused by 
internal stresses. When pyrometers are not available, the tempering tem- 
peratures may be controlled by the esamination of the roughly polished 
surface of the metal. A tiiin fflm of OKide forms upon the steel, the color 
of this Sim Vfii'yicg wfiS tho tempering temperature, Aitiough if wiJJ vao’ 
somewhat with different steels, the following temperatures are given with 
their corresponding colors; 400 F, taint straw; 440 F, straw; 475, deep straw; 
620, bronze; MO, purple; 590, full blue. 

The Kelation of Design to Heat-treatment 

Care roust he taken in tiie dengn of a nwchine part to prevent cracking or distortion 
during heat treatment. With proper design the entire piece may be heated and cooled 
at approximately the same rate during the heat-treating operation. A. light section 
should never be joined to a heavy Kction. Sharp reentrant angles ehould he avoided. 
Sharp corners and inadeguste fillets produce serious stress concentration, causing the 
actual service stresses to build up to a pwnt where they amount to 2 to 5 times the 
normal working etiees calculated by the en^eer in the original layout. The use of 
'generous fillets is especially dewrable with all high strength alloy steels. 

Itis well for the designer to remember that tile modulus of elasticity of all commercial 
steels, either carbon or alloy, is the Bame so £ai os practical designing is concerned. The 
deflection under load of a given part b ther^ore oifuely a function of the section of the 
part and is not affected by the conoMirition or heat-treatment of the steel. Consc- 
guentiy if. a part deflects eicesrively, a change in design is necessary; either a heavier 
section must be used or the points of aopportmustbe increased. 
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on aocomt of variafioto in the dotaddatim imtlice. By suitaUe dECnad&tion, etecls 
can be made to be coarse grained at oomparatively low temperatures, and others are 
fine grained over a coneidecablo range of temperatures. Since the transformation of 
auBtenite usually starta at grain boundaries, a fine-grained steel will transform more 
rapidly than a caarse-grained steel because the latter has much less surface area bound- 
ing the grains than n'steel with a fine grain oze. Everything else being equal, coarse- 
grained austenite rrili have a higher hardenability flian fine-grained. Small particles in 
the austenite will act as nuclei for the beginning of transformation in a manner similar 
to grain boundaries, and therefore the presence of a largo number of small particles 
(sometimes submicroaopio in size) rrill Ksult in low hardenability. 

Determination of Austenitic Grain Size. Tbc enbieet of austenite grain size is 
ct ooisiderable interest beeauae of the fact that the grain size developed during heat- 
treatment has a large effect on the physical propertMS of the steel. In steels of similar 
chemical analysis, the steel developing the finer austenitic grain siso will have a lower 
hardenability, but will, in general, l^ve greater toughness, show leas tendency to crack or 
warp on quenching, be less Busccptible to grinding cracks, have lower internal stresses, 
and retain less austenite than coarse gndned atecL It is for these reasons that most 
alloy steds are fine-gmiii eteela,- There are aevernl methods of datetmining the gr^- 
mze characteristics of a steel, the one most commonly used in steel specifications being 
the McQu&id-Eiui test. In this test, a representative sample is carburized for S hr at 
1700 F and cooled slowly. The high-carbon case on alow cooling will reject cenentitc nt 
the austenite grain boundaries, and, by polishing and etching, the grains will bo clearly 
seen under a nucroscopc. There are several ways to report the grain size observed 
under the microscope, the one used most exlcoMvcIy being the A.S.T.M. index cumbers. 
The numbers are based on the formula: number of graiiu per square inch at lOOn a> 2^'>, 
in which N is the grain-sizo inden. Tbo usual range in steels will be from 1 to 12S grains 
per sq in. at lOOn, and the ootresponding A.S.T.M. Dumbers ^ill bo 1 to 8. Steels bav- 
ing an A.3.T.M. grain size of I to d are usually coneddered coarsc'grnined, and thoso 
from 5 to 8 are fine-grained steels. It should be noted that the MoQuaid-Ehn test will 
sve only the grain size developed in tbo steels when heated to one temperature for a 
^ven length of time. To dotermino fully the grmn-aize characteristics of a steel, tests 
should be made over a range of temperatures, but the McQusid-EIin test has proved of 
great help to both producers and consumers of steel since the test is inexpensive and 
reproducible. For further information on grain size, reference should be made to the 
A.S.M. Metals Eandbook, 1939. 

ESect of Alloying Elements on the Properties of Steel 

When relatively large amounts of alloying elements are added to steel, 
the characteristic behavior of carbon steels is obliterated. Moat alloy 
atqel is medium.- or liL6h.-q«bijn. eted to -wliich. viastois havft beta 

added to modify to an appreciable extent its properties, but it still owes 
its distinctive characteristics to tbo carbon that it contains. It is not postiblo 
to ©ve an average value of the percentage of alloy clement required for a 
^veu purpose, since they vary in tho intensity of their effect, but the range 
would be from a few hundredths of a percent to possibly as high as 5 percent. 

When ready for service, these eteela will usually contain only two con- 
stituents, ferrite and carbide, “nie only way that an allowing element can 
affect the properties of the steel is to change the dispersion of carbide in the 
ferrito, change the properties of the fertite, or change the properties of the 
carbide. The effect on tho distribution of carbide is the most important 
factor, since in sections amenable to dose control of structure, carbon steel 
is only moderately inferior to alloy steel. However, in large sections where 
carbon steels will fail to harden throu^ut the section even on a water 
quench, the hardenability of the sted can increased by the addition of 
alloying element (except pofiribly cobalt). The effect of tho alloying 
element when diswlved in tho austeiite is to displace the S curve (Fig. 3) 
to the right. This permits tho hardening of a larger section of alloy steel 
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elements such as nickel, fthmininm , manganese, ot molybdenum to give 
sufficient hardenability. In regard to toe correct heat-treatment, it must 
bo remembered that a carburised steel ia a duplex material having a high- 
carbon case and a low-carbon core with a more or less gradual transition from 
one to the other. Two critical temperatures are thus involved in the harden- 
ing of a carburised part. The temperaturos for several representative steels 
arc givon in Table 9. 


Table 9. Critical Points of Carburized S-A.E, Steels, Beg F 



Annealing and Hardening of Ct^burized Parts. To minimize dis- 
tortion, a part should be annealed at a temperature 50 F above the car- 
burizing temperature and the rate of cooling from the annealing temperature 
should be regulated to provide the required structure for best macbinability. 
For hardening, there are three treatments in general use. First, a direct 
Quencli from the carburizing temperature into a suitable gueoching medium. 
This method was not used until recently except with parts of regular shape 
because of the danger of cracking and distortion. With the advent of steels 
that maintain a dne grain size at carburizing temperatures, distortion is 
found to be less by direct quoiching than by any other method. A second 
treatment is to cool slowly from tho carburizing temperature, reheat to above 
the critical of the case, and quench. Tbie facilitates handling of large quanti- 
ties of carburized parts delivered disconlinuously from a batch-type furnace 
and minimizes tho retention of austenite in tho high-carbon case. The 
old “double-quench" method in which the part was slowly cooled from the 
carburizing temperature, reheated and quen^ed from above the core critical 
temperature, then reheated and quenched from above the critical of the case 
is no longer favored, 

Cyaniding. "Where it is necessary to have only a superficial hard wear- 
resisting suiiace, a rapid metood of cosohardoning is to use a molten cyanide 
bath. The bath usually conmste of sodium cyanide with sodium chloride 
and sodium carbonate to retard the decomporiUon of the cyanide. Tho 
cyaniding should be carried out at a temperature just above the critical of 
the core, and the steel should bo quenched directiy from the cyanide bath. 
A uniform case depth of around 0.010 in. is obtained in 1 br in both carbon and 
low-alloy steels, and besides carbon the case wiii contain very hard iron 
nitrides which increase the wear resistaace of the surface of the steel part. 
Cyanide baths are frequently used simply as a heating medium in connection 
with the hardening of steels to prevent surface decarburization and produce 
work with a clean surface, 

Nitrlding. The introduction of nitrogen into the outer surface of steel 
parts in order to give an extroraely hard, wear-rsisting case is called nitriding. 
The treatment consists in heating sted to a temperature of 950 to 1000 F 
inside a chamber through which a controlled stream of ammonia gas is passed. 
The treatment usually lasts 50 to 90 hr depending upon the composition of 
the steel and the depth to which it is de^ed to effect nitrification. The 
nitriding temperature is below-the thermal critical range and even below 
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•mil bave Bome aluminuniradded duriQB dwxidation. Tha, presence ol finely 
scattered carbides in the^ austenite appears to have a simlar effect on tbo 
austenite grain siao, bo tbo demente forming stable carbides will aifio con- 
tribute to the formation of a fine-grained austenite. 

■' .In Table 6. a summary of the effects of various alloying elements is given. 
It must be remembered that this table indicates only the trends of the various 
elements, and the fact that one dement has an important influence on one 
factor does not prevent it from having an equally strong influence on pother 
one. ^ 

Principles of Heat-treatment of Iron and Steel 
When heaUreatang'a Btcd for a pven part, certain precautions have to be 
taken to develop optimum mechanical properties in the steel. Some of the 
major factors that have to he taken into consideration are outlined below. 
For detailed information, reference shonld be mode to the A,S.M. Metals 
Handbook. 

Heating. The first step in the benUreatoent oi steel is the heating of 
the material to above the critical to moke it folly austenitic. ■ The heating 
rate should be sufficiently slow to avoid injury to the material through 
excessive thermal and transformatioi^ streeses! In general, hardened steel 
should bo heated more slowly and uniformly than is ncccssarj' for soft stress- 
free materials. Large sections should not bo placed in a hot fumaco, the 
allowable eizo depending upon the carbon and alloy content. For high-carbon 
steels, cere should bo taken in heating sections as small as 2 in. diam, and in 
medium-carbon steels precautions are required for size over 6 in. diam. The 
maximviin temperature selected will be determined by the chemical 
composition of the steel and its grain-size characteristics, ■ In hypoeuteefoid 
steel (below 0.80 percent carbon), a temperature just above tho upper critical 
range is used, and in hypcrcutectoid steels (above 0.80 percent carbon), a 
temperature between the lower and tho upper critical is generally used so as 
to avoid heating to high temperatures with consequent grain growth. Seo 
Table 6 for heaWreating temperatures for plmn carbon steels and Table 7 
Table 6. Temperatures for Heat-treatments for Carbon Steels 
(A.S.M. Metals Handbook, 103S) 


S.A.B. 1 
No, 

Normal- 
ize, deg F 

Anneal, 
deg P 

Quench, 

dcgF 

S.A.B. 1 
No.- ' 

Normal- 
ize, degF' 

Anneal, 
deg 7 

Quench, 

1 degF 

1010 1 

1650-1800 

1600-1700 

165(M700 

1050 

, 1550-1625 1 

1550-1600 1 

1450-1525 

1020 



1575-105 , 

1060 

1 1525-1600 , 

I5D0-I575 

1425-1550 

1030 

1600-1675 

1575-1650 

1550-16^ 1 

1070 

1 1500-1575 ! 

1475-1550 , 

1425-1550 

1035 

1575-1650 

1575-1625 

1525-1600 1 

1080 

■ 1501^1575 1 

1475-1550'I 

1400-1525 

sm 

1045 

\575-16S0 

1550-1650 

155Chl«0 

1550-1600 

M75-1550 


1 \5I7i-\515 ' 




lor approximate critical ‘temperaturcB of S.A.E. steels. The time at majd- 
mum temperature should be such that a unitorni temperature i$ obtained 
throughout the cross section of the' steel. Care should 'bo .taken to avoid 
undue length of time at teniperature once this will result in -undesirable grain 
growth, scaling, or decarburiaatioD of the 'Surface. A practical figure often 
given for the total time in the hot furnace is K hr per in. of cross-sectional 
thioknegs. When the steel has attained a uniform temperature, the cooling 
rate must be such as to develop the 'desired structure: slow cooling rates 
(furnace or air cooling) to develop the softer poarlitic structures and high 
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blocks Burroundine tlie .bearii^i The ertent of the .heated zone can bo so 
closely controlled that tho fillets iwill- remain soft while the bearing surface 
is hardened, thereby reducing the poasilaUty of fatigue failure without 
sacrifioing wear resiatance at the bearing surface. 

. Commercial Steels 

■The variety of applications of steel for engineering purposes is due to tho 
wide range of physical prepcrtios obtainaUc by changes in carbon content 
and heat-treatment. For the A.S.T.M. specifications, see p. 577. Applica- 
tions of carbon steels are ^ven in Table 11. Carbon steels can be subdivided 
Table 11. Applications of Carbon Steels 

,, •'Percent C ' Uses / , ^ 

0.05-0.10 Sheet, stiip, tubmg,. wire, ntulfl 
0., 10-0.20 lUvets, strews, parts to be cjwehardened 
0.20-0.35 Structural eted, plats, forgiiies such as camshafts, ete, *" ' 

0.35-0.46 Machinery steel— ehafte, aslea, connecting rods, etc. 

0.45^.56 large forongs-rcranicsbatts, heavy-duty gears, etc. 

0.60-0.70 Bolt-heading and 'drop-forpng dies, rails, set screvra 
0.70-0.80 Shea; blades, odd chisels, baumeis, pickaxes, band saws 
0.80-0.90 Cutting and blanking punches and dies, tookdrills, hand 
chisels 

0.90-1.00 Springs, reamors, broaches, small puschee and dies 
. 1.00-1.10 Small springs, laths, planer, shaper and slottsr tools 
1,10-1.20 Twist drills, small taps, thiesdiug dies, cutlery, small laths 
tools 

1,20-1.30 Files, ball races, aandrds, drawing dies, raters 
roughly into three groups: (1) low-carbon steel, 0.05 to 0.25 percent carbon; 
where only moderate strength is required together 'with considerable plas- 
ticity; (2) machinery steele, 0.30 to 0.55 percent carbon, which can be heat- 
treated to develop high strength; and (3) tool steels containing from 0.60'to 
1.30 peroent carbon. This last range also includes rail and spring steels'. 

Low-carbon Steels. Of the many low-carbon-steel products, sheet 
and strip steels are becoming incresMgly important. The consumption 
of steel in the sheet and tin-plate industry in 1937 accounted for approu- 
mately 40 percent of tho total steel production in tho United States, and 
recent trends would indicate even higher consumption in the future. This 
increased' consumption has been made possible by tho development of tho 
continuous sheet and strip rolling mills. Applications in -which large quanti- 
ties of sheet are employed are tin plate for food containers, black, galvanized, 
and terne-coated she^ for building purposes, and high-quality sheets for 
automobiles, furniture, refiigraators, and countless other stamped, formed, and 
welded products. The difference between sheet and strip is baaed on width and 
is arbitrary. The difference between hot- and cold-rolled products is that 
in hot rolling the steel is heated before the final rolling and in cold rolling it is 
hot. ' Cold working produces-a bettor surface finish, increases the mechanical 
properties, and permits the rolling of thinner gags material than hot 
rolling. ■ Approximate mechanical properties of cold-rolled strip steel are 
given in Table 12. 

•Sheets for deep-drawing applications must be dead soft so as to have a 
maximum amount of They must also have a relatively fine 

graih' size, 'since a largo grain dze will cause a rough finish, an "orange peel" 
effect, on' the deep-drawn article. It is necessary, to eliminate the sharp 
yield-point that ia characteristic of low-carbon steel so as to prevent sudden 
.local elongations'in the sheet during fomung whiohitesult in strain markings 
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Certain oils are satisfactory but aie incapable of hardening shallow-hardening 
steels of substantial size. A change in steel composition is required with a 
change from water to an oil quench. Quenching in oil does not entirely 
prevent distortion. When the degree of distortion produced by oil quenching 
is objectionable, recourse is taken to air hardening. The cooling rate in air is 
very much slower than in oil or water, so aa exceptionally higli alloy content 
is required. This means that a high price is paid for the advantage gained, 
borh in terms of metal cost and loss in machinability, though it may be well 
justified when applied to espenave tools. la this case, danger of cracking 
is negligible. 

Liquids for Quenching Shallow-hardening Steels. Shallow-harden- 
ing steels require extremely rapid surface cooling in tho quench particularly 
in tho temperature range around 1020 F. A submerged water spray will 
give the fastest and most reproducible quench practicable. Such a quench 
is limited in application to ample short objccte which are not likely to warp. 
Because of difficulty in obtaining symmetrical flow of the water relative to 
the work, tho spray quench is conducive to warping. The ideal practical 
quench is one that will give the required surface cooling without agitation of 
the bath. The addition, of ordinary salt, sodium chloride, greatly improves 
the performance of water in this respect, tho best concentration being around 
10 percent. Most inorganic salts are effective in suppressing the formation of 
vapor at the surface of the steel and thus aid in cooling steel uniformly and 
elitniuating the fotmatioti of soft spots. To minimize the formation of vapor, 
water-base quenching liquids must bo kept cold, preferably under 70 F. 
The addition of some other soluble materials to water such as soap is extremely 
detrimental because of increased (ormaUori of vapor. 

Liquids for Quenching Deep-hardening Steels. "When oil quenching 
is required, use a steel of sufficient alloy coutenb to produce a completely 
martensitic structure at the surlace over the heaviest section of the work. 
To minimize the possibility of cracking, especially when hardening tool steels, 
keep the quenching oil warm, preferably between 100 and 150 P. If this 
expedient is insufficient to prevent cracking, tho work may be removed just 
before the start of the hardening transformation and cooled in air. Whether 
or not transformation has started can be determined with a permanent 
magnet, the work being com^etdy non-ma^etic before transformation if 
completely hardened by tho quench. 

The cooling characteristics of quenching oils arc difficult to evaluate and 
have not been satisfactorily correlated with the physical properties of the 
oils as detormined by the usuai tests. Tho standard tests are important 
with regard to secondary reqmrementa of quenching oils. Low viscosity 
assures free draining of ml from the work and therefore low oil loss. A 
high flash and fire point assures a hi^ boiling point and reduces the fire 
hazard which is increased by keeping tho oil warm. A low carbon residue 
indicates stability of properties with continued uso and little sludging. Tho 
steam-emulsion number should ho low to aasuro low water content, water 
being objectiotvable because of its vapor ffiia forming tendency and high 
cooling power. A low saponification number aasures that the oil is of mineral 
base and not subject to organic deterioration of fatty oils which give rise to 
offensive odors. Viscosity index ia a valuable ptoperty ior maintenance of 
compomtioQ. 

Effect of the Condition of Surface. Tho factors that affect the depth 
of hardening are the hardenalnUty of the ateel, the size of specimen, tho 
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Oasehardening. The production of articles having a soft ductile interior, 
and a very hard- surface can be .accomplished by carburizing a low-carbon 
steel at an elevated temperature and then quenching. The procosB of car- 
burizing followed by bardeiung is known as casehaidening, 

Carburizing methods can be divided into three groups: pack carburizing 
where a solid carburizing agent is Used, -gaa .carburizing, and 'liquid car- 
burizing. In pack carburizing, the usual compound, contains, 20 percent 
metallic carbonates (mostly barium carbonate) bound to a hardwood charcoal 
by the use of oil, tar, or molasses! Sometimes up to 20 percent'coke is added 
in order'to increase the rate of heat transfer. Before using again, used com- 
pound should have some now compound added to make up ;for loss of' car- 
bonates, powdering of the compound, and burning of the charcoal and coke.- 
One part new compound ie often added to 3 parts used compound, but with 
care in handling this can be cut down to 1 part new to'5 parts old. 

Carburizing boxes are usually made from a high-nickel-chromium heat- 
resisting alloy. Cast-Bted or weldcd-steel plate boxes may bo substituted 
when the boxes are used infrequently' or when the 'work being carburized is 
large and nonsymmetrical. 'Work shordd bo packed with its longest dimen- 
sion vertical, and the minimum amount of compound should bo used so as 
to decrease the heating time. Normal carburizing temperatures are 
around 1700 F, but for nickel steels a temperature of 1060 F is used and for 
shallow-case depth, temperatures as low as 1550 F. It is difficult to prevent 
variations of 0.010 in. in case depth, and therefore it is standard practice to^ 
specify case depths of at least 0.025 in. when pack carburizing. By using a' 
minimum of carburizing compound, tho over-aU carburizing time for a case of 
0.040 to 0.050 in. will bo about 9 hr. Tbe'pack method of carburizing is 
adaptable to both batch and continuous furnace operation; warping ie held 
to a minimum. The main disadvantages arc tho time consumed in boating’ 
the charge and the high labor coet of packing and unpacking. 

Gas carburizing is being developed and may eventually replace other 
methods. Low labor costs and automatic- quenching reduce tho operating 
costs to a low figure, but the high initial iiivMtinent is justified only by large 
units operating at high output The carburizing gases used are carbon 
monoxide, methane, ethane, and propane. The hydrocarbons will break 
down, if undiluted, liberating an excessive amount of carbon in the form of 
Boot on all exposed suriaccs. By diluting with gases such os nitrogen and 
hydrogen, the amount o( free carbon deposit 'will be decreased. Cases of 
0.040 to 0.060 in. can be obtained in 4 hr at 1700 F. ' By sidtable adjustment 
of time, temperature, and gas compoation, the surface carbon content and 
the carbon gradient can be varied to meet dmost 'any requirement. 

Liquid carburizing is done in activated baths of calcium cyanaraid, 
sodium or potassium cyanide, and 'controlling chemicals which go'veni the 
decomposition of the cyanides. The hatha are operated at between 1500 
and 1650 F, and cases of 0.020 in. are obtiuned in 90 min. For case depths ' 
of more than about 0.030 in. it is more economical to uso either pack or gas 
carburizing. The process is extremely flexible, easily controlled, and particu- 
larly well adapted to small units. "Witii continuous operation and automatic 
quenching, labor costs are low. 

The type of steel for carburizing will depend upon section and distortion 
limits of the finished part and the streeses to which it will he subjected. 
Plain carbon steels'of between 0.15 and 0.25 percent carbon are used exten- 
sively and after heat-treatment will develop core strengths as high as 100,000 
Ib per sq in.' To develop higher core Btrengths, it is necessary. to have alloying. 
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mangaiieBe sulphide icduBionB caunog the chips te break short on machining. 
Manganese and phosphoma harden and embrittle the steel which also con- 
tributes toward free maebining. The familiar steels S.A.E. 1112 and X1112 
known as Bessemer screw stock have oicellcnt machinability. Steels 
having a small percentage of lead (about 0.25) have: ^od machinability. 
These leaded steels inctease'ihe maehinalnlity of free-cutting steels more 
Table 14. Cbemlcal Compositions o! S.A.B. Steels 
(S.A.E. Handbook, 1939} 

Caaaox Stgbu 
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the usual tempering temperature Bo that the inechaiiical_ properties of tie 
previously heat-treated core metal are not affected lay nitriding. The big 
advantage of nitriding is that hardening is accomplished without a quenching 
operation, bo that complicated Bhapea and artides of uneven cross section 
can be treated with Bafets\ The Bted used is usually beat-treated before 
machining, rough-machined, &Yca a heat-treatment at the nitriding tempera- 
ture without ammonia iu order to produce wliatevor slight distortion is likely 
to occur, then the part ia finish machined and nitrided. Besides wear 
resistance, nitriding aids in the retention, of hardness at elevated temperatures 
and to some extent iiicreascB the Teastance'to conosion. The diaadrantagea 
of nitriding include high cost, time of operation, and expert attention. 

Stock for Nitriding. A eerics of atcel alloys containing alurainum, 
known as Nitralloy, give the best results in the nitriding process. The 
compoBitions of the moat commonly used nitri^^ng steels are given in Table 10 
(A.S,M. Metals Handbook, 193fl). 

Table 10. Compositions of Nitriding Steels (Nitralloy), Percent 


Element 

Nm 

N125N 

N135 

NI36 

modUied 

N230 


O.JM.JO 

0.2WI.27 

0.30-0.40 

0,35-0.45 

0.25-0.35 

Maagauese 

0.4KI.6C 

0.4(H).70 

0.4M.60 

0.40-0.70 

D.4(H).60 


0.90-1,40 

i.iw.40 

0.90-1.40 

6.9W.35 

1.00-1,30 


0.90-1.40 

1.00-1.50 

0.90-1.40 

1.4{^).&0 


Molybdeaum 

NicEcel 

o.iw.ts 

0.11Mi.50 

3.25-5.75 

0,15-0.15 

0.30-0.45 



Flame hardening Is the local heating of steel above the critical tempera- 
ture so that on subsequent quenching a hardened layer will be produced. 
The depth of the flame-hardened layer will vary from Ke to about H in. 
depending upon the service requirements. For local hardening or for harden- 
ing the surface of large steel parte, this method has been very useful, especially 
since distortion of the part is kept to a miaimum. The chemical analysis 
of the steel has to be such as to respond readily to heat-treatTnent. For 
plain carbon steels, the carbon content should he between 0.36 to 0.70 percent, 
although Steele with higher carbon content may be fiame hardened if care 
is taken to prevent Burface cracking. To obtain satUfactory results by 
flame hardening, the character of the flame, its distance from the surface 
of the work, its speed of travel, and the timing of the quench must all be 
under perfect control. After quenching, tempering is essential to relieve 
the stresses, a temperature of 400 P usually bdng sufficient. Flame harden- 
ing may be adapt^ to castings, forgings, or rolled Bections irrespective of 
size. TjT)ical applications are for the hardening of gear teetii, came, wheel 
treads, rail ends, and many machine parte. 

bocal hardening can tdso be aeeompiyied by local heating with elec- 
tricity. Eesistance heating is useful in hardening local sections of some 
forgingg and castings, but in genial ite principal application is for heating 
parts having a uniform cross section. Induction heating is well adapted for 
the surface hardening of cylindrical parts. Crankshaft bearings are hardened 
by the patented "Tocco” proceBs by apidying a high-frequency current to 
the bearing section for a few seconds. When the steel is heated to the desired 
depth, water is sprayed on the heated surface through holes in the inductor 
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Table 14- Chemical Compositions o£ SA.E. Steels.— (Conitnued) 
{SJlE. Handbook, 1939) 
llAHQANESE STEELS 


8.A.E. ' 

No. 

CarWn ^ 

Manganese ^ 
range 

Phcispboms, ^ 

ScOpbur, 


O.lHl.lS 

1.60-1.90 

0.040 

0.050 


0.39-0 40 

1.60-1.90 

0.040 

0.050 

Tmo 1 

0.35^.45 

1.60-1.90 

0.040 

0.050 

Tli45 1 

(l,4(M).50 

I.60-I.90 

0.040 

0,050 

T135e 

0.43-0.35 

1.60-1.90 

1 

0.040 

0.050 


Nickel Steels 


S.A.E. 

Na 

Carbon 

range 

Manganese 

range 

Pbospborus, 

mas 

Sulphur, 

max 

Nickel 

range 

m 

o.iwi.a 

0.304J,«3 

o.ow 

0.050 

0.40-43.60 

2115 

0,liKI.20 

0.3IM3.60 

0,040 

0.050 

1.25-1,75 

2315 

0.10-0.20 

0.30-0.60 

0.040 

0.050 

3.25-3,75 

2320 

0,13-0.25 

0.3(M).60 

0,040 

0.050 

3.25-375 

2330 

0.25-0.35 

O.504).«l 

0.040 

0.050 

3.25-3.75 

2335 

0.30-0 40 

0.5041.00 

0.040 

0.050 

3,25-3.75 

2340 

0.35-0,45 

0.60-0.90 

0.040 

0.050 

3.25-3,75 

2345 

0,4043.50 

0.60-0.90 

0.040 

0.050 

3,25-3,75 

2350 

0,4343.55 

0.60-0.90 

0.040 

0.050 

3.25-3,75 

2515 

0,1043.20 

0.30-0.60 

0.040 

0.050 

4,75-5.25 


Niceeiacbrouicu Steels 


8,A.E. 

No, 

Carbon 

range 

Manganese 

taDge 

Phos- 

pbonu. 

max 

Sulphur, 

Nickel 

rinse 

Chro- 

mium 

range 

3115 

0.1CM),20 

0.30-0 60 

0040 

0 050 

1. 00-1. 50 

0.45-0.75 


0,15-0.25 

0.30-41.69 

0049 

0.050 

1.00-1.50 


3125 

0.2(M),3fl 

0.5941.80 

0.049 

0.050 

1.00-1.50 

9.45-0.75 

3130 

0,2541.35 

0.5041.80 

0 040 

0.050 

1.09-1.50 

0,45-0,75 

3135 

0.30-0.40 

0.50-0.80 

0.040 

0.050 

1.00-1,50 

0.45 0,75 

3140 

0.35-0.45 

0.60-0.90 

0.040 

0.050 

1.00-1.50 

0.45-0.75 

N3140 

0.3541,45 

0.60-0 90 

0.040 

0.050 

l.OH.SO 

0.60-0.90 

3145 

0.4CK1.50 

0.6(M).90 

0.040 

0.050 

1.09-1.50 

0.45-0,75 

3150 

0.4541.55 

0.«M).90 

0.040 

0.050 

1,09-1.50 

0.45^.75 

3215 

O.HH1.20 

0.30-0.60 

0.040 

0.050 

1,50-2.00 

0.90-1.25 

3220 

0.15-0,25 

0.30-0.60 

0.040 

0.050 

1.50-2,09 

0,90-1.25 

3230 

0.25-0,35 

0.3(MI.60 

0.040 

0.050 

1.50-2,00 

0.90-1.25 

3240 

0.35-0,45 

0.30-0.60 

0.040 

0.050 

1.50-2,00 

0.90-1.25 

3245 

0.49-41.50 

9.39-0,69 

0.949 

9.059 

1.59-2.09 

0.90-1.25 

3250 

0.45-0.55 

0.30-0.60 

41.040 

0.050 

1.50-2,00 

0.90-1,25 

3312 


0.30-0.60 

0.040 

0.050 

3.25-3.75 

1.25-1.75 

■ 3325 

0.2941.30 

0.3041.60 

IKAIM 

0.050 

3.25-3.75 

1.25-1.75 

3335 

0.39-0.40 

0.3041.60 

■lii9 

0.050 

3.25-3.75 


3340 

0.35-0,45 

0.30-0.60 

0.049 

0.050 

3.25-3.75 

1.25-1,75 

3415 

0.19-0.20 

0.30-0.60 

0.040 

0,050 

2.75-3.25 

0.60-0.95 


0.30-0.40 

0.3941.60 

0.040 

0.05D 

2,75-3.25 


3450 

0.45-0.55 

0.30-0.60 

0.040 

0.Q5D 

2.75-3.25 

0.60-0.95 


■r 
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called stretcher strains or Ltiders' lines. The sharp yield point can bo 
eliminated by cold working (Fig. 1), a reduction of only 1 percent in thickness 
usually being sufficient. This cold reduction is usuelly done by cold rolling, 
known as temper rolling, iollowedhy altonmte bending and reverse bending 
in a roller Icveler. Temper rolling must always precede roller leveling because 
soft-annealed sheets will “break" (yield<loc8lly) -in the roller leveler. An. 
important phenomenon in these' temper-rolled low-carbon sheets is the return 
of the sharp yield point after a period of time. This is known, as aging in 
steel. The return' of the yield ^int is accompanied by an increase in hardness 
and a loss in ductility. Greater reductions by temper rolling decrease the 
rate of the agng process, and an increase in temperature greatly increases 
its rats. It is therefore necessary to, fabricate the sheets soon after temper 
rolling inPrder to avoid stretcher sbraina. Recently, non-aging sheets havo 
been developed by using killed steels, but tiicse will probably be used only in 
special applications because of the added coat. 

Table 12. Approximate Physical Properties for Various Tempera 
of Cold-ToUed Strip Steel 
(A.S.T,JI. Specifiealions tor CoId-roUed Strip; A109-38) 


1 

Grade 
or temper 

1 

1 

Rockwell 

hardness 

B seals, 

){s in. ball 1 
lOO kg load 

Depth of cup 
for 0.050 in. 
thickness 
of strip, 
mm** 

Tensile 

strength, t 

kips 

Elong 
in 2 in, for 
0.050 in., 
thickness 
of strip,* 
percent 

Rcmsrb 

N0.I 

90 ±6^ 

6-7 

80 

3±2 

, . 

hard 



±12 



No, 2 

80±5 

7-8 

64 

us 

; } 

half hard 



± 8 



' No.! 

69±5 

8-9 

M 

28±7 

1 

quarter hard 



± 6 



No, 4 

5i± 6 

9-10>i 

48 

30±6 ■ 

t 

soft or planished 


1 

- ±5 



No. S 

45i7 

! lo-Wf 

' 44 

39±6 • 

{ 

dead soft 


1 lo-im 

1 




« Cup depth varies with tluokncss of strip. For grade 5, dead soft temper, the depth is 
civen approximately by the formula D = 10.5 mm + 6.4 log t (J =» thickness in mm). 
Other tempers vary in a rimilar way, 

‘ TeneUe properties are based on the sUndord teoaion test specimen for sheet metals, 
Fig. 7, A.S.T.I1I. E 8, 1939, Sten^r^, Fait I, p. 756. 

» Elongation in 2 in. varies with the Uucknees of strip. For grade 5, dead soft temper, 
the peroentagfl elongation = 41 -b WlogKl •=■ thidmessm mm). Other tempera vary 
in a similar way. 

•* For cold strip 0.069 in. and thinner in thickness the Rockwell B hardnass range ia 
96 ± 6, with correspoading incressc in tensile strength and drop in depth of cup test. 

» Intended for flat blanking wiljr. , 

I Intended for easy bending up to 90 d^ aerrw the grain, (No bending along the 
grain.) _ • 

f For shallow drawing and stamping, where a very smooth surface ia required. Bonds 
180 deg across the grain. Bends up to 90 idong the grain. 

* For fairly deep drawing where no rfgn-of surfaoc strain is permissible. Bends 180 
deg both ways of the grain.. - ■ , ■ 

‘ For deep drawing where slight stretcher strains are permissible. Also for drifting. 
(Erroneously called “extrusion.”) Bends 180 deg both wnys of' the grain. 

Other Impottaut low-carbon gieel ptodu^ ase plates, structural shapes, 
tubing, pipe, an'd wire.. Boiler plate, rivets, 'and tubes are usually in the 
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Table 15. Mechanical Propertiee of Certain S.A.E. Steels with 
Various Heat-treatmentB 

(Sections up to 1^ in. dkm. or tluckriesB) 



S.A.E. 1035 nuenebed in water I S.A.E. 1045 quenched in water 
at 1525'1575 F I at 147,5-1525 P 


8m 

ins 


52 

71 

212 

12! 

91 

46.5 

18 

248 

sou 



55 

78 

202 

1)5 

B4 

48.5 

20 

^5 

lOUO 

hi 


%'i 

TV S 

197 

III 

'll 

SI 

77 S 

229 

iim 

93 

83 

80 

7»1 

187 

107,5 

71 

S7.5 

7S 

217 

17m 

69,5 

87 

M 

10 

lot 

m 

88 

S5 

V.i 

212 

IKK) 


49 

“ 

33 

174 

97.5 

«1 

56 

2. 

197 


S.A.E. 2340 normaliecd at 1526-1726 F. 


quenched in water at 1525-1675 F 

quenched in oil at 1425-1475 1 

KKI 

181 5 

117 5 

47 8 

11 

111 

\(5 

146 

485 

M 

331 

9iKI 

140 

1I7S 

46 

16 

761 

14« 

177 S 

SO 

18 

302 

lIKKI 

117 

im 

S7 

19 

248 

m 

108 

S4 

21) 

248 

IIIIU 

m 

88 

W 

21 1 

217 

IIS 

90 

56 

?1 

229 

IJW 

vn 

/I 

59.3 

ti 1 

201 

102.5 

/I 

80 

27 

217 

1300 

92 

8d 

61.5 

25.5 

187 

93 

63 

61 

28 

183 


S,A.E. 3140 ncftnaHjed at 1600-1700 7. )S.A.E. 3240 nermaiiied at 1625-1726 E 
quenched in oil at 147^1525 F | quenched in oil at 1475-1525 F 


mo 

17S 

ISI 

45 

1? 

111 

20? 


44 

16 


TO 

1S7 

m,5 

5ft 

16 

m 

ms 

ms 

5ft 

n 5 


IIKKI 

148 

no 

55 

IH 

7W 

155 

11? 5 

58 

IV 


IlDO 

177 S 

ino 

58 5 

19 

148 

117 5 

118 

60 

21 


120U 

111 

81 

a 

VII 

221 

127,5 

Klf) 

82,5 

n 

253 


102.5 

70 

65 

20 

217 

llQ 

87,5 

6S 

a 

229 


S,A.E. 3336 normalired at 1600-1700 F, jS,A.E, 3435 normaUaed at 1550-1G50 F, 
quenched in oil at 1425-1475 F | quenched in oil at 1425-1475 P 


800 

188 

168.5 

50 

U.5 

375 

188 


55 

15 



167 

146 

56 

17.5 

331 

188 


5/ 5 

18 5 



I4S 

127,5 

59,5 

20 

302 

157 



16 5 



132 

112 

51.5 

21 

277 

13(1 

110 

87. S 

■711 



118,5 

10D 


21 

241 

IIV.5 

97,5 

65 

22 

229 


S.A,E. 4140 normaliaod at 1660-1750 F, I&.A.E. 4340 normalizod at 1625-1725 F, 
quenched in oil at 1525-1625 F | quenched in oil at 1475-1550 F 


800 

180 

158 

% 

10 

363 

210 

190 

40 

11 



I'/il 

146 


II 

352 

195 

175 



, 401 


ISV 8 

HI 


12 

321 

173 

157 S 

45 


363 



ns 

51 

14 

m 

160 






126,5 

101 

84 

VIS 

255 

140 

119 

S7S 

111 

255 



86 

W 

21 

223 

120 

Vi 

60 

20 , 

241 
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range of 0.16 to 0.30 percent carbon. Structural steel baa approximately 
tbe Bamo carbon range, although some higher carbon steel shapca are some- 
times used in bridges and heavy machinery. A special group of low-alloy 
high-strength steels has recently been developed for Ae transportation 
industries where a high ratio of atrength to weight is required. Although 
these steels have a lower strengtb-woi^t ratio than high-strength stainless 
steels and light aluminum alloys, they are used to a largo extent in the con- 
struction of passenger, freight, and tank cars, truck and trailer bodies, 
unloading buckets, and similar applications. In general, the low-alloy 
high-strength steels have a yield point of 60,000 and a ten^o strength of 
90,000 lb per sq in. and the ductility will be only slightly lower than that of 
mild steel. These steels can he formed mthcr hot or cold, welded, flame cut, 
punched, reamed, and machined. In welding or flame cutting, precautions 
must usually bo taken ag^st hardening with resultant loss in ductility. 
These steels are definitely more difficult to machine than structural carbon 
steels, higher tool piesaurea being neceasary so that tool apeede should ba 
reduced and a cooling agent used. For detailed information on these steels, 
see Metals ond Alloys, 1938, p. 243. Table 13, taken from this article, 
lists the trade names and manufacturing companies and gives approximate 
compositions and mechanical properties of the different steels. 

Machinery Steels. The S.A.E. has epecifleations (S.A.E. Handbook) 
for steels that cover the requiremente in the automotive industry, and these 
BpeoiScationB have been widely adopted by industry in nearly all fields of 
mechanical manufacturing both in America and abroad. A numerical 
index, which in general consists of four digits, is used to identify the composi* 
tion of the S.A.E. steels. The first digit indicates the alloy type, and, in tho 
simple alloy steels, the second digit indicates the approximate percentage 
of the predominant alloying dement. The last two digits indicate the average 
carbon content, in “ points, ” or hundredths of 1 percent. Thus 2340 indicates 
a nickel steel of approximately 3 percent nickel {3.2S to 8.75) and 0.40 percent 
carbon (0.35 to 0.45) ; and 71360 indicates a tungsten steel of about 13 percent 
tungsten (12 to 13) and 0-60 percent carbon (0.60 to 0.70) . In some instances, 
it has been found necessary to depart from this system in order to avoid 
confusion. The prefix X is used in numerous instances to denote variations 
in the range of elements. The prefix T is used with the manganese steels 
(1300 series) to avoid confusion with Steels of somewhat different manganese 
range that have been identified by the same numericnls but without the 
prefix. 

Specific applications of SJuE. steels cannot bo given, since tho selection 
of a proper steel for a given part must depend upon an intimate knowledge of 
factors such as the availability and cost of the material, the detailed derign 
of the part, and tho severity of the service to bo imposed, machinability, 
size, etc. To a large extent, the mechanicsd properties desired in the part 
to be heatetreated w'ill determine the carbon and alloy content of the steel. 
Table 15 gives a r5sum5 of meeb^o^ properties of typical S.A.E. ste^a 
aa given in the S. A.E. Handbook, 1939 (for sizes up to iVi in, diam) . Table 
16 gives the effect of mass on the mechanical piopertiea of heat-treated steels. 

The low-carbon S.A.B. steels are used for carburized parts (see p. 553), 
cold-headed bolts and rivets, and for similar applications where high quality 
is required, An important scries of steels is tho S.A.E. low-carbon free- 
cutting steels for high-speed screw-machine stock and other machining 
purposes. These steels have high sulphur pr^ent in the steel in the form of 
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Table 16. ESect of Mass of Specimen on the Mechanical Properties 
of Some S.A.E. Steels 


£'| 

gS-S 

CM 

13 S Qi 

gi-3 

3.5 ® 

t>? s 
l^s 

a 0 0. 

d ^ 

S 

Rfl 

»>T3 

•cS 

.a 

?«S 

iii 

j5»a 

go 

•5 ? 

u -SI 

S,£i! 

gN§. 

i 

11 

S.A.B. 1045 

quenched in W6t« at 1500 F, 

drawn at 1000 F 

SA.E. 2340 nonnalized at 1625-1675 F, 

clenched in oil at 1450 F, 
drawn at 1000 F 

1 

in 

Bi 

57 

70 

232 

140 

116 

58 

18 

284 

2 

104 

70 

50 

26 

218 

17/ 

104 

54 

19 

260 

3 

97 

63 

49 

76 

204 

118 

92 

51 

2<l 

239 

4 

94 

59,5 

48 5 

76 

192 

(11 

84 

5? 5 

•7115 


5 

93 

58 

48 

26 

188 

no 

80 

52 

21 

223 


S.AJ:. 3240 normalised at 1026-1675 F, 

queatbed in oil at 1500 F, 
drawn at 1000 P 

1 

145 

172 

6fl 

15 

771 

161 

142 

57 

18 

332 

7 

13) 

109 

51 

17 

M 

145 

122 

54 

19 

302 

3 

125 

% 

4« 

18 

W3 

133 

107 

53 

19.5 

274 

4 

123 

9(1 

46 

18 

260 

17.5 

95 

57, 

20 

250 

i 

122 

88 

48 

18 

257 

120 

67 

52 

20 

239 

S.A.E, 8S40 normalized at IQfXhlTOO F, 
quenched in oil at 1450 P. 
drawn at lOOO F 

S.A.E. 3436 normalized at 1600-1700 F, 
quenched in oil at 1460 F, 
drawn at 1000 F 

1 

165 

148 

57 

17 

116 

154 

135 

56 

17 

309 

7 

156 

rw 

49 

18 

301 

142 

122 

54 

17 


3 

157 

131 

48 

18 

294 

137 

IIS 

53 

17 


4 

149 

l?7 

47 

18 

291 

135 

110 

52 5 

17 


5 

145 

128 

46 

18 

287 

133 

103 

52 

17 



Table 17. AsetajtaEhysicalPropwtiflaDtCQUrtoi'wn.StfiftL 
(A.S.M. Metals Haodbooli, 1939) 

Sizes ^ to 2 io. dism, test specimens 2 X D,505 in. 


8.A.E. 

eteels 

Tensile 
etreogth, 1 
kips 

Yield 1 
point, 1 
laps 

Elongation 1 
in 2 in., 1 
percent 

Red ol 
ares., 1 
percent ^ 

Brinell 

hardness 

ID10 

67 

55.0 

25.0 

57,0 

137 

1015 

71 

60.3 

22.0 

55.0 

149 

1020 

75 

63.7 

ZO.O 

52,0 

156 

1025 

80 ' 

68.0 

18.5 


163 

1030 

87 

73.9 

17.5 


179 

1035 

92 

78.2 

17.0 

45.0 ' 

187 

1040 

97 : 

82.4 

16.0 

40,0 

197 

1045 

102 ! 

86.7 

15.0 

35,0 

207 

1112 

87 

73.9 

17.0 

45,0 

183 

1120 

78 

66.3 

19.5 

49,0 

159 

XI3I4 

80 1 

68.0 

19.0 

51,0 

163 

XI315 

82.5 

70.1 

18.5 

50,0 

167 

X1330 

98 

83.3 

18.0 

40.0 

201 

X1335 

105 ' 

89.2 

16.0 

35.0 

217 

XI340 

112 

95.2 

14.0 

30.0 

223 
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Table 14. Chemical Compositions of S.A.E. Steele-— ((JoniinuccO 
(S.AJi Handbook. ,1939) 

Moltbdehou gnssia 


s.a,b: 

No. • 

CarJjan 

rango 

Man- 

ganese 

range 

Plios- 

phorus, 

ina:( 

Sulphur 

1 max 

Chro- ' 1 
raiura i 
range | 

NiflM ■ 
range 

Molyb- 

denum 

range 

4130 . 

0,25-0!35 

ID. 50-0. 60 

0.040 ; 

0050 

0:50-0.80 ^ 


0.15-0,25 

X4130 

0,25-0,35 

10.40-0, 60 

0.040 

0.050 

0,80-1.10 



4135, 

0,31H).40 

P.6M.9Q 

0.040 

0.050 ' 

0,80-1,10 



4140' 

0,35-0.45 

fl. 60-0.90 

.0.040 

0.050 

0,80-1.10 ' 


), 15-0,25 

4150 

0,45-0,55 

0,60-0.90 

0.040 

0.050 

0,80-1,10 ' 


D.15-0.^ 

4320 

0,15-0.25 

0.40-0.70 

0.040 

0.050 

D.30-C 60 

1 65-2 00 

0 20-0.30 

434Q 1 

!q.35-0.45 ^ 

l0.5Q-0,80 

0.040 

0.050 

D.5(Hl.e0 

1.50-2,00 

) 30-0,40 

xm 

p5-0.43 

0.50-0.80 

0.040' 

0.050 

0.60-0.90 

1.50-2,00 

0,2041,30 

4615 

0 10-0.20 

lo, 40-0.70 

0.040 

0.050 


1.65-2.00 

0.20-0,30 

m 

lo.iM.is 

0.40-0.70 

0.040 

0.050 


1,65-2,00 

3.20-0.30 

4640 

p.35-0,45 

0,50-0.80 

0.040 

0.050 


1,65-2,00 

0.20-0.30 

4ats 

0.10-0.20 

10,4041.60 

0.040 

0,050 


3.25-3.75 

0.20‘-0.30 

4«20 

0.15-0,25 

0.40-0,60 

0.040 

0.050 


3.25-3,75 

3.20-0.30 


CsRotnoM Stebu 


S,A.E. 

No. 1 

Carbon 

range 

^ Manganese i 
range 

Phosphorus, 

max 

, Sulphur, I 

Chromium 

range 

5120 

0,15-0,25 

0.30-0.60 

- 0.040 

i 0.050 

0.60-0,90 

5140 

, 0,35-0,45 

; 0.60-0.90 

0.040 ! 

: 0.050 1 

0.80-1,10 

5150 

1 0.45-0.55 

I 0.-60-0.90 • 

1 0.040 ' 

0.050 . 

0.80-1,10 ' 

52100 

0.95-1.10 

0.20-0.50 

0.030 1 

1 1 

0.035 

1.20-1,50 


CBnOUlOU-T^ADITTM StEELB 


8.A.E. 

No. 

Carbon 

range 

Manganese 

range 

Phos- 

phorus, 

Sulphur, 

max 

Cbro- 
mium 
range ' 

' Vanadium 

Min 

Desired 

6115 

0.10-0.20 

0,30-0.60 

0.040 

0.050 

0.811-1. 10: 

0.15 


6129 

0.15^.15 

0.3M.60 

0.040 

0.050 

O.M-l.lO 

0,15 

0.18 

6125 

0.20-0.30 

0,60-0.90 

0.040 

0,050 

0.80-1.10 

0.15 

0.18 

6130 

0,2543,35 

0,60-0.90 

0.040 

0.050 

.0.80-1,10 

0.15 


6135 

0.30-0.40 

0.60-0.90 

0.040 

0.050 

0.80-1.10 

0.15 

0.18 

6140' 

0.3543,43 

0.60-8.95 

8.840 

8.050 

0.?(3-l.l8 




0.4041.50 

0,60-0,90 

0.040 

0,050 

0.80-1,10 

0.15 



0.4543.55 

0,6041,90 

D.04D 

0.050 

. 0.80-1.10 

0.15 




0,20-0.45 

0.030 

0.035 

0,80-1,10 

0.15 

0.18 
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Table 18. Classification of American Tool Steels.— (ConiinuAl) 
(Adapted from Gill, “TocA Steels.'' MeUilProgTeii, Oct.. 1938) 

TmiasiEK Finibhino Tooi. Stegu aito DnAWWo Dies 
' (Brittle but intensely hard and keen edges for cutting hard materials) 

Water hardening; medium wear resiatance; low toughness; high warpago; no red 
hardness; deep hardening 
C W Cr JUmarks 

1.20-1.40 6.00-0.0(1 8b'^ttly better wear reaistaaef than 

lowatun^R 

1.20-1.40 3.00-5.00 Sightly louder than higher tung- 

sten 

I'^l 40 4 OM 00 

SlLICON-UAr^lUNGSB PtTNCH AND CbISEL StEEIS 
(A water hardening and inexpensive steel for cold cutting) 

Medium wear resistance; medium toughness; medium varpage; medium hot hardness 
medium deep hardening 

G Si Mn Cr Mo V Bemstb 

0.60-0.60 1.80-2.20 O.CO-0.90 Bprag steel analysis; all high- 

silicon steels liable to soil 
sHd 

0.60-0.75 1.70-2.25 0.70-0.90 More carbon gives bighsi 

hardness 

0.60-0.60 1.75-2.25 0.70-0.90 0.20-0.35 0.15-0.30 Alloys inneaes bardenability 

and reOne grain 

0.60-0.60 1.76-2.25 0.70-0.00 0.40-0.60 McJybdenumgreatlyiaoeBSM 

bardenability 

0.50-0.60 0.7H.25 0.35-0.00 0.2IHI.40 0.40-0.60 Low silicon reduue brittleness 

and wear reeistoncs 

Hiob Caubow, Hicb Cbrouiuu Pctncb akp Die Steels 
(D urable rollsi mandrels, punches, dies, and ahears for cold work) 

High wear resistance; low tougbneas; low warpnge; high hot hardness; deep hardening, 
dilScuItly machinable 

C Cr V Mo Co Ni Bemuka 
Oil Eardeoing Types ("Non-Deforming”) 

2.26-2.45 12.00-14.00 

2.10-2.20 12.00-14.00 0.75-1.00 Somewhat tougher 

2.15- 2.25 12.00-14.00 0.50-0.75 Blightly air hardening; ihost 

difficult to machine 

2.15- 2.25 12,00-13.00 0.75-1.00 0.60-1.00 Sligh^ red baid 

Air Hardening Types (Tougher Than Above; and Deform Leas in Hardening) 

1,40-1.60 12.00-13,00 0.50-0.60 3.00-4.00 Eedhardproperties. Good 

for cutting tools on non* 
ferrous materials 

1.60- 1.70 16.60-18.00 I^ble to harden non-uni- 

fonnly 

1.60- 1.60 12.00-13.00 0.80-1.00 

1.5O-1.G0 12,00-13.00 0.80-1.00 0.76-0.90 O.SO-O.M Vanadium imparts greater 

’ toughness 

1.4(hl,65 12.00-13.00 0.80-1.00 0.75-0.90 0.00-0.80 Most difficult to machine 

CGEOMmu Die Siebu bob' Hoi Wore 
(G ripper, bending, and beading dies for li^t work up to 600 F.) 

Air or oil hardening, medium wear resistance and toughness; low warpage; medium hot 
hardness; de^ hardening 
C ' Ck Mo Benarks 

0.86-1.00 . 3.76-4.00 TJsnilty quenched in light air blast 

0.86-1.00 3.25-3.75 Lower (hronriina reduces cracks during quenching 

0.65-0.75 3.75-4.26 (Mlqn®dBng(lowercarbon)butnotaori5dat600F 

0.66-1. DO 3.76-4.26 0.40-0.90 Best air haideocr 


High movement; beet for 
' drawing dies that most be 
rehaidened after wear 
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Table 14. Chemical Compositions oi S.A.E. Steel.— (Ccntmued) 
{S.A.E. Himdbook, 1939) 

TtmoBira Stkbvs 


e.A.E. 1 
No. 

Carbon 

range 

1 

Man- 

ganese, 

max 

Pho9- 

pboroa, 

max 

Bulphur, 

max 1 

Chro- 

mium 

range 

Tengaten 

range 



0.30 

O.BS * 

0.040 

1 3,00-4.00 ' 

12,00-15.00 


0.50-0.70 1 

0.30 

0.03S 1 

0.040 

3,00-4.00 

15.00-18.00 

7260 1 

0.5(W).70 

0.30 

0.035 1 

0.040 

0,50-1.00 
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S.A.E. 

Carbon 

Manganese 

1 Phoapbonu, 

Sulphur, 

Silicon 

No, 

1 range 1 

range 

max 

! 

mas 

1 

range 

^155 1 

1 ) 

1 0.60-0.90 

1 0.040 

1 0.050 1 

1. 80-2,10 

9260 

0.55-0,65 

0.«M).90 

0.040 

0.050 

1.80-2,20 


CORBOeiON' AKD BfiAT'ltaBtBTniO hviv!& 


S.A.E. 

No. 

Carbon, 

max 

Manga- 

nese, 

max 

Siicon, 

max 

Fboa- 

pborus, 

max 

Sulphur, 

max 

Chro- 

mium 

range 

Nickel 

range 

30905 

o.ot 

O.aM.TO 

0.75 

0.030 

C.OM 

17.00-20.00 

8,00-10,00 

30915 

0.09-0,20 


0.75 

0.030 

0.030 

17.00-20.00 

6,00-10.00 

51210 

0.12 

0.60 

0.50 

0.030 

0.030 

11.50-13,00 


X51410 

0.12 

0.60 

0.50 

0.030 

0.15-0,50 

13.00-15,00 


3I33J 

C,2H.40 

0.60 

0.50 

0.030 

0.030 

12.00-14.00 


51510 

0.12 

0.60 

0.50 

0.030 

0.030 

14.00-16.00 


51710 

0.12 

0.60 

0.50 

0.030 

0.030 

16.00-18,00 



“ " - “ — “ , 

Silicon range of S.A.E. basic open>bcartb alio? steels ebaU be 0.15 to 0.30. For 
electric and acid open-hearth alloy steels, the silicoo contest shall be 0.15 min. 


than that of other grades. Cold drawing improves the machinability of 
free-cutting steels; they are qsually supplied cold-drawn. 

Cold-finished oaibon-steel bars arc used ior parts such as bolts, nuts, 
typewriter and cash-register parts, motor and transmission power shafting, 
piston pins, bushinp, oil pump rfiafta wwi gears, etc. Average mechanical 
properties of coid-drawn steel are ©ven in Table 17. Besides increasing 
the mechanical properties, cold-finished steel has better machining properties 
than hot-rolled products. The sorface finish and dimensional accuracy me 
also greatly improved by cold finishing. 

Forging steels, between 0410 and 0.40 percent carbon, are used for axles, 
bolts, pins, connecting rods, and amilar applications. These steels are 
readily forged and, after heat-treatment, develop considerably higher mechani- 
cal properties than low-eatbon steela. Joi heavy sections, where high 
strength is required, such as in crankshafts and heavy duty gears, the carbon 
is increased to 0.40 to 0.60 p^crait (S.A.E. 1045), 

Tool Steel. Tool steels can be subdivided into four classifications: (1) 
plain carbon steels, (2) oil-hardeniag Bteela, (3) Bemi-lugb-epeed Btcols, and 
(4) high-speed steels, 
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roughing operations. Molybdenum bo aubstituted lor part of the tung- 
sten to reduce cost and to give increased tou^ncss. 

Very high beating temperatures are required for the heat-treatment of 
bigVspeed atccl. The steel should be heat^ slowly to 1600 P, held until a 
uniform temperature is reached, ^en heated rapidly to 2300 P by trans- 
ferring to another furnace held at the latter temperature. It is held in tho 
furnace only for the time necessary to bring it to temperature, then is quenched 
in warm oO or in an air blast. Tho high-speed steel should then be tempered 
at about 1100 F to increase the tougdmsss; owing to a secondary hardening 
effect, the hardness of the tempered steel may be higher than as quenched. 
In general, cobalt high-speed steels require lugher, and molybdenum steels 
lower, quenching temperatures than the 18-4-1. A list of the more common 
American tool steels is given in Table 18. 

Spring Steel. For small springs, steel is often supplied to spring manu- 
facturers in a form that requires no heat-treatment except perhaps a low- 
temperatuTo anneal to relieve forming strains. Types of previously treated 
Bleel wire lot email helical spiinga arc uiueic wire which has been given a 
special heaVtreatment osdled patenting and then cold-drawn to develop a 
high yield strength, hard-dratm wiro which is of lower quality than music 
wire since it is usually made of lower grade materifd and is seldom patented, 
and oil-tampered wire which has been quenched and tempered. The 
wire usually has a Brineli hardness between 362 and 415, although this will 
depend on the application of the spring and the severity of the forming 
operation. Steel for small flat springs has either been cold-roHod or quenched 
and tempered to a similar hardness. 

Stool for both helical and flat springs which is hardened and tempered 
alter forming is usually supplied in an annealed condition. Plmn carbon 
steel is satisfactory for small springs; for large springs it is necessary to uao 
alloy steels such os chrome-vanadium or silicon-manganese steel in order to 
obtain a uniform structure throughout tho cross section. Tabic 19 gives 
the chemical composition and heat-treatment of several spring steels (see 
p. 649 for further information on heat-treatment). It is especially important 
for springs that the surface of the steel be tree from all defects. 

Table 19. Chemical Compositioo and Heat-treatment of Spring 
Steels 
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Table 16^ MechaAiical PropeHibs of Certain S.A.E. , Steels with. 
Various Heat-treatnwiits. — {Continued) 


6? 

515 

n'’ 

A 

!se - 
§£§ 

2-3 a 

a 

|'b£ 

Pi 

•S fi 

ks rg 
fifib 
0-’ o 

1 

sjS 

•Sa 

•S 


III 

,6 ^ 
|i| 
I"® 

|l 

''I- 


1650-1700 P. 

S.A.E. 6140 normalLsed at 1625-1726 F, 


•quenched in'oil at 1450-1500 F 

quenched i 

oil at iSOO-lW 

OF 

m 

176 5 

147 5 

47 

IQ 

va 

tea 

160 

42,5 

13 

' 363 


lSft5 

110 

49 

11 

321 

m 

140 

47.5 

14 • 


m 

14? 

115 

51 

12 

m 

141 

120 

52 

15 • 


MW) 

I'W 5 

102.5 

55 

15 


126 

102 

56 

17 



III 

93 

58 

19 

241 

112 

8S 

59 

19 

223 

1350 

U3 

55 

51.5 

22 

229 

m 

» 

W 

1' 

201 


S.A.E. 6140 normnliaed at 1650-1760 F, 
qviracliBd In nil at 1550-1650 F 


WIO 

IBQ 

160 

42.5 

13 

Vfi 





Kill 

i«i 

14(1 

47.5 

(4 

3J( 





tiXW 

14? 

17,1 

5? 

15 






lino 

17? 5 

115 

56 

17 5 

767 





lino 

115 

9? 5 

59 

19 

229 





m 

105 

57 

52 

lO.i 

217 






Plain carbon tool steels, containing 0.60 to 1.40 percent carbon, are 
widely used on account oi tlieir low cost and excollenl properties. Tor 
tools such as files, twist drills, threading dies, and small taps for which the 
primary requirement is a high hardness, a carbon content of 1.20 percent or 
higher is necessary. In tools subjected to shoch, such as shear hnlvcs, 
chisels, hammers, and forging dies, tbs carbon content has to be kept below 
about 0.80 percent. For applications requiring both a high hardness and 
considerahle toughocss, the carbon content will bo wound 1 peroent. Carhoa 
steels do not have tho ability to retain their hardness at the elcvabed'tempera- 
tures developed in the tip of metal-cutting tools when operating under severe 
conditions. Carbon steels are liable to crack or warp on hardening whenever 
the tool has an intricate shape. 

The oil-hardsning steels, sometimes called non-deforming steels, have 
sufficient alloy content to bo hardened on quonclung in oil; distortion and 
cracking is therefore minimized. They usually contain up to 1.75 percent, 
manganese with small percentages of chromium, molybdenum, vanadium, 
or tungsten and have the samo general performance oharacteristicB as plain 
carbon tool steels, 

Semi-high-speed, steels can. operate' at'highet temporatures than carbon 
steels without losing their hardness in consequence ol fairly high proportions 
of tungsten and chromium. Tho alloy carbides resist the tempering eSect- 
of high tool temperatures and also imtributo to toe abrasion resistance of 
the steel. On account of the hfgh ^oy content, tho steels can bo hardened in 
oil and thus are not liable to crack or warp on hardening. ' 

High-speed steels retain conadwalAe hardness at a rod heat. A com- 
monly UB^ high-speed steel has 18 percent tungsten, 4 percent chromium, 
and 1 percent vanadium (known as 18^1 high-speed steel). , Cobalt, 
Bometimea added as an alloying ^ememt, impioveB the cutting qualities for 
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C. Have high creep strength to 1200 F. Toughness impaired in relatively high 
carbon alloys by sendee at 800 to 1500 F. 

Eot-workmg Qualities. A. Rea(^ forged, pierced, or rolled at 2001) to 1700 F. 
Preheat and soak stock at 1600 F. Plain chromium alloys air harden on cooling, 

B. May be forged, rolled, or pierced. Should be heated quickly. Forge from 2200 F 
down to 1750 F. On Inst heat continuo cold working to 1400 F to refine gram. 
Alloys do not air harden. 

C, May be forged, rolled, or ]Miccd. Preheat and soak nt 1600 F, heat quickly to 
2200 F, forge down to 1850F. Hot short range; 1800 to ISOCF, Alloyadonot 
air harden. 

Cold-working Qualities. A, IjOW caifaon vaiietiea can be easily cold drawn into 
wire, cold rolled, bent, formed, upset, emned, and deep drawn. 

B. Can be cold drawn into wire, cold rolled, bent, fonned, upset, coined, and deep 
drawn, especially when warm (300 to 500 F). 

C. Can be cold drawn into mre, cold rolled, bent, formed, upset, CDined, and deep 
drawn. Work harden twice aa rapidly as Groups A and B. 

Uachinability. A. Machine satisfactorily with properly designed tools when beat 
treated to 200 to 250 Bn'nell. ftec-cutting grade contains rircoaitm sulphide, 

B. Machine satisfactorily with properly designed tools, Cold working and high 
sulphur improve maehinability. 

C. Most dilEcult of all. Use sharp tool having greater top roko than usual, and cut 
continually. Frcc-cutting grade contains selenium and phosphorus. 

BivetlQg. A. Maks excellent cold livete. Not recommended for hot rivets driven 
above 1500 F, on account of air hardening. 

B. Extra precautions required to avoid brittle rivets. Coniesl heads should he cold 
upset on ground bars; rivets driven at 1425 F into ebamfered boles. 

C. Excellent for cither hot or cold rivets. Hot livtle may be driven at a high tsm* 
perature (1900 F). 

Welding Properties. A. Can be welded rritti gas, dectric arc, ct resistance. Weld 
air hardens. little grain growth. 

B. Canbewelded. AnnealatUSOFtoreduceembrittlomentnlongeidewcld, Those 
metals subject to grain growth are brittlo adjacent to the weld. Those metela 
not subject to grain growth yield satisfactory wdds. 

G. Can be welded with gas, dectric are, or reeistaDCc, if carburisation is avoided. 
Weld docs not air harden and is very tough. Only the relatively low carbon of 
“stabilised” metal should be welded if artide must resist severe corrodents. 
Corrosion Besistsnee. A. Very sstlsiaclory for rcristing n'cather, water, steam, and 
many organic and inorganic corrodents when chromium is 11.5 percent or more. If 
carbon is relatively hi^, metal must be hardened and tempered (below 1000 F). 

B. Possess corrosion resisting properties superior to Group A. Especially good for 
nitric and other oridizmg acids. 

C. Corrosion resistance depends largely upon total alloy content. This group will 
resist nearly all corrodents measurably better than Groups A and B. Especially 
good for organic acids. Severe pitting may occur in some stagnant solutions, 
under particles of foreign matter. 

Scale Resistance. A. Useful for continuous tcmpcratuica up to 1200 F, and in some 
services up to 1500 F. 

B. Superior to Group A, eapedally when chromium is above 25 percent; then resist 
reducing atmospheres up to 2100F, nriHiring up to inciting points, and sulphur 
gases up to 1800 F. 

G. Excellent where combination of high temperatnie and ooirosion Is to be met. 
Low nickel alloys required to resist snlphurous gases. 

Group A {Martensitic). The hardeimblc alloys were the first stainless 
steels to be developed and, because of thw high hardness and stain resisting 
properties, are used extensi'vdy for table cutlery, pocket knives, surgical 
and dental instruments, springs for high-temperaWe operation, ball valves 
and seats, and similar appHcations. The highest grade of stainless cutlery 
steel has 0.70 percent C and 16 percent Or. Forging and annealing treat- 
ments are given in Table 20. The proper hardening range depends on 
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Table 18. Glassiflcation of American Tool Steels 

(Adapted from Gill, "Tool Bio^" JfctaJ Progrett, Oct., 1938) 

General Ptopobb Gj^boh Tool Steels 

Water Htdening; low wear icaiBlaacejhi^ Tupaae;no red bardncss; shallow hardeoing 
C Si Mn S P V Common Uk3 

0.60-1.25 • 0.16-0.50 0,10-0.35 O.OSinai. O.OSmai. » Almost universal;' 

CmoMinu-'VAHADiuK OB Low ConoiaDK Tool Steels 
(Substitutes for carbon tool steels) 

Mostly water bardfiDine; low wear remstance; warpnge; no red baldness; medium 
deep bardening 

C S Mn Ct V Remarks 

0.50-1.40 0.16-0.60 0.10-0.35 0.I(Hl.25 Chronime conecta tendency toward soft 

spots 

0,50-1.40 0.15-0.50 0.10-0.35 0.25-0.60 More intense hardness 

0,50-1.40 0,16-0.40 0,10-0.35 0.60-1.20 0.10-0.20 Waterhardening) Very tough in low-c*r- 

0,50-1.40 0.15-0.40 0.40-0.60 0.60-1,20 0.10-0.20 (Klhardeumg ) honranscs 

High Carbon, Low Tunostem Tool and Pie Steeu 
(Finishing tools tor bard steels or non-fenous alloys) 

Oil baidesiing; medium wear resistatw*; medium tougbness; low worpago; no ted 
hardness; mcdiiun deep bardening 
C a Mn O V 

(Opdonal) Rnoarb 

O.OO-l.lO 0.20-0.40 0.16-0,30 1.00*1.50 'iSooewbat erratic in heat- 

1.1W.25 0.20^,40 0.1H.30 1.75-2.50 0.10-0.25) treatment 

0.8W.I0 0.2<HI,40 0,15-0,30 0.35-0.75 1.50-2.50 0.10-0.25 l^titerbardeniDglnore dc- 

1,16-1,80 0,20-0,40 0.15-0.30 0.3H.76 1.50-2.50 0.10-0.25 Oilhardening / pendable 

Manoanesb OiL-BABDEmNo Die Steeis (“Non-detoiuiino”) 

(General purpose tools and especially dies, punches, and bronzes) 

Oil hardening; low wear reeiatsnee: medium toughness; low warpnge; no ted hardness; 
medium deep hardening 

0 Si Mq Ct W Mo V Renarls 

0,85-0,95 0,20-0.40 1.5H.7S 0.10-0.25 More subject to 

grain growth 

0.85-1.00 0,20-0.40 1,16-1,45 0.3(HI.60 0.3(H).M 0.1M.25 Corrects above, 

but batdnesa is 
lower 

0.85-1.00 0.20-0.40 1.35-1,65 0.20-0.35 0.10-0.25 Attains highest 


0.90-1.00 0.20-0.40 0.90-1.15 0.50-0.90 Least susceptible 

to hardcaing 
erscb 

Tongsten Allot Cbibel and Poitoh Steels 
(Oil hardening eteela; shears and battering teole for wld metal; heading dies) 
Medium wear resistance; high toughness; low worpage; medium red hardness; medium 
deep hardening 

C Cr ^ H Remarks 

0.45-0.60 0.75-1.25 0.75-1,25 1.0(1-1.50 Goodwearresistaneehutsomewlistbrittle 


0,45-0.60 1.60-2.00 0.75-1.25 1.09-1.50 Bigber tungsten improves wear resistanee 

0.45-0.60 1,00-1.75 0,60-1.00 Low silieoamcteases toughness 25 percent 

0.40-0.55 1,75-2.25 0,76-1,25 0.10-0,30 \Most popular analyses, tough and fine 

0,5H,fiS 1.75-2.25 0,7H.25 0.1(M).30 f grained 

“ Usually subdivided by 0.10 percent steps; for instance, 0,65 to 0.75 percent, 0.75 
to 0,85 percent, etc, 

n nrw stficls hsve no vanadiiun; caTbon-Tanadium tool steels may have from 

0.08 to 0.40 percent vanadium, depending on grade. 

' In lower carbon ranges, the steels shear blades, hammers, striking dies, rock 
drills. In medium rang^ of carboij the ate^ maka diUek, smith's toois, dies, and 
cutters for machine tools. In the higher of caAon are small cutters, wood- 
worKors tools, and cutlery. 
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composition aud size, Imt, in gener^ the hi^er the quenching temperature, 
the harder the article. Oil quenching is preferable, but with thin and 
intricate thapBB, wliich might warp on qu^ching, satisfactory hhidening is 
obtained by cooling in air. Tempering around 900 F does not lower the 
tensile strength, and in this condition the steel shows remarkable resistance 
to weathering, to attack by fruit and vegetable acids, lye, ammonia, and other 
corrosive agents to which cutitffy may be subjected. 

Group B (Ferritic). This group is frequently called stainless iron 
because of its low carbon content. The alloya possess considerable ductility, 
ability to be worked hot or cold, excellent corrosion resistance, and are 
relatively inexpeasive. Although those low-carbon chromium alloys cannot 
be hardened by heat-treatment, they can be hardened to a considerable 
extent by cold working. Alloys containing 16 to 18 percent Cr are probably 
the most useful of the straight chromium steels on account of their forming 
and mcdium-dcep-drawiugptopMtieB. They aroused extensively lor kitchen 
equipment, dairy machinery, interior decorative work, automobile trimmings, 
and for chemical equipment to resist nitric acid corrosion. 

For resisting oxidising conditions at high temperatures, the Cr content is 
increased to between 28 and 30 percent. These alloys are useful for all 
types of furnace parts not subjected to high stress. Since the oxidation 
leeistanoe is indepondent of carbon content, soft forgeable alloys low in carbon 
can be rolled into plates, shapes, and sheets, and hard and wear-resistant 
eastings can be made from higher carbon non-forgeable alloys. The mochani* 
cal properties of 12, 17, and 27 percent Cr low-carbon alloys are &ven in 
Table 20. 

Group C (Austenitic). The addition of substantial quantities of Ni 
to the high-chromium alloys stabilizes the austenite to such an extent that 
they are austenitic at room temperature. They cannot be hardened except 
by cold working, although some excellent properties can be obtained in this 
manner. Table 21 gives mechanical propi^es of several austenitic stainless 
Ktccls. These alloys are highly resistant to many acids including hot or 
cold nitric acid aud at temperatures above 1200 F are stronger and scale 
less than any of tho plain ohromium alloys. They are useful for parts sub- 
jected to severe stress at elevated temperatures. The most common com- 
position is 18 Cr and 8 Ni (known as 18-8), although many modificatioua 
have boon developed for sperial purposes. Tungsten and molybdenum 
increase the strength at elevated temperatures, silicon and aluminum improve 
the resistance to scaling, and selenium and sulphur are sometimes added to 
improve the machinability. 

The austenitic stainless steels are not highly resistant to hot sulphurous 
gases and are sometimes subject to embrittlement and intergranular corrosion. 
Normal corrosion resistance can be restored by heating the steel above 1700 F 
and cooling rapidly. When titanima or columbiuzn is added to a low carbon 
18-8, the steel is immune to this intergranular attack. 

Alloy steels containing 5 percent Cr are used extensively aa seamless tube 
in the oil and power industaics because ol their low cost and moderate resist- 
ance to corrosion. These steels usuidly contain about 0.5 percent Mo to 
aid in their resistance to creep at elevated temperatores. Table 20 gives their 
mechanical properties. Anotiier chronuum steel of commercial importance 
is silcrome (0.45 C, 3.25 Si, 9 C5r) used principally for gas-engine exhaust 
valves. It has a high transformation point, has considerable hardness at 
operating temperatures, mid resists the eorrorion and erosion of hot gases. 
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Table 18. Classification of American Tool Steels.— (ConfinuscO 
(Adapted from Gill, "Tool Steds," Ifetel Progress, Oct., 1938) 

Tungsten Die Stcbis fob Hot Work 
(B lanHug, lorming, extrusion, tmd easting ^cs to work up to 1100 F.) 

Air or oil hardening; mediuin wear resistance; medium toughness; low warpago; high red 
hardness; de^ hardening 
C W Cr V Remarks 

0,2H),35 8.00-10,00 2.E0-3.60 0.30-d.60 In most general use; ssrviceaWe up to 1000 F 
0.35-0,45 8.00-10.00 ' 2.50-3.50 0,30-0.60 HjgbcT earbon gira higher hardaess 
0,40-0.50 9.00-12.00 1.25-1.75 ......... (3iroimum lowered to increase toughness 

0.25-0.S5 12.00-16,00 2,50-3.25 0.30-0.601 Ineieased tungsten raises SOTceability to HOOF 
0.35-0.50 12,00-16.00 2,50-3.25 O.SO-O.OOfttiideiiabilitj'jmdbrittlcacssrisES with carbon wo' 
0.50-0,60 12,00-16.00 2.50-3;25 0.30-0.601 tent 
0.50-0.60 17.00-19.00 3.00-4.50 0.60-1.20 Low-caihoa, lagh-spced steel 

TcKoarEH-CHSOMiDM SiEEie ion Hot Wore mto Die-oabtiko Dies 
A ir or oil hardening; medium wear resiatance; good toughness; low warpage; high rco 
hardness; deep hardening 

C ¥ Cr Y Mo S ItemaTka 

0,4{H).SO 6.50-7.50 6.50-7.60 0.20-0.60 0.30-0.80 Morioum alloy for hottest 

services (1000 F) 

0.35-0,45 6.50-6.60 5.00-6.00 (I.3(H).80 Tougher 

0,3WI,4Q 0,75-1.25 4.50-5.00 1.00-1.60 O.SO-I.OO Less expensive subetitute 

0,35-0.40 4.50-5,00 1.00-1.60 0.80-1.00 Properties sioalar to steel 

above 

High Speed Stceu 

(Cutting toolB ol all types; tools tor severe hot work) 

Air or oil hardening; high wear resistance; low toughness; lov/ warpago; high red 
hardness; deep hardemog 

0 ¥ Cr V Mo Co Rcmarb 

Conventional Typee 

0.55-0,75 17.00-19,00 8.5H.50 0.7H.25 Most used; hrlttlescas 

and cuthng properties 
tury directly with car- 
bon content 

0.6M.7S 19.00-21.00 8.76-4.50 0.75-1.25 ; Better cutting ability but 

mote brittle 

0.75-0.85 17.00-19.00 3.60-4,50 1,75-2.25 0.4(W>.«I ; Best cutting ability; ex- 

eellcQt for Sniahing 
cute 

0.55-0.75 13,00-15.00 3.50-4.60 1.75-2.25 i Rcnglsug totls', some- 

what enatic in har- 
dening 

Molybdenum High Speed Steel 

0.6(HI.85 1,00- 2.50 3.50-4.60 0.75-1.25 6.00-8,00 I/as eipensive; “strate- 

gic" alloying element 
used 

0.70-0.90 3.5W.50 1.75-2.60 6.00-0.00 Improved by high vana- 

dium content 

Cobalt Speed Steel 

0,65-0.80 17.CO-I9.00 3.5M.50 0.75-1.25 3.50-8.00 For cutting hard, gritty 

or tough materials 

0.65-0.80 17,00-19.00 3.50-4,50 1.6(M.25 0.50-1.00 6.OI1-0.DO CutUng ability varies as 

^ ,, total alloy content 

0.65-0,80 18.00-21.00 2.5(H.50 1.75-2.25 0.60-1.00 10.00-13,00 Maximum alloy to bo 
A ...... .. forgeable 

0.65-0.80 12.00-15.00 3.50-4.50 1,76-2.26 5.00- 8,00 Good Bcrvieo on special 

jobs 
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Silcrome is being replaced by ansteDiiie steels cont^ning silicon and tungsten 
in heavy-duty eaginea, aince it does not retain its hardness ai elevated temper- 
atures or resist scaling 'as well as the austenitic steels, 

Speeial-property Alloys 

Iron-nickel alloys are used ertenuvdy in the electrical industry owing to 
their exceptional magnetic properties. Alloys containing 20 to 30 Ni are 
non-tnagnetic’and arc used to some extent for non-magnctic parts in dectrical 
machinery. Alloys having a hi^ pcrmcaixlity and low hysteresis loss have a 
composition between 45 and 80 Ni, two of the better known being Permalloy 
with 78.5 Ni and Hipernik with 60 Ni. Perminvar (46 Ni, 25 Co) has a 
constant permeability over a range of flux denmties. The magnetic pfoperties 
of various alloya are given in Table 22. 


Table 22. Magnettc Propertaea of Various Alloys 
(A..S.M. Metals Handbook, 1939) 


Material* 

e&a 

i 

III 

■nl 

8 .»v 

ili 

11 S 

Coercive 

oeTtkteda 

.1 

sj'i 

h 

III 

Atmeo Iron 

HO 1 

im 

5J300 

15.000 

10 

22 , non 

11 

4 % Silicon-iron 


Amo 1 

5300 


115 

20,000 

so 



1051100' 

200 

6, mo ' 

Ufl5 

10.700 

15 


im 

25.000 1 

1.200 

6,000 

in 

I6J)00 

45 



OflOO I 

200 

4.500 

(1 fl5 

6,000 

fi5 

8.8-78.6 Mo-Permnlloy 

2)m 

75.000 

200 

5,000 

OM 

ii.M 

55 



1000 

l$m 



15.500 

15 

7-45-25 Mo-Petminvar, baked. 

tw 

5.700 

lom 

4300 ' 

0 45 

10,500 

60 

70-7.6 FemiiiTsr, annealed.... 

m 

)J00 


! 

0.6 

12,000 

16 


* Singla numbeta prccedinE the word “Permalloy’- signify the nickel content, and 
double numbers sigiufy drat the content of ohronium or molybdenum, and second the 
nickel content, the balance bwg iron in each case. I^e two large numbers before 
“Ferminvar" isdieate the nickel and cobalt contents, respectively, and the email initial 
number indicatee the molybdenum content, 
saturation value the fiwt deiuily- 

^ Saturation value ol the intrinae i^uclioo. 

Another important group of nickel-iron base alloys are those with low 
coefficients of expansion. Invar, contalnmg 3(5 Ni, has an exceedingly low 
coefficient of linear exp&ntion. Within limits of atmospheric temperaturo 
change, its expansion is proportional to the temperature and it is therefore 
used for secondary standards of length. EUavar (32 Ni with small per- 
centages of Cr, "W, Mn, Si, and C) not only has a low coefficient of expansion 
but also has a constant modulus of elasticity over the temperature range of 
0 to 100 F and is thus useful in hairsprings for watches and springs for other 
precision instruments. . ^Flatloite, a 46 Ni alloy, has the same thermal 
coefficient of eipansioa as jJatinum; and Diumst wire, a 42 Ni alloy covered 
with copper to-prevcnt'gasang at the seal, is used to replace platinum as the 
‘ ' seal-in ivire in incandescent lamps and vacuum tubes. 

Electrical sheet steels are dloys of iron and silicon with'C, Mn, P, aadS 
kept as low as posai/e. • Tie sificoh increasw tie ekctncsl resistivity of iron 
and greatly decreases ' the hystore^ loss;, eilioon-alloy sheets are used in 
almost all .magnetic circuits where alteraating current is used, i For trans- 
formers, the silicon content is uband-'S pHvent, but in structures subjected 




STIIWLBSS STEELS 


571 


Stainisss Steels 

Corrosioa and Heat-resisting Steels. Certain alloys of iron and chro- 
mium are highly roaiatant to corromon and oxidation at high temperatures 
and maintain considerable Btrcngth at those temperatures. These alloys 
sometimes contain nickel and small perasitagca of Bilicon, molybdenum, 
tungsten, or copper. This lar^ and complex group of alloys is known as 
stainless steels, although none of them are truly stainless and many are 
not steels in the sense that they do not harden on quenching. See Thum, 
"The Book of Stainless StceiB!’ (A.S.M., 193^ for details of the production, 
fabrication, and properties of these alloys. 

Stainless steels may bo classified according io their microstruoturc as 
follows: (A) hardenable alloys contiuning up to 16 percent chromium and 
0.70 percent carbon wbich aro martensitic when quenched; (B) low-carbon, 
non-hardenable alloys which aro ferritic and contain more than 16 percent 
chromium; and (C) chromium-nickel alloys which are austenitic. Some 
of the properties of these three different groups of stainless steels are as follows. 
Chemical Analysis. Group A. (Matteneitic.) CSirominm less than about 16 per- 
cent; carbon loss than about 0.40 percent May contain small percentages of 
tungsten, copper, nickel, eilicon, molybdenum. Group is magnetic. 

B. (Ferritic.) Chromium more than about 10 percent; carbon quite low, but can 
increase as chromium goes up. May contain email percentages of copper, nickel, 
silioon, molybdenum, tungsten. This group is magnetic. 

C. (Austenitic.) Contain enough chromium and nickel to make steel austenitio 
and non-magnetic. Usually contain twice as much chromium ns nickel or vice 
versa; total iloy content at least 20 percent. Carbon quite low. 

Eeat'treatmeat. A. Rc8poadtohardening,tempcring.and drawing. Resulting pbys> 
ical properties depend on chemical analysis (principally carbon content). 

B. 18 percent ebromiurn toughened by long anneal at more than 1400 F, and air cool- 
ing. Avoid dcaarburizing the skin. 28 petoent chromim gets best strength, and 
toughness by rapid cooling from 1650 F. 

C. Do not respond to hardening by heat-treatment. Must be rapidly cooled from 
1800 to 2150 F to have auateoitie structure (Brinell 140 to 170). 

Toughness. A, Are structurally depeadablo. After tempering are not brittle in 
notched sections or under impact. 

B. laminated structure, from coareo ferrite it ingot, causes low impact values, but 
proper rolling and heating pves adequate toupees in rods, bars, and sheets. 

C. Extremely tough at all times, including liquid air temperatures. Depeadnbln 
againet shock except when ecnoded at grain boundaries (a pievcntable condition) . 

Grain Growth amd Structural Changos at High Temperatures. A. Not subject 
to excessive grain growth. Thoroughly dependable for supporting any load or 
shook within their carrying capacity up to 1400 F. 

B. The pure chromium irons low in carbon and those containing high silicon or 
aluminum (when cold worked) are subject to excessive grain growth, especially 
above 1900 F. Grain growth is reduced by carbon, manganese, copper, niclcel, 
titanium, and vanadium. Some alloys conteuniog them are not subject to grain 
growth. 

long service at 800 lo950F makes them brittle when oold, although they aro 
not brittle at working temperatures. 

C. Tend to precipitate carbides at gr^ boundaries during service at 800 to 1500 F, 
losing some toughness and becoming susceptible to intergranular attack by strong 
corrodents. This is controlled by vary low carbon, by Utanium cx colunvbium, 
or by prior ‘'stabilization.” 

Strength at Elevated Temperafcores. ^ Much better than straight carbon steel 
for temperatures up to lOOO or 1200 F. Retain tensile properties up to 750 F, 

B. Heat-resisting varieties quite toudi »t temperatures up to 1600 P. Superior in 
ductility to Group C but not in creep remstencB, 



( 1939 ) 
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Meclianical Properties of ffiffli-ciiromium Iron Alloys 

(A.S.M., Book of Stainless Steels, 2<1 od.) 
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Small cold reduction, followed by anneal at 1400 F and 
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c/ 0.125 percea6 shall be made for each iaereasa of in. in thickness shore in., to 
a minimum of 18 percent for flange eteel'and 19 pciaent for firebox steel. 

<”) ElongatioE in 2 in., min, percent = 1,750, OOO/T.S. , For material over 2K in, 
in tiiickness, a dedrietion from the above doogation of 0.5 percent Bbafi be made for 
each increase of H in. iri tiiickness above 2 in. 

(SB) Elongation in 8 in., min, percent^ 1,5(JO,000/I'.S., but need not exceed 30 
percent. • 

Elongation ia 2 in., laia, in transve^ test » 30 perocat; longitudinal test = 35 
percent. ■ 

■ <*») Elongation in 8 ia. min, percent =■ 4.400, OOO/T.S. (1.300,000/T.S.)' [1,200,000/ 
T.S.], but not less than 20 (16) peicent for structural (intermediate) [hard] grade. 


Table 24. SpeciScations for Steel Forfings 
(American Society for Testing hlaterkla. Standards, 1939) . . 
Serial Designation A18-39 





Tensile 


Elongation 

in2in.,min[ 

Ileduotion 






of area, sain, 

Oasa 

Treatment 

Size 

Qaas A). 
1,0001b 

elastic 

percent 

percent 




1,000 lb. 
per.Bci io. 

Inverat 

! Not 


2 Not 




V ■ 

ratio 

undo] 

r ratio 

under 

A 



47>60 

}4l/ 

iwn/r 


, 7500/7. 


B . 

None 

,'(a), (h).. 

60 


1550/1 

1 22 

2400/P 

' 35 

(e) 

60 

HU 

14B0/ti 

71 

7220/7, 

' 32 


Aenesled.. 

, (o),(W.. 

60 ' 

HU 

)7M/b 

25 

27IKI/L 

' 38 


it) 

60 

HU 

1600/li 

24 

7.52fl/7i 

36 



to 

75 


1600/& 

IH 

22O0/P 

74 

D 


' (4) 

75 

HU 

mui 

17 

mo/u 

22 



(e) 

75 ' 

W. 

1400/P 

16 

1SOO/P 

^70 




75 

HU 

J800/P 

?fl 

28tl0/P 

33 

£ 

Annealed.. 

j4) 

75 

HP 

1725/P 

19 

2540/P 

HI 




75 

HP 

1650/71 

18 

2400/P 

79 


Annealed.. 


80 

HP 

1800/P 

70 

28D0/P 

32 

F 

(4) 

80 

HP 

i7?5/r; 

19 

2640/ P 

3U 



(c) 

80 

HP 

m/u 

IK 

24W/P 

■/d 


Quenched 
and tem- 
pered 

to 

90 

(fix. 55) 

7M/U 

211 5 

4000/ P 

39 



85 

(BX.50) 

2000/ P 

211 5 

3800/P 

39 


(/) 

85 

(Bi. 50) 

t900/P 

19.5 

3500/P 

37 

H . 
(nickel 
steel) 

(?) 

82.5 

BX. 48) 

1800/p 

19 

3400/P 

36 

Annealed.. 

(c) 

80 

80 

(£X.5^ 

(BX.SO) 

ZDOO/P 

i900/P 

21 

21 

im/u 

3400/ P 

4U 

38 

J 

(nickel 

steel) 

Giumr-hftd 
and tern* < 
pered 



I l«) 

if) 

(fl 

100 

AST 

90 

85 

(B.L. 70) i 
(iJliJ. 657 
(BX. 60) 
(Bi. 55) 

Ills 

20 

/IT 

20 

20 

4500/P 
fftP/V 
4100/p 
3900/ P 

41 

i)‘ 

41 

41 


Quenched 








(alloy) 

steel) 

fto, («),(/? 
1(1?) 

[(4) 

(d), (e) 














Quenched 







(alloy 

steel) 























Quenched 

4) 

(d) 

(«) 

£115 

£110 






(allo^ 






pmd 






S 75 







£100 




45 









Notes to Table S4 

The steel shall be made either by die open^beatih or dcctris furnace or by both 
processes. . , ' ' - 




Table 21. Mecbatiloal Propertioa of Bleti-ciiromium Klckel Iron Alloys 
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WISE, SHEETS, AND BARS 

Wire and Sheet Metal Gages. Wire and sheet metal of the smaller 
thicknesses are made to 'varioue gages. Sted wire is usually made to the 
Wasliburn and Moen (W & M) or Roebling gage. The TJ. S. standard 
for sheet metal is based upon weight per square foot; the tabulafod values 
ate the corresponding thicknesecs for wrought iron weighing 480, and for steel 
and open-hearth iron weighing 489.6 lb per ou ft. Stubs steel wire gage is 
also used for numbered twist drill mzee. The Birmingham wire gage is used 
in the U. S. for brass wire. The Brown and Sharpe gage is a uniform geo- 
metrical progression, each gage being equal to 0.89053 times the preceding 
gage. See p. 1690 for more data on the Brown and Sharpe gage. 


Weights of Boiled Sheet Steel 
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to vibration, such as motor armatures, the silicon is usually kept below 
4 percent because oi tlie biitUeu^ o{ alicon sbaets. , 

Austenitic mang;&iiese steel (Hadfield'e manganese' steel) ia a non- 
magnetic alloy containing aix>und 12 Mn ond I G. It is relatively soft but 
work hardens on the surface when subjected to severe abrasion, ao that it is 
extremely useful in cnishing machinery, for Kulroad crossings and frogs, 
tractor shoes, etc. . Aa cast, this ahoy ia partly raaitervatic and therefore 
hard and brittle. : By quenching from a hi^ temperature (1900 F) , a homo- 
geneous austenite is retained and tiie alloy has the high toughness, strength, 
and ductility characteristic of austenitac steels. 

A.S.T.hl. Specifications 

The A.S.T.M. Standards, Part 1, 1939, contain over two hundred specifica- 
tions for ferrous materials and products.' For detailed specifications and 
for oheniical analyses reference should be made to these Standards. The 
specifications contain also details of the preparation of test specimens, the 
location from which they should bo tideen, wid permissible variationB in 
the dimensions of material ordered. . i 

The physical properties specified for come of the more common ferroiia 
products are contained in Tables 23 and 24. The products designated by 
the specification number in the first column of Table 23 are as follows; 

BtbeIi Ton BntuQiis Aun BuitWNcs 
A7-39 Plates, Sections, Bars, and Eyobar Flats 
AlQ-39 MUd Steel Plates . ■ 

A78-39 Plates for Forge IFelding 
A141-89 Structural Kivet Steel 
A8'39 Structural Nickel Steel 
A94-39 Structural SUicon Steel 
A131-39 Structural Steel for SWpa 
Stbbl POE Boilers 
A70-39 Carbon Steel Plates 
. A201-39 Carbon-silicon Steel Plates 
A212-39 High Tensile Stress Carbon-silicon Steel Plates 
A31-39 Boiler Rivet Stoels 
A53-36 Steel Pipe 

A105-39 Steel Pipe for-Byi Temperatures 
A187-38 Seamless Cold-drawn Alloy Heat Exchanger Tubes ' 
Railroad Steels 

AU3-39 Structural Steel for Ibocomotivca and Cars 
A2(>-39 Steel Tires 

Billet^stbel Bars for Comcretb Rbinfobceubnt 
A16-39 
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Wei^hta of Square and Bound Steel Bars 
(For iron, sobtiact 2 percent) > 
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Kotos to Tabls 23 
Gold Bood Testa 

Test speoimen to bend cold 180 deg unless oUietwise noted, around pin of diameter a, 
withouiJ cracfcfrtg oa oute'de o! bead. 


Note 

Material 
thickness J, in. 

Diam of 
pin, d, in. 

Note 

Material 
thickness 1, in, 

Diam of 
pin, d/t 

! 


0 * 

25 

yi~Hi inc! 

2 

2 


1 

26 

114-2 

2 

3 



27 

lH -2 

2 K 

4 

Ail tMcknesscs 

2 

18 

114-2 

3 



i/t 

29 

1-1 li 

2 

5 

tfp to J 4 , incl • 


38 

m 

1 

6 

Up to K. incl 

yi 

31 

1-15 

IK 

7 

Up to a. incl 

1 

32 

I-1K 

2 

8 

Up to 5i. incl 

IK 

33 

WK 

2K 

9 

Up to K. Inel 

2 

34 

1-1V6 

3 

- 10 

Up to K, incl 

3 

36 

iK-3 

IK 

il 


4 

37 

IlH 

2 

12 

54 and over 

1 

36 

tK-2 

2K 

iji 

H and over 

2 

39 

lK-2 

3 

f-fi 

« and over 

3 

48 

tK-2 

4 

15 

and over 

4 

41 

Over 2 

2 

16 

5i to 1 inel 

0« 

42 


2K 

17 


K 

43 

Over: 

3 

IB 

K to 1 ind 

1 

44 

Over 2 

4K 

19 

K to 1 ind 

IK 

45 

2-3 

2 

20 


2 

46 

H 

2 

21 


2K 

47 

W 

2K 

22 


3 

4$ 

44 

2K 

U 

H to 1 fnd 

4 




24 

H to IK incl 

1 





« Specimen to bend tat on ftsdl nitbout CTaelang on ooVside of tbo bend, 
^ To bead 90 deg without cracking. 


Modifications in Elongation 

(«) Elongation in 8 in., min., percent =• 1,500,000/T.S. For materials over in. ir» 
tnickness or diameter, a deduction from the above dongation of 0.26 percent anall bo 
made for each increase of in. of thickness or diameter above K in., to n minimum 
of 18 percent, except for eyebar floU unannealcd, which shall have a minimum of 
14 percent. 

For mterisl under jlfg in. in thickness or diameter, a deduction from the above 
elongation of 1.25 percent shall be made for each decrease of in. of the specified 
thickness or diameter under Jfe in. 

1 ® percent « 1,600.000/T.B. for structural nickel steel; 

l,o00|000/T.S. for structural silicon steeL For material over % in. diam or thickness, 
a deduction from the above elongation of 0.25 percent shall bo mode for each increase 
“ Ke m. thickness over % in., to n miiumum of 14 percent. For material 

under 5i 6 m. diam or thickness, ndeduetkm from the above elongation of 1.25 percent 
w soch decrease of in, diam. or tliiotoe.HB below ^4 in. 

Wi Eloneation ui 2 in., min, percent * 1,700,000/T.S. 

" > For material over ^ in. diam or tUckmesa, a deduction from the percentage rediKs 
lion in area 0 : 0.50 percent shall be made for each iacra^ of Kb hi. diam or thickness 
^ ^ minimum of 24 percent in the case of silicon steel). 

w Elongation m 2 in., min, percent = 1,600,000/T.8. 

«<i Elpngation in 8 in., mio, percent = l,500.Q0Q/T^. for fiange; 1,650,000/T.S., 
but not less than 25 po'cent, for firebme. 

For material over K iu. in thinness a deduction from the above elongation of 0.125 
percent sliall be m^pdo for each iiiCTCBse in thickness of Wo in. over K in. to a minimum 

f.o flange steel and 22 percent for firebox steel. 

» ) Elongation in 2 in., min, percent = 1,7{I0,000/T.S. For material over 2K in. in 
tmekneas a d^uctm from the above elongaUmi of 0.5 percent ehall be made for each 
increase of K m. of thickness above 2 H in. 

"'I"/ = I.S50,000/T.8. for flange; 1,600,000/T.S. for 

nretiox. For matenal over K u thickness, a deduction from the above elongation 









IKON AKD STSEL CASTINGS 

BT 

CHARLES W. BRIGGS . 


REraKENCEs: Bolton, "Gray Cast Iron,” Fenton. Hall, ‘‘The Steel Foundry," 
McGraw-Iiill. Moldenke, "Plindples of Iron Founding," McGraw-Hill. Sisco, 
"Alloys of Iron and Carbon,” toL II, McGraw-HUL " Metals Handbook,” A. 8. M. 
‘‘Cast Metals Handbook,” Amencan Fotindrymea's Association. “Steel Castings 
Handbook,” Steel Founders' Society. 

Classification of Castings 

The following clasaificatjon of the regular ferrous foundry product ia 
customary. Seo also p. 535. 

Gray-iron Castings. The vast majority of gray irons fall within the 
range of composition: carbon, 2.50 to 3.70 percent and silicon, 0,50 to 3.00 
percent. Three types of eastings arc made in the ordinary gray-iron jobbing 
foundry. 

Soft gray-iron machinery castings ate made from an iron that can bo 
machined readily, is not specially stroog, and is sound and reliable; they 
should be used for the ordinary run of machine construction work. Com- 
position varies with the weight of the casting, light, medium, and heavy. 
Medium machinery mistures (sec Tabic 1) are used for ordinary castings 
satisfactorily, but it is not safe to make heavy castings from light machinery 
rnixtuTos, as they will be very weak; very light castings from heavy machinery 
mixtures will be quite hard. 

Strong gray-iion machinery castings are adapted for medium and 
heavy work where a greater strength than that of ordinary oast iron ia 
desired, but not the special strength of the steel casting. They are made 
by adding 10 to 40 percent of steel scrap to the ordinary mixtures in which 
the required silicon has been provided to cany the steel burden safely. There 
is much variation in the etrongth of such eastings; where extreme core must 
he exercised, it is safer to use steel castings. 

Chilled-iron Castings. Such costings as crusher jaws, grinding plates, 
etc., requiring chilled-iron surfaces and soft bodies, are made in the jobbing 
foundry from special low-silicon irons. Chilled rolls, cor wheels (chilled 
treads), and work of a similar Daturo arc hotter obtained from roll or car-wheci 
foundries, as these work to service guarantees jmd arc specially careful in 
the selection of their melting stock. 

Special Gray-iron Castings. Special attention must bo given to certain 
speciality castings. Thus, omamcntid castings are made from high-phos- 
phorous high-silicon iron, which is very fluid when molten, in order to fill tho 
finest lines in the mold. See Table 1 for such special castings. 

Malleable castings range in strei^h between gray iron and the steel 
castings; they are used where gray iron is too weak and steel too expensive. 
They are made ordinarily in sections Icsa than in. thick, the pieces not 
much over 4 ft in length, and tho wti^t not over 300 lb. The usual weights 
are a few ounces for light, 15 lb for medium, and 150 lb for heavy castings. 
The metal will bend, twist, and reast shock remarkably well — its special 
characteristic — better even than cast sted, ia cheap, easily made, and specially 
adapted to repetition work, and therefore in general use for car castings, pipe 
fittings, agricultural work, hardware, etc. The minimum tensile strength 
should be 50,000 lb with the ^eld pdut at 30,000 lb per sq in. min and at 
least 10 percent elongation in 2 in. 
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• Uses or SrafiM Limo • > ' 

' CbiBS A, for fofginp whiot may be welded or cjee-haidened. _ 

Clau B, for mild-Bteel forgings for stnictund.purposes, for. minor ship fittings, etc. 
^ass C, lor mild-Bteel. forgings for skoctoral proses,, for ships, etc, 

' C^es D, E, F, G,' H, and I, for various macainery forginge, choice depending upon 
design and upon tne stresaea and aervicee to be imposed. 

( . Classes E, L, and M, for ^yiiiious maebinery for^ngs, ehace depending upon design 
and upon the stresses and services to be imposed,' and upon tbe character of machining 
operations to be done. ■ - ■ ' 

PEltCENTA.OK ClTBUICAI. COUPOBITIOH 

Class A: Mn, 0.30-0.60, P, £0,05, both add and basic: S, £0.06. 

Clssses B, C. D, £, F, and G: Mn, 0.40-0.80: F, £0.05, noth add and hade; S, gO.05. 
Classes H and I: Mn, 0.40-0.80; P, £0.04, both acid and basic; S, £0.06; Ki, £3.00. 
Classes E and h: P, £0.06 (add), or £0.04 (basic); 8. £0,05. 

Class M: P, £0.04 (add .or basic); S, £0.05. The composition of alloy steal, other 
than P and 8, to he agreed upon between manufacturer and purchaser. 


(а) Not over 8 in. in outside diameter or overall tMckness. , 

(б) Over 8 to 12 in., induaive. (c) Over 12 to 20 in., inclusive. 

(d) Up to 4 in., 2-ln. max wall. (e) Over 4 to-7 in., SH-m. max wall. 

(/} Over 7 to 10 in,, 5-in. max wall m Over 10 to 20 in., 6* to 8-in. mat wnU. 

(1) Up to 2 in., l-in, mat well. 

Spsdfications lor Classes A, B. C, D, E, F, H are for forgings whose mat outside 
diameter or overall thickness is not over 20 in. SpceificMions for Classes G, I, are (or 
forgings whose mat outside diameter or tbiekness n not Over lOin. when solid, and sob 
over 20 in. when bored. 
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Steel castings are divided into tvro mdn'dasscs, carbon and alloy. Each 
class is subdivided according to oomposition. 

Carbon cast^steela are divided into two classes: (1) medium-carbon cast 
steels, containing 0.20 to 0.4.0 C, and (2) special-carbon cast steels containing 
(a) less than 0.20 G and (6) more than 0.40 C. 

Alloy cast steels are divided into two classes: (1) low-alloy cast steels 
containing special alloying elsneuts totaling less than 8 percent, and (2) high- 
alloy c.ast steels containing 8 percent or more special alloying elements. 
This class includes the heat- and corrosion-resistant steels and austenitic 
manganese steel. 

The steel casting should be selected where etrength, ductility, and reliability 
arc essential. 

, CAST lEON 

ESect of Element Additions. Cast iron includes a whole series of 
alloys of iron, carbon, and silicon, all of which contain free graphite flakes in 
the as-cast condition, Beades carbon, iron, and silicon, commercial cast-iron 
contains appreciable percentages of phosphorus, sulphur, and manganese. 

Carbon. Beginning with tho smallest percentages of carbon, there are 
the three commercial grades of steel castings. Just beyond a 2 percent con- 
tent will bo found the hard enstings making tough (when good) mslleables. 
Also, some of the specisd high-strength irons may have carbon contents well 
under 2.50 percent. From 2.50 percent on, good mslleables are obtained, 
and from 2.75 percent upward the strong cast-iron varieties. The upper limit 
for ordinary cast irons is 3.75 poreont. Low-silicon charcoal irons used for 
chilled-casting work run up to 4.25 percent. 

The carbon in iron is of two general loads: (1) combined carbon as 
carbides of iron; (2) graphite, or uncombined carbon, present as a mechanical 
admixture. The latter form of carbon is subdivided into two classes: (fl) The 
crystalline graphite present in gray iron, produced in the ‘‘setting" of the 
molten metal and varying in siac from the big-flaked "kisK” thrown off as 
excess carbon from biak-fumace casts to the very flnely crystallized graphite 
of tho soft oast irons made to set very quickly by means of chills; (6) graphite 
found in malleable castings and resulting from the heat-treatment of white 
irons of the proper compoation. Instead of separating out in the molten 
mass while setting, this graphite is formed from the solid, the amorphous 
particles repoang In the interstices of the crystalline iron structure which are 
opened up by the long-continued hi^-tomperature application. It is 
amorphous in shape and is called temper carbon. 

In cast-iron founding, where subsequent heat-treatment is used only for 
removing casting strains, as in softening iron pipe centrifugally-caat in metal 
molds, tho total carbon present may be either all in tho combined state, as 
one extreme, making white-fracture hard brittle and almost useless castings, 
or all graphitic, as the other extreme, making a black-fracturo soft easily- 
machined and higlily useful iron. This range is due largely to the percentage 
of the other elements present (notably the dlicon), the degree of superheat 
attained in melting, the rate of cooUi^ in the mold after pouring (a function 
of the thickness of section), and, in some degree, the pouring temperature. 

Silicon has a powerful softening effect; its presence in cast iron reduces the 
ability of the iron to retmn carbon in chemical combination. With silicon 
almost entirely absent, the iron will rctein all its carbon in combination, 
making white iron. With about 3 percent silicon present, almost no carbon 
can be held in chemical combination, and gray iron results. Beyond 3 
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Wire and Sheet Uetal Oases 

(Diameters and thieknesaes in dedmal parts of an inch.) 







0.460 

0.3938 

0.454 

0.410 

0,3625 

0.425 

0.365 

0.3310 

0.380 

0.325 

0.3065 

0.340 

0.289 

0.283Q 

0.300 

0.258 

0.2625 

0.284 

0.229 

0.2437 

0.259 

0.204 

0.2253 

0.238 
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0.2070 

0.220 

0.162 

0.1920 

0.203 

0.144 

0.1770 

0.180 

0.128 

0.1620 

0.165 

0,1(4 

0.1483 
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0,1350 
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0.091 
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0,0915 
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0.064 

0.0800 
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0.0625 
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O.M 

0.0475 

0.049 

0.036 

0.0410 

0.012 

0.032 

0.0348 

O.03S 

0.0283 

0.0317 

0.032 

0,0253 

0.0286 

0.028 

0.0226 

0.0258 

0.025 

0.0201 

0.0230 

0.022 

0.0179 

0.0204 

0.020 

0.0159 

0.0161 

0.018 

0.0142 

0.0(73 

0.016 

0.0126 

0.0162 

0.0(4 

0.0113 

0.0150 

0.013 

O.OiflO 

0.0(40 

0.012 

0.0069 

0.0132 

0.010 

0.0080 

0.0128 

0.009 

0 0071 

0.0118 

0.008 

0.0063 

0.0104 

B.OW 

0.0056 

0,0095 

0.005 

0.0050 

0,0090 

0.004 

0,0045 

0.0085 


0.0040 

O.QOSO 


0.0035 

0.0075 


0,0031 

0 0070 



0.372 

0.348 

0.324 

0.227 0.300 
0,119 0,276 
0.212 0.232 
0.207 0.232 
0.204 0.212 

0.201 o.m 

O.m 0.)76 
0.197 0.160 
0.194 0.344 
0.191 0.128 

o.ies O.m 
0.185 0.104 
0.182 0.092 
0.180 0.080 
0.17S 0.072 
O.m 0.064 
0.172 0.058 
0.168 0.048 
0.164 0.040 
0.161 0.038 
0,157 0.032 
0.155 0.028 
0.153 0.024 
0.I5I 0.022 
0.148 0.020 
0.146 0.01B 
0.143 0.0164 
0.339 0.0148 
J.I34 0.0138 
0.127 0.0124 
0.120 0.0116 
D.ns 0.01(» 
0.312 0.0100 
0.330 0.0072 
O.IQB 0.0084 
0.106 0.0076 
.. 0.103 0.0068 
.. O.IOI 0.(^0 
.. 0.099 0.0052 
.. 0.097 0.0048 
..D.095 0.0044 
.. 0,092 0.0040 
..0.08S 0.0036 
.,(3.085 0.0032 
..D.QSI 0.0028 . 
.. 0.079 0.0024 . 
. 0.077 O.OTiO . 
..0.075 0.0816 . 
.. 0.072 0.0012 . 
.. 0.069 0.0910 . 


:”8»rsg1j;|;-|S 

0,500 0.4902 0.6666 
0.469 0.4596 O 6250 
0.438 0.4259 0,5883 
0.406 0.3983 0.5416 
0.375 0.3675 0,5000 
0,344 0.3370 0.4452 
0.312 (3.3064 0.3964 
0.281 0,2757 0.3532 
0.266 0.2504 0,3147 
0,250 0.2451 0.2804 
0,234 0.2298 0,2500 
0,219 0,2145 0.2225 
0.203 0,1991 0,1983 
D.188 0,1838 0,1764 
0.172 0,1685 0,1570 
0,156 0.3532 0.1398 
0,141 0.1379 0,1250 
0.U5 0.1225 0,1115 
0.109 0.1072 0.0991 
0.094 0,0919 0.0M2 
O.D78 0.0766 0.0785 
0.070 0.0689 0,0699 
0.052 0,0513 0.D625 
0.056 0.0551 0.0556 
0.050 0.0490 0.0495 
0.0438 0,0429 0,0440 
0.0375 0,0168 0,0592 
0.0344 0,0337 0,0349 
0.0312 0.0306 0.0313 


0.0245 0.0248 
0.0214 0,0220 
0.0184 0.0196 
0,0169 0.0175 
0.0153 0,0156 
0.0138 0,0139 
0.0123 0.0123 
O.D107 U0110 
0.0100 0,0098 
0.0092 0 0087 
0.0084 0.0077 
0.0077 0.0069 
0.0069 0,0061 
0,0065 0.0054 
O.Q061 C.OWB 
0,0057 0.0043 
0,0034 0,0039 
0,0052 0.0034 
0,0050 0,0031 
0,0048 0,0027 
0.0046 0,0024 

0.0027. 

0.0019 

0 0017 

0,0015 

0.0014 

0.0012 
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effect in carbide etabilization, tbe use of chromium in gray irons is restricted 
to percentages usually below 1 percent. High-chromium cast irons (20 to 
35 percent chromium) show good coirouon and heat resistance and resistance 
to erosive wear. 

Other Elements. Molybdenum, titanium, vanadium, aluminum, copper, 
etc., are seldom found in pig iron in sufficient quantity to be considered; they 
are, however, added to cast iron in sm^ quantities in order to produce special 
effects. 

Phymcal Characteristics 

Shrinkage and Contraction. The term shrinkage is usually employed 
where contraction is really meant. Contraction in a casting is the reduction 
in dimensions due to the cooling from the temperature at the moment of 
solidification to the ordinary temperature of the atmosphere. Slirinkage, or 
liquid contraction, on the other hand, is the separation of the portions of 
metal from each other, due to an insufficient supply of liquid metal to fill 
up the spaces left by the reduction In volume as the iron solidifies. This 
forms spongy spots and actual cavities, the walls of which may be lined with 
pine-treo cryat^s of iron. Shrinkages greatly weaken the interior structure 
of the metal and arc highly dangerous thiou^ tboir concealed position. 

Irons that throw out graphite on solidifying will not contract nearly so 
much as those in which this does not occur. The ordinary contraction of 
gray iron is H in< per ft. That of white iron and steel is about K iu., hut 
varies with differences in the rate of cooling, the composition of the metal, 
and the shape of the pattern. In the case of malleable castings, where the 
original hard-iron casting should contract H in. (one-half of which is restored 
. in the annealing process), some ports do not contract at all, although others 
show a contraction of Hi u>> P«r It. This indicates that some portions aro 
held tight in the mold and are actually stretched in the setting, and others 
readily pull away from the walls of the mold. 

The most frequent segregations consist of hard spots of manganese and 
sulphur-iron compounds, which interfere with machining where the two 
elements are too high, and of iron phosphide, accompanied by increased 
hardness in the center of a heavy section made with too-high-phosphorus iron. 
There may be an artificial chilling of the metal in spots, through improper 
cooling, 'with consequent hardening effects. 

Aging of Iron Castings. In order to reduce or, if possible, remove 
casting strains, it has been the custom, where permanent accuracy in finishing 
castings is desired, to store the rough casting for about 6 months before using 
them. In present-day production this is seldom possible, and the same 
object can be attained 1^ a rfiort heat-treatment. The castings, after 
cleaning, are brought to a temperature of between 500 and 600 F and left 
over night. Another way is to anneal at 1250 F for about 4 hr after the 
interior is fully heated and then cool gradually. The best result is obtained 
by annealing at the high temperature after the first cut has been taken. The 
metal will then be free from casting straana when the finishing cut is given. 

Eeat-treatment. Heat-treatmenla applied to cast irons are relatively new develop- 
meats. They offer opportunities for improremeiits in quality and certain economies. 
Different treatments are used for different puiposes. These may be sumraanred as 
follows: 

1. Quick aging to remove interasl stresses. Usiul temperature 900 F. 

2. Quenchbg and drawing to increase hardness and strength. Usual oil quench from 
1500 to 1650 F followed by a draw to TOO F or above. 
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Weights ot Flat Boiled Steel, Pounds per Linear Foot* 
(Tho last line ol the table &vcb veigbto pei sqaaie ieet) 

(Fn iron, subtract 2 percent) 
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melting cKarges to cut down the total carbon, and at the same time superheat 
to higher temperature ranges, the tensile strength is raised, bo that, in 
rather Bmoll aectiona, it is not uncommon to get a value of 45,000 lb per sq in. 
High'test cast iron can now be made by advanced foundrymen up to 55,000 lb 
and, with nickel added, even higher. These high values are, however, not 
yet readily obtainable. Where special strength is wanted, an iron not under 
30,000 lb per eq in tensile strength should be specified. The tensile test for 
cast iron is not to be recommended unless the greatest care is taken with the 
preparation and testing of the specimen. American specifications make the 
tensile test optional and at the expense of the purchaser. 

Table 3. Alloy Cast Iron 
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Mcehttnicol Propertiea 



The transverse strength of cast iron ia the one most readily obtainable 
for specification purposes. The test bar of the A,S.T.M. is 1.20 in. diam, 
21 in. long, and is broken transversely on aupporte 18 in. apart. A breaking 
strength of about 2,200 lb for the test hst, with a deflection of 0.25 in. or over, 
indicates a good iron for ordinjuy use. 

The elastic limit of cast iron is dose to its ultimate breaking strength. 
The crushing strength of cast iron is probably its most important character- 
istic, and gives it its value for structural use. It runs from 80,000 to 140,000 
lb per sq in. The resistance to shock of cast iron ia not high. On the other 
hand, the malleable casting has this as its prime characteristic. Hardness in 
ordinary cast irons is a condition that be brought about artificially, if 
desired, by chilling the molten metal in the molds. Only tbo lower alicon 
irons are amenable. The mechanical properties of cast irons are given in 
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Other specificiitioiis for cast iron ore as foQons: 

Automotive Gray-iron Castings, Spec. A15M0, A.8.T.M. Standardsi 1940, Part 1, 
p. 143, "Gray-iron Caatinga lor Valves, Ranges andPipo Fittings," AI20-40, A. S.T.M. 
Standards, 1940, Part !, p. 140. "lightweight and Thin-sectioned Gray-iron Castinge," 
Specification A190^0, A.S.T.M. Standards, 1940, Part 1, p. 138. "Locomotive Cylin- 
ders, Oast Iron," A45-14, A.S.T.M. Standards, 1939, Part 1, p. 491. 

Foundry Practice 

Materials. Pig irons may be divided into: charcoal irons, coke irons, 
and electrically made pig irons. Charcoal iron was formerly used much for 
malleable castings, car wheels, and other work requiring chilling in whole 
or in part. Today it is used only for chilled rolls, crusher jaws, and castings 
that require chilled parts and groat strength. Electrically mode pig iron is 
now being made in Norway and imported into America. It is of very high 
quality and expensive. The bulk of foundry pig iron is made with coke as 
tie fuel. Pig iron is now bought entardy on ite composition. 

The requirements of the foundry trade being sharply defined by the classes 
oi castings made, the product of the blast furnace readily divides itself on. 
the phosphorus content. Thus, high-phosphorus pig irons go to the stove 
trade, and very low-phosphorus irons, everything else being acceptable, go 
to the steel foundry. In a leaser degree, the sulpbur plays a part, the very 
higb-Bulphur irons being unsuitablo for tho bettor grades of castings. High 
sulphur means a low sdltng price. Manganese is kept between 0.60 and 1,00 
as a general rule. The silicon content is tho determining factor in tho pur- 
chase. The foundeyman specifies the dlicon and usually also the maximum 
sulphur. 

In order that there may be uniformity in quotations, the following percentages ond 
variations are used. Tho permissible varisUons are from the A.S,T.M. specification 
Adfi-Sd. These specifications do not ndvbe that nil five elemenU be specified in all 
contracts for pig iron, but do recommeod that when these elemente are epeoified the 
loilowing percentages bo used; 

Recommended Chemical Specificatio&s of Pig Iroo 


8iiieoa 

(0.25 allowed 
either way) 

Su]phi;r 
(maximum) 1 

Total carbon 
(miDimum) 

Maseaneie 
( 0.20 either 

way) 

Phosphorus 
(0.15 either 
way) 

1.00 

1 0-94 1 

3.00 

1 0.2D 

1 0.20 

1.30 

1 0.05 1 

3.20 

0.40 

0.40 

2.00 

1 0.05 1 

3.40 

1 D.iO 

1 0.60 

2J0 

1 C-Q7 J 

3.4D 

0.60 

1 Q.6D 

9.00 

o.oa 1 

3.80 

1 1.DQ 1 
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0.09 


1 1.23 1 

1.25 


O.iO 1 


1 1.30 1 

1.30 


Percentages of any element may be specified onc-hal! way between the above. In 
ease of pbosphocus and manganese, tbe pereentagea may bo used as maximum or mini- 
laum figures, but unless so specified they are considered to include the variations above 
given. 

Scrap ia of two kinds, domestic, or that made in the foundry itself and 
which remains and is used in the daly heats; and foreign, or scrap which is 
bought in the open market and coodste of several grades of heavy and light 
scrap machinery, pipe, stove plate, etc. Foichascd scrap must be watched 
closely for undesirable elements. 

Steel when used in foundry practice should be neither light nor heavy in 
section. Clippings from stnicturrd sted, rail ends, boiler plate, etc., are best. 
Steel should be charged directly on the fuel, pig iron over it, and then scrap 
cast iron. In this way, all portions of tiie mixture molt at about the same 
time and good mixing results. 
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percent, elioon begins to act as a hardener; tiie Scotch or silvery- irons, the 
high-percentage-silicon ,pig irons, and finally -the ferrosilicons up to metallic 
silicon'are'brittle substances. ‘ . 

In gray-iron work, the propiff selection of the silicon content in the .mixture 
is the most important- factor. Within given-limits of the other elements, 
every change desired can be brought out in. the castings, so far as their 
strength, machining qualities, ete., are conccmed, by variation in the silicon. 

In malleable-casting work the ^icon is even more important, as the range 
is quite small for a casting of pven section. 

Acidproof cast iron is noV made in large quantities for the chemical 
industry. It is an -ordinary .cast iron vrith the silicon '.content raised to 14 
percent, is white in fracture raid verybrittle. .All Burfsces are curved and 
fairly thick to reduce the casting strains. Castings of this description have 
trade names, such as Duriron and Tantiron. 

Sulphur is an objectionable impurity la iron castings of practically all 
kinds, the iion-sulpbur compounds being both brittle and weak. Sulphur 
ranges from about 0.08 to 0.15 percent in the majority ol commercial irons, 
probably averaging about 0.10 percent. Its only redeeming feature is that 
high-sulphur castings cut freely under tho-tool, giving .clean threads and 
surfaces. • . ' ■ • ^ ^ ■ 

Sulpiiur hardens iron by counteracting silicon in its power; to form graphite. 
Hence, whore high sulphur -is present, proportionally moter'sHicon must be 
charged. , • - . , 

. Mangaaese promotes the retention of carbon in the combined form and 
hence counteracts silicon. This effect is not qjecially noticeable ,:until the 
percentage of Mn passes I.OO. Manganese content usually .ranges from 
0.60 to 0,80 percent, althougli irons slightly above or below, that range are 
not uncommon. In the case of malleable castings, the effect of over 0.40, Mn 
is noticeable in the annealing process, where it retards the opening up of the 
structure of the metal to allow the separating out of the "temper carbon’.’ 
and for that reason is injurious. When suiphur is high, manganese will 
combine with it, and if, alter tapping, with ractremelyhot iron, the metal ia 
allowed to stand for a while, manganese sulphide rises and can -be skimmed 
off with what slag has come up also, thus often reducing the sulphur of th&' 
metal by one-half. ■ : . ■ ’ t 'i 

^htrap^oros. The great value oi phosphorus Is to make 'lroh very fiuid 
when molten. Hence its use fori work, stoves, radiators, and similar 
thin and not necessarily strong castings. Phosphorus ia a hardener ' and' 
requires the presence of the proper amount of silicon, The castings made 
with phosphorus irons being tbin, there must be enough silicon present' to' 
prevent the retention of combined carbon, as thin sections cool at a rapid 
rate in the sand after casting. Tip to 0.25 percent is considered low phos-’ 
phorus, 0.30 to 0.70 percent medium, and above this to 1.50 percent is high;' 

Nickel is becoming an important factor in high-quality cast iron. As cast 
iron may be considered as easenUalty a matrix of -indifferent steel, cut up and 
weakened by mechanically mixed gTipUte; anything bo improve the mateix' 
wiil.be of value. -Nickel up to 2 percent is best adapted for this purpose. 
While increasing the strength, it keeps the iron readily machinable by, pro- 
moting the graphite formation.-' Higher-percentages of nickel, from 4 to 
20 percent, are used for castinp of a Bpeeialised nature. 

Chromium is employed in east irons for two major purposes,' viz., to 
stabilize the carbides and increase coirosioQ resistance.' , Owing to ite marked 
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A cupola 30 in. diara iaeide the lining is about as small as should be used ia 
commercial practice. 

The air furnace is a airaight-draft reverberatory furnace. Metal in the 
hearth is melted by beat absorbed from the flame and hot gases passing over 
the hearth and by radiation from the roof and sides. Air furnaces regularly 
used in gray-iron melting UBu^y ore of large capacity, 20 tons or more of 
iron being melted in each batch. Pulverized coal is the common fuel, 
though oil is also used. The charge should be stacked in such a manner 
that the hot gases can pass throng readily. In melting down, a short hot 
flame is desired, and the usual practice is to keep excessive slag scraped off. 
Tbo bath should be well rabbled to mix the mettd thoroughly. There is 
always some oxidation and silicon, manganese, and carbon aro lowered. 
The advantage of the air furnace is that it gives a large amount of high-grade 
metal at one tap. The absence of direct contact of metal and fuel makes 
possible the very considerable reduction in total carbon by steel additions, 
without danger of picking up carbon from the fuel afterward. Heavy pieces 
of scrap, which could not go into a cupola, may be used. 

The electric furnace is generally used for producing high-strength irons 
and highly superheated irons for light work. Metal composition is altered 
but little during the mdring processes, and ozidsUon loss is avoided. The 
electric furnace is well adapted to melting specid high'alloy cast irons. 

An economical application of the electric furnace in the iron foundry is in 
connection with the cupola melting process. Molten metal from the cupola 
is transferred to the electric furnace and ^ven 20 to 30 min treatment. The 
sulphur can readily bo cut down to 0.04 in this time [in a banc lined luraace) 
and a high degree of superheat and deoxidation achieved. 

MALI.EABU IBOK CASTINQS 

Malleable iron castings as manufactured in this country are used in large 
quantities in the construction oi automobiles, at least half oi the yearly 
production being used for this purpose. Tbo agricultural-implement industry 
and tho railroads are large users, and miscellaneous castings for diversified 
Use account for the balance of (he output. They are preferable to cast iron 
for any use where capacity to udthstaad impact, occasional overloads, or 
constant abuse in service is a Teqmrito. 

Malleable iron is strong, tough, and ductile; it consists of a matrix of silico- 
ferrito throughout which sro uniformly distributed smoU nodules of temper 
carbon. Tho castings, from the lur furnace, the electric, or open-hearth 
furnace, are hard or wlnte-iron castings; they are made up wholly of pearlito 
and free ceiuentite. 

Tor the past 10 years, the average ultimate strength, yield point, and 
elongation in over 60 plants in different parts of the country are, respectively, 
64,117 lb, 36,371 lb per sq in., and 18.49 percent in 2 in. The yield point 
is about 67 percent of the ultimate strength, which is very exceptional in the 
case df a soft and very ductile metal. 

The following average data are taken from the A.S.T.M. and the Am. 
Foundrymen's Assoc., 1937 Joint Symposium on Malleable Iron Castings: 
Modulus of elasticity in tenrion, 26,000,000 lb per sq in.; Brinell hardness, 
IIS; shearing strength, 48,000 lb per sq in.; modulus of rupture in torsion, 
68,000 lb per sq in.; specific gravity, 7.40, 

The average chemical composition of the hard-iron castings can be taken 
as; Si, 1.00; P, 0.16; S. 0.085; Mn, 0.280; combined C. 2.46. 
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3. Production of iugh-streiigth send-maBeable by finneul, quench, and draw. 

4. Production of an extreme hard ease by nitiiding ^ter guUable heat-treatment and 
machining operations. 

5. Annealing to soften for increase in macbinability. Usual range 1350 to 1500 F. 
Many combinationB of treatments we possible; only the more typical are mentloned. 

' Properties 

Strength of Cast Iron. A cast iron with a tensile strength of 25,000 lb 
per aq in. is considered a good metal. By the addition of steel scrap in the 

Table S. Gray Cast Iron 


Composition, percent 



t 

i 

1 

0 

E- 

S 

93 

a-g 

0“ 

5x,v 

e|is 

S"-” 

} 

1 

§ 

o 

c 

b 

S 

A 

a 

m 

Mix: 100 percent 
minua cut-iron 
scrap 

3 

aSg 

I 

9 

1 

5 

Steel 

1 

s 


3 41 

2,44 

2,S5 


0 63 

0 57 


0 

53 

2M6 

Cupola 

u 

3 52 

2V4 

2,48 

0 84 

()<M 

066 

004 

f2 

88 

3fV15 

Aro 

V 

3 Wl 

2115 

2.93 

O.ttS 

0/5 

0 5/ 

0 06 

10 

75 

2M12 

Cupola 

0 

3,4J 

2.35 

2,75 

0.68 

0.20 

0.73 

0.09 

13 

41 

2662 

Cupola 

D 

3 25 

2 03 

2Wi 

0 59 

1 69 

0 53 

0 05 

13 

67 

7.730 


K 

3 12 

2.13 

2.44 

0 68 

0 63 

0 44 

0 10 

4 

56 

m 


K 

3.24 

1,63 

2.41 

0.83 

0.42 

0.56 

U.Ott 

0 

50 

2687 

Aro 


?,!IR 

1 99 

2 25 

0 63 

0 43 

0 51 

0 10 

23 


?M4 


Y 

l.S'J 

0,'W 

1.50 

l.co 

U.H 

O.M 

0.09 

K 


2653 

Cupola 











598 


IRON AND STSSL CASTINGS 


Standard SpecifieaUoiu lor Malleable Castinea 
(A^.T.M. Spedfieation A47-33) 

1. These specifications cever midleable castiogs lot railroad) motor-TehicIe, agri- 
cultural-implement, and genertd-machineiy purposes. 

2. The castings shall be produced by atber the ait«fui 2 Bee, open-hearth, or electric- 
furnace process. 

3. The tension-test specimens spedfed shall conform to the following minimum 
reguirements as to tensile properties: 


Grade Grade 

32510 35018 

Tenale strength, psi 50,000 53,000 

Yield point, psi 32,500 36,001) 

Elongation in 2 in., percent 10.0 18.0 


4. a. All castings, if of sufSeient sise, dml) have cast thereon test lugs of a size pro- 
poctiond to the tMcknesa of the canting, but not exceeding by % in. in cross section. 
On castings width aie 24 in. or over in length, a test lug shall be cast near each end. 
These test lugs shall he attached to the casting at such a point that they will not interfere 
with the assembling of the costings, and may be broken off by the inspector. 

h If the purchaser or his representative sodesires, a casting maybe tested to destruc- 
tion. Such a easting shall show good tough malleable irmr. 

6. a. Tension test specimens shall be of the form and dimensions shown in Fig. 1. 
Specimens whose mean diameter at the smallest section is less than ^}ii in. will not 
be accepted for teat. 

h. A set of three teneion test speci- 
mens shall be cost from each melt, with- 
out chills, using heavy risers of sufficient 
height to secure sound bars. Theeped- 
msns shall be suitably marked for identi- 
fication with the melt. Each set of 
apecimensaocaBtshallbepUMdinsome pio. 1 .— Tension Test Specimen for 
one oven containing castings to be Malleable Iron, 

annealed. 

6, 0 . After annealing, three tcoalon teat epetimens slmll bo selected by the inspector 
as representing the castings in the oven from which these speoimens ate taken. 

b. If tho first specimen conforms to the spetified requirements, or if, in the event of 
failure of the first specimen, the second and third apecimene conform to tho require- 
ments, the castings in that oven shall be accepted, except that any casting may ho 
rejected if its test lug shows thatitbasnotbeen properly annealed. If either the second 
or third specimen fails to conform to tho requirements, the ontire contents of that oven 
shall be rejected. 

Imy castings rejeCwh 'lor ‘mstffijcicai annedimg may’oe reannedieh oni5«. 
rcanncaled castings shall be inspected, sad if the remaining test luge, or castings broken 
Ds specimens, show the castings to be thoroughly annealed, they shall be accepted; 
if not, they shall be finally rejected. 

8, The castings shall conform BabBtantially to the patterns or drawings furnished by 
the purchaser and also to gages which may be specified in individual cases. Tlio 
castings shall be made in a workmanlike manner. A variation of yi in. per ft will be 
permitted. 

9. The costings shall be free from injucioua defects. 

STEEL CASTINGS 

ESect of Element Additions. Tho demeate always contained in steel 
and usually determined by mulyBiB are carbon, manganese, silicon, phos* 
phorus, and Bulphur. Alloy additions conast d nickel, chromium, molyb- 
denum, vanadium, copper, titanium, and alununum. 

Carbon. In general, tcndle strength and yield point increase and ductility 
decreases with increasing carbon content. 
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Tables 2 and 3. The properties and compomtion of special alloy cast irons 
used loi wear, heat, and oxygen rcfliatance are given in Table 4. 

Table 4. Special Alloy dast Irons 
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Specifications for CaBtings 
Standard Specifications lor Gray^iron CastingB 
(Sununuy of A.S.T.M. SpcciCcatione A4&>36) 

1. These epeci&catiojve apply to gray-ttOB eastings where sUongth is a eonsidetalwtu 
It is a purpose of these specificnUons to claasify cost irons in respect to teosile strength. 

i. Teusile Strength Classification. Graydron castings conforming to these specifi* 
cations shall bo known and listed by classes according to minimutn tensile strengths of 


test bars, as follows: 

Class 20 25 SO 35 40 SO DO 

Min tensile strength, psi... 20,000 25,000 30,000 35,000 40,000 50.000 60,000 

3. Trsnarerse teste shall be optional, and the foDowing minimum breaking loads are 
specified: 

Class 20 25 30 35 40 50 60 

Min breaking load! A 900 1,025 1,160 1,275 1,400 1.675 1,925 

atoEnter.lb >B 1,800 2,000 2,200 2,400 2.600 3,000 3,400 

5C 6,000 6,800 7,600 8,300 9.100 10,300 


4. The tiansTersD bieaWng loads me baaed on actual averases of Iransveree teat loads 
for each casting. It is not implied by these apecificatioriB that the ratio of tensile 
strength to transverse load is constant. 

6. When an iron is specified by dase and tiie transveme teat bar fails to meet the 
load requirements, then the msnufsclurer shdl have the right to have tested a tension- 
test specimen machined from a broken end of the transverse bar. In the event that 
this tension specimen meets the requirements of the specified class, the class requirement 
shall be aonsideied as having been met, irmpectVve of the transverse breaking load. 

6. Test bars shall be cast separately from the casting. Three standard sizes of 
transverse test bars ate available under the speidfications. 

Transverse test bar A is 0.875 in. diam, 15 in. long, and 12 in. between supports. 
Transverse test bar B is 1.20 in. diam, 21 in. long, and 18 in. between supports. Trans- 
vefso test bar C is 2.00 in. diam, 27 in. loi^, and 24 in. between supports. 

7. The test bars shall be mado under the same sand conditions as the casiinga and 
th&ll receive the same meohanicQl nod Ihemid treatment as the castings, 
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to hiador contraetion. Pattern makera in genera! use a "pattom-maker’e'' 
ebrinkage of }4 in. per ft for open construction and He to H in. for hindered 
contraction. The aoJidifying contraetion must be controlled by the use of 
risers or sink heads whicdi are reservoirs of metal placed at points of final 
solidification mthin the casting in order to prevent shrinkage cavities and 
internal hot tears. Mold relieving methods must be provided for in order to 
prevent the external hot tears and cracking of members resulting from high 
Btieaaea due to iuadcred contraction. 

Steel castings are usually heat-treated to relieve casting strains and to 
produce a grain structure that ^ves higher ductility and impact reastance 
than that found in the as-cast materiaL 
Heat-treatment. Many dcored varieties of structure in cast steel of 
any grade may be developed by heat-treatment. In general, the normal run 
of carbon cast-steels receives the sin^e normrduing or single annealing hcatr 
treatment. To obtain the correct structural condition throughout the 

Table 6. Approximate Chemical Analyses and Quenching and Tem- 
pering Temperatures for Alloy Casting 
Steels 1-3 are vanadium: 4-6 chromium; 7-9 ebrome-vanadium; 10-13 chrome* 
Bickel; 13-15 chrome-molybdenuia: 16-19 maagaocae. 

(Max s, O.cf^ percent. Max P, 0.050 percent.) 
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1 0.20 to 0.30 Si preferred. 

^ Shock resistance is sometimes improved by oil.quenchiag from ths tempering 
tempecatutc, 

> A long soak is required at the tempmuig temperature. 

♦ Water-quenched. 

■ Oil quenched. 

* Either water- or oil-quenched. 
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Soltenera are tte bjgher silicon pigironfl that are added to the mixture to 
increase the general silicon content Tliese irons run from 4 to 8 percent 
silicon and should be used 'with caution. It is far better to charge pig irons 
of nearly the right silicon than to use extremes. 

Fluxes. As the pig iron and scrap duurged into the cupola carry 'with 
them sand and mat, and as the aah of the fuel collects in the melting zone, 
it is essential for long heats that a flux be added to collect this material into 
a slag that can be drained off. TlBnally, slagging off a cupola is not resorted 
to for heats shorter than an ho'ur. limestone is the universal flux and 
should contain the maximum poarible amount of carbonate of lime. Fluor 
spar is a flux that thine the slag very mucL It should bo used sparingly and 
in connection with limestone on account of ita expense and powerful action 
on the cupola lining. The wei^t oi the flux used is about 2 percent ol the 
weight of the metal. 


Melting Processes 

The melting may be done in crucibles, in tho cupola, in the air furnace, 
or the electric furnace. 

The crucible process la used occasionally in malting small amountB oi 
cast iron. The absence of contact between metal and fuel makes this an 
ideal process, but the output is small and the fuel cost is high. 

The cupola is the oldest unit for melting pig irons and scrap and today 
remains the most widely used. Initial itjvestmcnt is comparatively lov, 
and upkeep espeneo is reasonable. Operating costs for fuel, refractories, 
labor, and power are less than for other iron>meUiQg mediums. Anything 
from all pig iron to all steel charges can be molted. Melting is rapid and 
continuous. 'With careful supervision, temperatures of 2730 to 2S50F 
can be maintained consistently. 

Uniformity of composition and phywcal properties can be held within 
fairly dose limits. Once the metal is melted, readjustments in composition 
cannot be made. In this respect, the cupola is Inferior to the other type of 
melting units, in which the carbon content cau be adjusted subsequent to 
melting down. Cupola melting of uniform- and high-quality metal requires 
more knowledge and skill than are demanded by most other iron-melting 
processes. 

The cupola is a shaft furnace, into which a fuel Ixsd is introduced and upon 
which alternate layers of metal and fuel are charged. Air for combustion is 
supplied through tuyeres near tho bottom, placed juat high enough to show 
the apace below to serve as a storage for the reqiuted quantity of molten iron. 
The cupola ahould be charged in oven layers. The bed of fuel is first, 
TOth the pig iron spread uniformlyupon this, and the scrap iron above. If steel 
is used, it is spread directly upon the coha below 'the pig iron. Melting should 
start about 6 rain after air is allowed to enter through the tuyferes. Tho bed 
of coke ia pre'riously heated. 

It takes roughly 30,000 cu ft of air to mdt 1 ton of iron, and the melting 
rate depends upon the rate of sat supply. D^nite sizes of cupolas are 
best adapted for given melting rates per hour. It is not wise to exceed 
greatly the rates of melting in^cated bolow, or the quality of metal 
produced will suffer. 

Biam of cupola inside linbg, in. 24 30 36 48 54 60 66 72 78 84 90 

Melting rate, tons per hr 1.5 3 4.6 6 8 10 13 16 19 22 28 30 
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The heat treatments of alloy caatingB eondsi of normalizing’ annealing, QueoDhing, 
and tempering. The last two derdop the maximum propertiea; intermediate prop- 
erties may be secured by normalizing and tempering only. Full annealing produces 
only a slight increase in the pfaydcal properties not justified by the extra cost of the 
flJJoys, and in general should he aaphyed only to increase the aiBchinability of tie 
ateel, or for other special purposes. 

The range of mechanical properties of cast steel is indicated in Tables 
6 and 7. 


Table 7. AII07 Compositions and Mechanical Properties Obtainable 
without Liquid Qtunching 
(From Metals Handbook, 1938.) 
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Mechanical properties are determined on a standard 0.505 in. diam test 
specimen. Specimens arc machined from test eoiipons about 1 in. thick and 
la in. deep, usually attached to the casting. 

The influence of the mass of a casting 
on its mechanical properties is shown in 
Fig. 2. 

Steel Foundry Practice 
The processes used for melting steel for 
castings arc the same as for ingots. The 
bulk of the tonnage of steel castings is pro- 
duced in the acid open-hearth furnace; nerfc 
comes the acid electric furnace. The basic 
electric furnace and the basic open-hearth 
are used when it is desirable to climinato 
both phosphorus and sulphur from tiio metal 
during steelmaking. High-freguenry in- 
duction furnaces arc finding use in the pro- 
duction of high-alloy castings, esped^ 
those of low carbon content. 

By oxidation of the charge during melting the carbon, silicon, and 
manganese are reduced. The carbon elimination is closely watched and is 



Fio. 2. — Influence of Size on 
the Mechanical Properties of 
the Center of a Block of Car- 
bon Cast Steel (C, 0.26; Mn, 
0.63; Si, 0.23). 
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AiteT beaWieatmeat, the percentagB oJ tV» ve.rio’ia elemonta in, caatinss 
of the foregoing composition will h® praoticdly the same, except in respect 
to the total carbon content, ■which instead of being in the combined form 
■will be present not only in the fo'rm of temper carbon but conaidctably less 
in amount than was present in the hard-iron casting. In a % in thick sec- 
tion, the a'verage loss ■will be around 0.55 points. Inasmuch as the matrix 
of malleable iion consiats of ^icoferrite, a phosphorus content even higher 
than 0.16 does not affect its toughness and ductility adversely, and if the 
manganese and sulphur are properly balanced, a sulphur content as high as 
0.12 percent is not obiectionahle. 

Annealing or Malleableizing. ti the annealing of the ori^nal hard 
castings to produce the malleable-type structure, the castings are placed in 
jnetal boxes, usually surrounded 'edth a packing material, supporting tho 
castings in a manner that will prevent ■warpago. When a muffle furnace 
is used, the castings are aancaled 'without being packed into hoses. The 
castings should be raised fairly rapidly to the annealing temperature, which 
ranges from 1560 to 1600 F. This temperature is maintained for about 
60 hr. The temperature then is lowered at a rato of not more than 10 deg 
per hr until it reaches 1250 P, at which temperature tho oven doors may bo 
opened and the castings allowed to cool at a faster rate. 

Owing to the high percentage of silicon and carbon, there is scant danger of 
oxides being present in the molten metal during melting or at the time tho 
furnace Is tapped, for which reason no ferroalloj^ or deoxidizing agents 
need be added to the bath. For this same reason, coupled ■with the fact 
that a relatively low pouring temperature is used, malleable iron is com- 
paratively free from the presence of non-metallic inclusions and blow- 
holes. The surfaces of the castings arc very smooth, with corners sharp and 
letters or ornamental designs well defined. The examination of assemblies 
made up of malleable iron that have been exposed to the weather from 20 to 
40 years shows that the rust-resistant properties of the castings aro excellent. 

Owing to the fact that tho means used lor con'vorting the hard-iron castings 
into the finished product is by heat-treatment at a temperature cot very 
much higher than the critical range, grain size is relatively BmoU, and as tho 
rate of cooling through and under the range is extremely slow, the castings 
are free from internal strains. 

Although malleable castinp aro readily machined, they cannot be 
satisfactorily welded, for at a welfflng leroperabure the temper carbon will 
revert to the combined form tvith tho result that most of tho tensile proper- 
ties will be adversely affected. 

Malleable castings are extenavely used for such purposes as bridge railings, 
bridge dams, lamp posts, drainage inlets, jack fratnes, Btadium-seat brack- 
ets, curb armors, cable brackets, highway road supports, motor-truck parts, 
kevela, bitts, stair treads, bolts and nuts, awning parts and connecting rods. 
The castings may vary in weight from a few ounces to half a ton. 

Cupola malleable, as distinguished from the regular product, has reference 
to the process in which the melting unit is the cupola. In this case, the 
mixture is melted in the presence of coke, instead of in a hearth out of con- 
tact with solid fuel, and consequently it is practically impossible to secure a 
low tarbon content in the hard iron castings. The product is therefore 
inferior even to the lower grade of tho A.S.T.M. specification. 

Cupola malleable, however, is iMgdy u^ in the making of fittings of all 
kinds, 
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The test coupons shall be cast scpsntdr or attached to one or more castings, of the 
Mnd ordered by tbe purchaser, in each mdt nsed for manufacture of the purchased 
material 

Steel used for the castings dwD coofona to the following minimum requirements as 
to tensile properties: 


Grade 


Tensile 
Etrength, 
wiin pgt 

Yield 

p<nnt, 

nunpd 

Elongation 
in 2 in., 
min percent 

Reduction 
of area, 
min percent 

A-I 

HnaTinPRlpd 

60.000 

30.000 

22 

30 

A-2 


60.000 

30.000 

26 

35 

A-3 


60f!00 

30f)00 

H 


B 

Nonnslired 

70.000 

38000 

24 

36 

B-1 

Full annealed 

66.000 

33.000 

22 

33 

B-2 

Full annealed 

70.009 

35,000 

20 

30 

H 


60iK>0 

-53,000 

17 


H-1 

Full annealed 

1 89.000 

40.<»0 

17 

25 


7. The castiDK shall be free from {njuiious defects. 

8. Notes regarding Selection and C^racienstics of Grades. Grades A-1. A'S, and 
A-3 ate produced with such low carbon contents as to make tbe rasterial wery soft and 
eaaly machinable. These grades are cSectiTelj' sdapisblc for fusion fabrication. 
Grade B (normalized) is used in making a great man}' carbon'Steel castinp purchased 
for miscellaneous industrial application. Grades B>i and B>2 (full annealed) are for 
eastings which are to be full annealed dther to obtain dcsiicd properties or to prerent 
intcmnl stresses. Grade R (normalitod) and Grado H*1 (full annealed) are used for 

Table 8. Properties of Corrosion- and Heat-resistant Cast Steels 

(Strauss) 
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jlanganese acts aa a dcoadiser mi fee liquid steel. It also combiiies 
with sulphur to form manganese sulpWde and prevent “red-ahortness." 
Besides increasing soundness, it increases toughness, tensile strength, and 
yield point. Tho normal manganese content of carbon steel castings is 
0.50 to 1.00 percent. When cast sted. contains over 1.00 percent manganese, 
it usually is considered to be an alloy cast steeL 
Silicon acts as a deoxidizer and promotes soundness in steel. In normal 
amounts, 0.20 to 0.75 percent, it has littfe apparent effect on the tensilo 
properties of steel at room temperature. In some grades of steel, silicon fa 
added in larger than norrtial amounts as an alloying element, particularly in 
combination with other elements. 

Phosphorus. In amounts up to a maximum of 0,05 percent, phosphorus 
has no practical effect on the stnicturo or properties of steel. 

The sulphur content should bo kept as low as possible. • ‘When steel is 
deoxidized with critical amounts of aluirunum, the sulphide inclusions aro 
responsible for a falling off of the ductility. 

When present in moderate mnounls (0.50 to 6.00 percent) , nickel produces 
a fine-grained structure and imparts strength, toughness, and, to a lesser 
degree, hardness, without decreaang ductility. 

Although cbromiuni is generally used in conjunction with an additional 
allopng element, simple chromium cast steels may bo given properties 
(m superior to those of carbon steels. With n pven carbon content, chro- 
mium increases the tensile strength and yield point, but at the expense of 
some ductility. Castings subject to abrasion, corrosion, or high operating 
temperatures give much better service on fee additioii oi chromium. 

Because of their air-hardening qualities, molybdenum steels dovdop 
excellent properties in castings that must retain considerable strength and 
hardness, but which, because of large size or intricate design, cannot be liquid 
quenched. Representative compositione show molybdenum to bo present 
from 0.20 to 0,60 percent. It finds application in oastings requiring high 
tensile properties at moderate temperatures. 

Vanadium is added to cast sled in amounts from 0.10 to 0.30 percent to 
produce grain lefinement upon beat-ttoatmeni Vanadium cast steola 
show high elastic properties and excellent resistance to impact. 

The use of 0.50 to 2.00 percont copper in uormnlked oopper-coat-steeU 
when reheated to 850 to lOSOP, shows an increase in tensile strength, yield 
point, and hardness due to a predpitaiion hardening action. 

Titanium and aluminum are excellent deoxidizers and scavengers. 
They are added as a final deoxidizer to the molten metal. Aluminum 
should be added at the rate of 2 Ib or over per ton of metal in order to prevent 
low ductfiity. 

Physical Characteristics 

Steel that is made for steel casliugs should be thorou^y deoxidized, and 
care should be exercised in mold condition and metal transfer so that the 
casting will not have porosity. 

Immediately upon the introduetion ol fee laolten steel into fee mold 
cavity, two changes in volume of the metal take place. One occurs as tho 
metal soli^Ses and amounts to about a 3 percent contraction and is known 
as the solidifying contraction. The other occurs during the cooling of the 
casting to room temperature and is referred to aa the solid contraction. 
The amount of solid contraction feat takes place depends on the shape and 
complexity of the casting, the amount of cored construction, etc., which acta 
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be' fed directly by be outride reserrmr, instead of tlirough the legs, the 
section at & 'will be sound and contain no cavity. As the location of feed 
heads depends largely on the fonndiyman, it is safer to design a casting so 
as to avoid the necessity for tiieir use. 

Joined Sections. TheieorefiveTrayein which secHous may be joined, L, T, V, X, 
and Y. 

In L sections, if the outside comeratthe junction ia maintained, an increasing radius 
at the inner corner null bring about an increaniig uze of defect. If the section is uni- 
form throughout, a defect ^ be found if tiie inner radius is small. If the inner radius 
ie increased, but a uniform section is msmtained, the defect will become smaller until 
it develops into centerline weakness, a condition likely to be found in uniform sections 
of any length. L sections should have from ^ to 1 io. insido radius; in a few cases, a 
radius up to 3 in. may be used. Making the section at the junction slightly smaller 
than that of the arms appears to pve the best results. 

To avoid a contraction cavity in a T section, it is necessary to core a hole at the center 
of the junction of the two mcmbcia. Depressions in the arm of the T, although not 
eliminating the defect, reduce it markedly. A radius of to 1 in. is recommended. 

A uniform 'V section will not be free from contraction cavities; a slightly reduced 
section at the junction of the members is necessary. An inner radius of not less than 
1 in. is recommended. 

An X section cannot be designed free from a contraction cavity If the section is fed 
only through the arms. The defect can be made quite small by designing the joining 
section with a cored hole. By ofTaetUng the arms of the X the hot spot 'would be reduced. 
A seotion having one arm completely offset allows the foundrymon to use eiternal chills 
to ndvantago. ' 

In a Y section, the defect is about the same size regardless of tbo details of design. 
Arrangements should be made for feeding the junction. 

A study of these seotions leads to the following conclusions; In unfed joining sections 
In L or V shapes, all sharp corners at the junction should be replaced by radii so as to 
make this section slightly smaller than that of the arms. In X sections, two of the 
arms should be offset considerably. In all joining sectioiis. sharp corners at the junc* 
tlons should be replaced by radii. In the case of unfed T and X sections, these radii 
should not be large. 
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castings, they are naually held at temperatuic for a^^prorimately 1 hr (or 
each inch of the thickness of the largest section of the castings. 

In quality castings, a double heat-treatment is often given. An annealing 
treatment at a high temperature of 1600 to 2000 F is used for a homogenizing 
treatment which is followed by a second treatment at a temperature only 
slightly above the critical temperature range to refine the grain. 

When exceptional mechanical properties, Mgh degree of structural refine- 
ment, and resistance to wear are required, boating, quenching, and tempering 
will greatly assist in produdne the draired resulta. 

The folloxring is the recomromided practice for the heat-treatment of 
carbon-steel castings and ailoy-etecl castings of the A.S.M. (Metals Hand- 
book, 1936). 

Single pormalizing or single annealing of carbon and nlloy steel castings 
with a cathon range of 0.15 to 0.40 (0.40 to 0.50) should be carried out at a 
temperature of 1600 to 1700 (1550 to 1600) F. The cooling should be in 
sti)] air for normaJiaing and in » fumaco or other medium for alow cooling 
until the temperature is 800 F or bdow, for annealing. 


Table 6. Properties Obtainable in Carbon Steel Castings 
(^com MeUb Eandhook, UI3Q.) 




Full annealed, 1 
1C50F j 

, Quenched, 

, 1650 F, 

tempered. 
600-1300 F 

Analysis: C, 0.15-4)i0: Mn. 0.50-0.90: Si, 0.20-0.60 

Tensile, pel ' 

42.900-74.900 1 
15.000-37.000 1 
25-10 1 

40-2> 

«),9M)-78,999 ^ 
34.000-44,000 
33-24 1 

5W0 

to, 999-125, 009 
39,009- 97,000 
33-10 

65-20 

Elongation, 2 in,, percent 

Reduction of area, percent 1 

1 

Analysis: C, 0.30-0.40: Mn, 0.50-0.90: ^ 0,20*0.60 

Tensile, pai I 

Yield, psi 

Eloneatioa, 2 in,, percent 1 

Reduction of area, percent ..' 

nsnmm 

37.00l)-5$;000 
24-W 1 

31-21 

86.000-97,000 

55.CQW3,000 

25-22 

41-31 

' 92000-140,000 
, 70,009-120,000 
, 19-5 

25-19 

1 

Anaiysia: C, C.4(MJ.60; Mn, C.60-0.90', 8\. 0,20-0.60 

Tensile, psd 

79,000-071100 ' 
35dOIM9flin ' 
7-3 

5-3 

89, 000-100,000 
45,060-59,060 ' 
15-7 

2IH 

1 

it 

Es.,— ‘ 

Elongation, 2 in., percent 

Reduction of area, percent. ... . . . . 


® Queaohed. 1575 F; tempered, 80P-1300F. 


The quenching temperature of carhon-Bteel castings of 0.15 to 0.30 (0.30 
to 0.40) 10.40 to 0.60] carbon range should be 1600 to 1660 (1550 to 1600) 
[1500 to 1650] F. The heating time should be H hr per in. diam or thickness, 
the quenching medium water at 70 (125) [126 or oiJ]F. Tempering should 
last at least 3 hr and should be at 800 to 1350 F. 

Alloy caatuiEs should be cooledin the molds to a temperature below the critical mnee, 
and should be shaken out as soon as theybocome black and eleaned rapidly while still 
warm, They should go to the annealiDg fumaw 63 hot as possible, 










Table 1. Physical Constanta of principal Alloy-formln? Elements 
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Cobalt 

Columbium (nlo- 

Copper. 

Gold 

Hydrogen 
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Iron 

Lead 

Lithium 
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allowed to proceed until the desred low pant is reached. The batb is then 
usually recarburized and finally is deosdized, generally by additions of lerro- 
silicon and ferromanganese or of a ^con-manganese alloy. Titanium 
or aluminum are often used as final deorddizers after the addition of the 
preceding deoxidizers. 

In the basic process, the phosphorus is ondized and becomes part of the 
slag, which is removed. Heducing conditions then are created by tho 
reactions caused by a second elag, wHch reduces tho sulphur to low amounts. 
In the acid process, sand and fluor spar ate used for slag formation; in tho 
basic process, lime and fluor spar are used. 

Steel castings are made in. sand molds almost exclusively, although steel 
has been cast centrifugally in chili molds for Uie manufacture of guns. Two 
general types of sand molds are used — dry sand and green sand. In the 
former case, the molds are baked in an oven prior to filling them with molten 
metal. Considerable care must he given to the construction of molds and 
cOTes and to tho study of molding sands. Tho sands must be refractory, 
strong, permeable, and workable. Many sands are used, from the natural 
sands to those that are synthetically bonded- Coarse sands, fine sands, 
well-rounded sands, angular sands, and wdl-graded sands are all useful for 
particular purposes, 


Specifications for Caibcn-stcdl Castings for XQscellaneous Industrial Uses 
A.S.T.M. A27-3$ (In summary ierm) 

1, Tbeea speclficationa cover earbon.stocl eastinga to be used for miecclIanoDUR 
industrial purposes, as distineuiabed from carbon-steel castings made for railroad and 
hlgh.temp«atme applications. Ten gradee of miinga are toveiedr ri:.; 

Grade N-1. Castings not required to be physically tested or beat-treated. 

Grade N-2. Castings not required to bo pbyeically tested but required tobe annealed. 
Grade A-l. Castings required W be physically tested but sot required to be 
heat-treated. 

Grade A*2, B, and H. Castings required to bo annealed and physically tested. 
Grade A-S, B-2, H-1. Csstin^ required to be full annealed and physieolly 
tested. 


S. The steel shall be made by one or more of tbe foUowing processes: open-hearth, 
electric-furnace, converter, or cnidble. 

3. Unless otherwise specified, all csstings may be cnnealed one or more times and 
may be ^ven a supplementary 
heat-treatment by tempering 
cfr drar^g. Castings in any 
grade except A-1, A-S, B-1, 

B-2, and H-1 may be given a 
supplementary heat-treatment 
that inciudea accelerated cool- 
ing by liquid quenching, liquid 

“'rSil'K tliTi™ tot, S— TOTKOtt Test SteomMV fot Cist Steel, 

heat-treated in any manner shall have been allowed to cool after pouring to a tempera- 
ture below tho critical range. 

. 5. Chemical CompoeiUon. SteeluBedfwtbftCSAUngsabaU'conloiratotbelollowinjr 

mairimiTm riprcentnca t.v -V i,r_ - -s „ 



,.ir 

(< 

j Paralk/Secfion i3,i 

Radius 

kssHic 

□ 

1 

□ 


2 — — J 





f^OTE'.EtTdsmcybe 

ofanvihapsio’f/} 

hmrsofiesfing 

machine. 


An analysis of each melt of steel shall bo made by the manufacturer to determine the 
percentages ot carbon, manganese, siUeon, phosphorus, and sulphur. Check analysis 
may be made from the broken iension teat l yeri me n . 

spedinens for castings of the grades that require 
pnysioal testing snatt conform to tho diswanoDa shown in Tig. 3. 
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With increase of the annealing temperature beyond tins point, the average 
grain size increases and the gnona become larger and larger until the melting 
point is reached. 

Starting from any annealed gtdn size the hardness, strength, and yield 
point can be increased progresavcly cold working with concomitant 
decrease in ductility. The effects of cold working can be relieved by annealing 
at a suitable temperature. These aro the only ways in which the properties 
of most non-ferrous alloys CMi be changed. 

Precipitation Hardening. Many aluminum alloys and some alloys of 
copper and of nickel are hardened by a heat-treatment which is associated 
with precipitaHon from sdution of a sea>nd constituent. These alloys, 
after heating, consist of homogeneous grains of solid solution, comparatively 
soft and indistinguishable microacopically from a pure metal. If cooled 
very slowly, the alloy will depoat crystals of a second constituent, the amount 
of which will increase as the temperature decreases. Rapid cooling from the 
solid solution zone trill retain' the alloy at room temperatures as a solid solu- 
tion, but if the ahoy is heated to a suitable temperature, particles of a 
new phase trill form, and, in time, will grow to visible size. At some atago 
in this precipitation process, the hardness, strength, and (particularly) yield 
point of the alloy will be coneiderably improved. If the heat-treatment is 
carried out too long, the alloy becomes soft i^in. Hardening by precipita- 
tion involves (1) solution heat-treatment followed by rapid cooling and 
(2), precipitation heat-treatment or aging treatment. The temperature 
and time of the latter must be closely contrdled to obtain the proper results. 
To some extent, precipitation hardening may be superimposed upon the 
hardness due to cold work. Predpitatlon-bardened alloys have an unusually 
high ratio of proportional limit to tensile strength, but the endurance limit 
is not raised nearly to the same extent. 

Significance of Yield Point, The term “yield point” when applied to 
non-ferrous metals has a significance different from the yield point of mild 
steel. Few non-ferrous materials have a discontinuous break in the etress- 
strain curve such as produces the familiar drop of the beam in testing steel. 
Annealed alloys pass through a period of rather more rapid extension, but 
there is rarely the abrupt <hange that occurs with steels. Cold-worked 
materials commence imperceptibly to pass from the proportional state into 
the plastic range, and the whole strese-Btrain curve up to maximum stress is 
smooth. In testing material of this sort, two arbitrary figures are referred to 
aa the yield strength. Oneie obtained by the offset method in which a stress- 
strain curve is plotted and tho stress read at which the curve intersects a 
line parallel to the inirial modulus line but distant from it by a specified 
amount of strain (usually 0.2 percent). The other method involves the 
determination of that stress which produces a specified (usually 0.5 percent) 
total elongation under load. This involves the simplest testing technique 
and is perfectly satisfactory for acceptance and comparative tests on a given 
class of material. A yield point on a non-ferrous metal without specification 
of offset or of strain under load is valueless. 

Aluminum and Its Alloys'* 

Aluminum owes most of ila applications to its lightweight and the relatively 
high strength of its alloys, ^though other uses depend upon its comparatively 

“ Largely baaed on information auppliod by Aluminum Company of America. Seo 
"The Aluminum Industry," by Edwards, SVaiy and .Jeffriea (New York, 1930) for a 
detailed treatment of the subject 
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purposes that call for hiBhet strensth and less dnetiHty than are typical of the ether 
grades. 

Other steeRaating specifications of the AAT.M. are as follows: 

Moy-steftl Castings for Btiuotural Purposes: A148-36. 

Alloy-steel CsstingB for Valves, Flanges tnd Fittings for Temperatures from 750 to 
1100 T: A157-39. 

Austenitic Manganese Steel CaatiTtgs: A128-33. 

Carbon-steel and Alloy Steel Caatings for Stulrooda: A87-30. 

Carbon-steel Castings for Valves, Flanges and FlttingB for High Temperature Service: 
A95-36. 

20 Per Cent Chromium, 9 Per Cent NieW AUpy Steel Castings (Tentative) : A19^39. 
Cwb<m-st«\ Caatings BuitAhlo tot Puaina Wel^g for MiscellaneouB Industrial Uses: 
A21540T. 

Carbon-steel Castinea for Furion Wddingfor Service at Temperatures up to 850 F. 
Alloy-ated Castings Suitable for Puaon 'Welding lor Sefrvice at TempKatutes from 
760 to HOOF. 

Chromium Alloy Steel Castinga; A22l'39. 

Chromium-nickel Alloy Steel Castings: A222-39. 

Mickel-ohromium Alloy Steel Castings: A223-39. 
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Design of Caetings 

Defects ip castings resuil generally ftom pow design. Hot teasa are due 
to large temperature differences in castangs; the cracks occur at abrupt changes 
in section and at sharp an^es. Shrink^e canties are due to insufficient 
met^ to care for metal contraction at the time of casting solidification. They 
are found in seotious that must be fed through 
smsfllor aactions. 1 _ r — — ^ 

The avoidance of hot tears requires the i _ , , 

elimination of hot spots under atress. Hot ' ' ^ Net recommended, 

spots occur in sections of extra mass and at 
positions of joining sections such na the hub 
of a cast wheel and the flanges or seat of a I 
valve. All sections in a casting should, as fm. 4,-- Designs Consid* 
iaiaspOBSiblc.bemadeofauniformthickness. pred with Reference to Hot 

When the design cannot be changed to re* Tgar Formation, 
move the hot spot, the atresees acting on tho 

hot spots or other points of stress centralisation should be diminished. 
Stresses usually concentrate at ahrupt changes in section or at sharp corners. 
If liberal fillets replace sharp corner-junctions, the stresses 
will be reduced, but an increase in the radius of tho fiUet 
increases the size of tho posable dirinhage cavity. Figure 
4 shows improvements in design to reduce tho probability 
of hot-tear formation. 5^ 

Excessivo stresses in a casfc-steel atructure can often be p - rr . 

avoided by desiping it in two or more parts and assem- 

bling these by welding or bolting. opots. 

_ When liquid steel solidifies, it contracts about 3 percent in volume, and 
since it solidifies progresavely from the mold surface toward the center of 
the mold cavity, a pipe or contraction cavity will result unless tho section 
is fed from a reservoir contmning liquid steel. Castings with defects of this 
t 5 ^o may develop cracks extending from the cavity to the casting face. 
With an L section as in Fig. 6, a hot spot will be boated somewhere near the 
center of tho^ inscribed circle & if the two arms of tho L are of the same 
thickness. I.', however, the L section is in a location where the junction can 
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Table 2. Aluminum Alloy Castings 


Aluaunum-base AUojrs for Sand CQStmgs 


A.a.T.M. 

designation 

Aluminum Co. 
of America 

Compo^Uon, percent 
(aluminum icmainder) 

Typical properties* 

1 

1 

2 2 

i 

e 

1 

:§ n 

K.& 

d 

a« 

1 

d 

.0 

JP 

S’® § 
°0 0 

Cu 

Si 

Mg 

Fe 

Other 

dements 






















14 

23 


8,5 


CC 

212 

a.o 

1.2 


1.0 

Zn 0.2 

SC 

14 

22 

2.0 

7,5 


F 

]22 

10.0 


0.2 

1.2 


T2 

20 

75 

1 0 

9.5 

41 








T61 

30 

36 

1.0 


33 





















T6 

??. 

38 

50 

85 

35 








T62 

31 

40 

2.0 

7.0 

37 

H 

Ml 

4,0 


1.5 


Ni 2.0 

SC 

24 

28 

I 0 

8,(1 

38 








T6I 

IZ 

iJ 

0 5 

8.0 

37 








TS71 

28 

n 

0.5 

8.0 


J&JJ 



5.0 




SC 

f 

19 

6.0 

6.5 

37 

K 

<7 


12.5 




SO 

11 

26 

8.0 

6.0 

40 

L 

2H 



3,8 



SC 

12 

25 

9.0 

5,5 

35 

M 

356 


7.0 

0.3 



T4 

18 

78 

80 


39 








T6 

22 

32 

411 

8.0 

39 








T51 

20 

25 

2.0 

6.0 

43 

N 

355 

1.3 

5.0 

0.5 




T4 

20 

30 

5 0 


35 








'\-t> 

Z5 

35 

35 


38 








T51 

23 

28 

1,5 

6.5 

43 
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Cold WorkinG: and Heat-treat- 
ment 

Eeat-treatment. Most of tiic 
industrially important non-ferrous 8 
alloys are used ehhet ‘‘ as cast" % ^1 
or in the •work-hardened condition. ? 

Heat-treatment for the purpose of 
hardening, as with steel, isnot usual, 
but heat-treatment is nevertheless pja. i.—Effect of Rolling on Annealed' 
important. A cast metal consists grasg 72 , Zn 2S), 

of an aggregate of grains variously ’ 'v , 

oriented and jutting one agamst the other. On deformation, the grains 
deform by a process involving the slip of blocks of atoms over each other 
along crystallographic planes. As thie process of cold working proceeds, 
further deformation becomes 
more difficult and tho metal is 
stiengthened, haudened, and ren- 
dered less ductile. The effect of 
progressive cold rolling on brass 
is shown in Kg. 1 and may be con- 
sidered as typical. With metals 



0 10 25 30 50 60 70 'v. 

Rewefien in Thlcknejj by CcW Rofling, Per Cen^ 



Brass (Cu 72, Zn 2 


cold work is stable at room tem- 
perature, but ■with lead, rinc, or 
tia it will disappear in time. The 
first effect of heating a cold- • 
worked material is to rdieve 
macro stresses in the object trith- 
cut loss of strength; indeed the strength Is often increased slightly and the 
proportional limit raised conadoiably. Above a certain tomperaturo, soften- 
ing commences and proceeds rajadly with increaso in temperature (Fig. 2). 
The old distorted grains break up into new smaller equiaxed unstrained 
grains. _ The temperature at ■which this ocemrs is lo-wer and the resulting 
grain size is smaller the more extensive the -working of tho original piece. 
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Alumlnum-copper-zinc Alloys. AHoy 3L5 is typical of a class of 
alloys used in Europe for general purpoaes. It is easy to handle, machines 
well, but, like all alloys contjuning zinc, is very weak at high temperatures. 
An American alloy, No. 145 of the Aluminum Co., is similar to this. This 
alloy is one of the best for producing sand castings with a combination of high 
strength and ductility without the necessity of special heat-treatment. 

AlumiDum-manganese alloys with about 2 per cent manganese (406) 
are used in places where corro»on resistance is the principal requirement, 
but since the casting qualities are poor, it is to a large extent being replaced 
by tbe aluminum-silicon allos^s. 

Permanent Mold-casting Alloys. Alloys for casting in permanent 
molds must be free from hot-Aortneas. The silicon alloys mentioned above 
are extensively used, also those containing copper, and alloys with both 
silicon and copper. 

In the United States, the greater use of permanent mold castings is for 
internal-combustion-cngine pistons for which light weight, low thermal 
expansion, and good properties at high temperatures are desirable. Most 
of these are cast in alloy 4. The more complex alloy 5 was developed 
primarOy for this application and has a thermal expansion about 15 percent 
loss than alloy 4, with approximately the same properties at ordinary and 
high temperatures and a higher thermal conductivity. Most of these alloys 
can be heat-treated to improve their properties or to render them less liable 
to dimensional change during uee. 

Ble-castlng Alloys. Aluminum alloys for pressure die.casting must 
possess considerable duidity and be free from hot-ehortness. The physical 
properties are usually of less importance than the casting qualities. Absorp- 
tion of iron is difficult to avoid under operating conditions but should be 
kept low. There is still some use of the 8 and 12 percent copper alloyv, 
although the trend is largely toward alloys containing silicon. A.S.T.M. 
epccidcations now include only those alloys ^von in Table 2. 

Wrought Aluminum Alloys. Wrought aluminum alloys are divided 
into two classes, those hardened and strengthened by cold work alone and 
those which owe their improved properties to heat-treatment. Some of tbe 
latter alloys age-harden spontaneonsly at room temperature although others 
need to be heated moderately for precipitation hardening to occur. Table 3 
shows the properties and compositions of wrought alloys of both types. 

The most important work-hardening alloys are commercially pure alumi- 
num (2S) or the 1.25 percent manganese alloy (3S). Both of these are 
available in a wide range of shed, rod, tube, and wire sizes and extruded 
shapes. The latter alloy is used extensively for tbe manufacture of cooking 
utensils, conduit pipe, and other products where strength and hardness some- 
what greater than those of pure aluminum are desired. Other alloys used 
in this class are the aluminum-manganese-nu^esium alloy, 4S, and alloy 
52S. These alloys can be hardened by cold work but are not heat-treated 
except when annealed to remove hardness resulting from cold work. 

In England and Continental Europe, some other alloys are used. Tho 
most important of these ate the aUojrs of aluminum with comparatively 
large amounts of magnesium. These are used in tho work-hardened condition 
and possess properties little inferior to allo}^ of the duralumin type after 
heat-treatment. 

Where a high strength alloy is necessary, it is usual to use an alloy of the 
duralumin type. The most common is 17S. This alloy is readily hot- 
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Table 3. Composition and Typical Properties of Wrought Aluminum 
Alloys. — {Continued) 



These are typical values on O.OC in. sheet. Elongation values on thicker material 
are higher. 

Therjufll conductivity (cgj, unite) is approximately ( % J.A.C-6. X 0.87) + 0.03 for 
all aluminum alloys not conUining over 5 percent silieon. 

• Follows nomenclature of Aluminum Co. of America, except those in ( ) which are 
Enslieh commercial deaignaUons. 

‘ 0 Soft annealed. (t H Half hard and bard (about 40 and 80 percent reduction 
of area of all gages, respectively). T Solution beaMreated and spontaneous aging at 
room temperature. W Artificially ag^. RT Co)d>worked prior to aging. 

‘ The properties ^ven are specification minimum, not typical values. 

■worked. It hardens spontaneously at room temperature after solution heat- 
treatment. Extensive cold working must be done within a few hours after 
quenching. Cold worMng following ago-hardening is less easy but gives the 
highest strength obtainable with tho aOoys; temper RT. For aircraft 
construction, 17S baa been largely superseded by 24S because this alloy 
has a higher strength. £1S has better fabricating qualities in the quenched 
condition. Alloy 63S is used on account of its good combination of physical 
properties and corrosion rerisisnee. It is avaiiable in various rolled struc- 
tural shapes; most architectural extruded Bcetions are made from it. 

The last three entries in Table 3 are tsrpicsJ of tho strong complex alloys 
containing magnesium, nickd, and ct^per used in England. They have not 
gmned favor in the United States. 

Most of the beat-treatable all(^ are rather loss resistant to corrosion than 
is pure aluminum or aluminum-manganese alloy; alloy 63S is an exception. 
The corrosion resistance of the duralumin-type alloys is greatest in the 
quenched condition and decreases with aging at room temperature. Oil 
quenching and artificial aging decrease the resistance still further. Alloys 
178 and 243 are available in sheet form vdth an integral coating of high- 
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good corroBion resistance, good worKng properties, or electricaJ or thermal 
conductivity and reflectivity. 

It is produced by the electrolyKfl of alumina dissolved in a bath of molten 
cryolite. The alumina ia produced by chemical refinement of bauxite, an 
ore containing the hydrated cmdra of aluminum. Aluminum reaches the 
market as viroughfc and cast producta and in the form of ingots or nbtehed bars 
for remelting. The impurides (principally iron and silicon with less copper) 
do not exceed 0.5, or 1.0 percent, respectively, in the grades usually specified. 
Material ol high purity is available, end containing over 99.99 percent 
aluminum can now be obtained commercially. 

Commercial aluminum is a soft and ducUIo metal and is used for many 
applicationa where high strength ia not desired,' It ift available in exkudcd 
or rolled forma and can bo hardened by cold working but not by heat-treat- 
ment. The alloys of aluminum possess better casting and machining char- 
acteristics and better mechanical properties and therefore are used more 
extensively than the pure metal. 

Aluminum Alloys for Sand CastuMfB. The compositions and typical 
properties of aluminum alloya used for foundry work are listed in Table 2. 
Most of these are based on cither alumiuum copper or aluminum silicon 
systems with additions to improve the casting or service characteristicB. 
j^ong aluminum-copper alloys, the one containing 8 percent copper 
has been used longest as a general-purpose alloy, although the additions of 
silicon and iron to this, CC, improve the casting characteristics, particularly 
in rendering the alloy less hot-short. Additions of zinc to this alloy, C, 
are made to improve the machiuability. Alloys G and GG with 4 percent 
copper are comparat'ively weak in the cast condition but may be heat- 
treated to give various degrees of toughness or strength, These alloys are 
more resistant to corrosion than the higher copper rJloys, but the precipitation 
treatment decreases this somewhat. The 4 percent alloys do not have so 
good casting properties as those eontmning 8 percent copper. 

Alloys containing 12 percent copper arc slightly stronger than the 8 per- 
cent alloy but considerably leas tough. They owe their employment to the 
fact that it is easy to produce castings free from leaks in this alloy, although 
they have now been largely replaced by ^uminura silicon alloys. 

Alloy F, which has a small magnesium content, retains its strength and 
hardness up to comparatively high temperatures. It was developed primarily 
for pistons but is used in other high-temperature applications. It age* 
hardens spontaneously after costing, and lurthor hardening may be produced 
by a precipitation heat-treatment at a moderate temperature, particularly 
if this follows a solution heat-treatment. 

Alloy H, known as Y alloy, is a complex alloy, rather flifflcult to cast, 
and is suaceptiblo to heat-treatment with tho development of high strength. 
Although extensively used in Europe, it has found little favor in the United 
States. Alloy F or 6 is used for ramilar applications in this country. 

Aluminum-silicon alloys have como into considerable use because of 
their excellent casting quaUties and resistance to corrosion. The alloys 
are not hot-short and are easy to cast sound in tiiin or thick sections. They 
are rather difficult to maciune. The most commonly used aluminum-silicon 
alloy is that containing 5 percent alicon (J), Alloy K solidifies normally 
With a coarse hypercuteotic structure, but tl^ is "modified” before casting 
by the addition of a small amount of sodium to give a fine eutectic structure of 
greater stren^h and toughness. With all aUoya containing Bubstantial 
amounts of silicou, tho iron content must be low to avoid brittleness. 
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sted. In genoral, such tools are simUar to those uaed for working wood but ahoold bo 
harder. Cemented hard carbide tools are almost esaential for aluminum-silicon alloys. 
The casting alloys containing copper andaill Qie wroi^ht heat-treated alloys possess good 
machiuability. For products in which phyacat properties are subordinate to high 
machinability, as in automatic screw machine work, alloy IIS is used, for the additions 
of lead and bismuth render ttiis free-cutting. 

Blveting is the most commonly used method of joining aluminum alloys, especially 
in structures of the heat-treatable alloys flrat cannot be welded without loss of strength. 
In general, rivets of similar composition to the base metal arc used. When heat-treatable 
rivets are driven cold, it is important that they be used in the freshly quenched condition 
prior to aging, but they may be kept for long times in cold storage. large rivets can 
sometimes be driven hot from their sdution treatment temperature, depending on 
contact nith tools and surrounding metal to produce an effective quench. 

Welding. (See p. 1848.) The wrought-alummum alloys are readily welded by 
experienced operators by either the fusion or resistance method. Fusion welding of the 
strong alloys is not recommended unless subsequent hca^treatment is possible, but 
spot and seam welding can be done if automatically controlled. Most casting alloys 
may be welded, but experience is necessary to overcome the danger of strains and cracks 
resulting from thermal contraction. Welding should be done prior to heat-treatment. 
The rod used should generally bo of the same composition as the alloy. Aluminum 
alloys can be soldered, but the resultant joints arc rarely satisfactory and are not 
lecommeuded lor lugbly stres»d poite or for joints that cannot be ^ven adequate 
protection against corrosion action. 

Corrosion Resistance. Althoogb alumiQum is cbemically active, the 
presence of a firmly adherent self-healing oxide coat on the surface prevents 
action except under conditions that tend to remove this surface film. Con- 
centrated nitric and acetic acids are handled in aluminum not only because 
of its resistance to attack but also because any resulting corrosion products 
are colorless, For the same reason, aluminum is employed In the preparation 
of foods and beverages. Eydroobloric acid and most alkalies dissolve the 
protective film at the surface and permit fairly rapid attack. Moderately 
alksline soaps and the like can be used vith aluminum if a small amount of 
sodium silicato is added. Aluminum is very resistant to sulphur and most 
of its gaseous compounds. 

Ordinary atmospheric corrosion is roasted by duminuni and most of its 
alloys, and they may be used 'without any protective coating. The pure 
metal is most resistant to attack, and additions of alloying elements usually 
decrease resistance, particularly after heat-treatment. Under sevoro condi- 
tions of exposucs such aa may prevail on. shipboard or where the metal is 
continually in contact with wood or other absorbent material in the presence 
of moisture, a protective coat of paint is desirable as an added precaution. 

The resistance to corroaon of aluminum alloys may be augmented by 
coating the material with a surface layer of high-purity aluminum or in 
some cases an alloy, which is rolled as an intcgnil part of the sheet. The 
corrosion resistance of any of the alloys may be improved by giving an 
anodizing treatment, which comprises making the parts to be treated the 
anode in an electrolytic bath (duomic, sulphuric, or oxalic acid). This 
produces a tough adherent coating ol aluminum oxide. The film will be 
colorless on pure aluminum and tends to be gray or colored on alloys contain- 
ing silicon, copper, or other constituents. This film is very adherent and 
cannot be readily detached by bending or ordinary fabricating processes. 
If a colored finish is desired, the elccfatilytically oxidized article may be 
treated with a dye solution. Chemical methods are available for producing 
a similar but thinner film without elcctrol3rtic action by mere dipping in hot 
alkaline oxidizing solution or applying a paste. 
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Sand-casting alloys are covered by Ai,T.M. ^ecification B2G-37Ti Die-casting 
alloys by A.S.T.M. B8if-39T and permaneol mold attoya by A.S.T.M. B108-38T. 

0 & GG, J &JJ differ in impurity content but not in speciGed mechanical properties. 

Treatments SC, CC. and DC Tcfer to alloys in eand-cast, chill-cast, or ^e-cost 
conditions, respectively. 

T4 is solution heatrtieatment followed by rapid coolins and aging at room 
temperatures. 

To, 61 , and 62 are solution heat-treatmentB followed by precipitation treatment. 

T2, T5, T5I, T571, nnd T59 nre precipitation treatmenta only. 

* Tensile properties are on ^ in. diam sand onst oc K in- diam chill or die-cast sped- 
iMua, tested without machining snrlace. 'Held strength corresponds to 0.2 percent 
offset. Endurance limit is bawd on 500,000,000 cycles on R. R. Moore type of raachino 
and macliined specimens. Charpy Impact is <m unnotehed H in. square die castiag. 

* All these aUoys may contdn as impurities, iron in amounts not to exceed 0,4 up to 
1.0 percent, silicon 0.2 to 1.2 percei^ and manganese up to about 0.3 percent, according 
to the alloy. An inteutional addition of titaninin up to 0.2 percent is often mode. 

« Sped&cation ainimum values. 
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purity aluminum on eack aMa*, ike thickacas at eack layer is approximately 
5 percent of the total. These products, known as alclad alloys, possess 
an oxcellont lesistanoa to oonoaou. Becausa o£ electrolytic action, exposed 
cut edges of the base metal ato protected and ordinary bare rivets may be 
used. The strength is slightly less tinm bare sheet of amilat gage. 

Forgings may be made under a hammer or press, using (hes on such work 
as propeller Wades, pistons, »nd connecting tods. Moy 25S is genially 
used, but for forgings requiring the highest strength 14S can be used. Com- 
plicated foT&ngs where the Wghest mccliaiiicid properties ate not needed 
are best made of A61S. 

Seat-treatment. Intennediate atmealmg to tdirre cold work is done at a tem- 
perature of about 680 F for pure alummuin and 52S or about 750 F lor 3S and 4S. Tho 
late oi cooling ia unlmpottcat. The heat-treatable alloys are best cold-worked when 
in the quenched cofldition. They may be fully annealed only by heating to 750 to 
800 F and cooling slowly to 500 F. A partial softening can be obtrined by an ordinary 
anneal at 650 F. 

The heat-treatable alloys must have a double beat-treatinent; one at a high tempera- 
ture to dissolve the ahoy constiluenta later responsible for hardening and the other at a 
low temperature to permit them to commence to come out of eoluticn in the orideal 
jtatfi that causes hardesing of the alloy. The second action way take place spontsae- 
ously at room temperatures on some alloys and is then known as nofurol airfnp, but on 
other alloys it h^ to be carried out at a somewhat elevated temperature referred to as 
orfiJlnol ajtnij or precipitation treatment. The correct treatment for the vsneus alloys 
is given in Table 4. The solution treatment is ueually done in a nitrate bath of ia a 
fmnaoe with forced air circulation. The temperature must be centrD'Jleac'losfly. The 
Bolution heat-treatment of duralumin should be followed by a rapid quench, preferably 
in cold water since slower quenches in hot water or oil, althoueh they laiiiimise dis- 
tortion, render the alloy susceptible to intergranular corrosion. In the alloys that age 
spontaneously at room temperature, hardening starts immediately after quenching and 
is practically complete in four days. Severe cold-forming operations must be done 
within less than an hour after quenching. If it b desired to hold the alloy for later cold- 
woikiag, a^g may be retard^ by atoriwE the quenched material at low temperatures, 
for example, in ice, which will permit worlang up to 24 hr, or in "dry ice" (solid CO:) 
which wdl retard a^ng almost indefimUly. 

The precipitation heat-treatment, if necessary, is done in a fumaea with forced ait 
clTCulttion and heated by steam emls or dwtrically. 

Table 4, Conditions for Heat-treatment of Aluminum Alloys 


Alloy 

Solution heaV-treatment" 

Predpitation heat-treatment 

Temperature 

degF 

Temper 

detignation 

Temperature, 

P 

Timo of 
aging 

Temper 

designation 

17S 

930-950 

■■1 

Boom 


17S-T 

A173 

930-950 


Room 


A17S-T 

2fS 

910-930 




2-lS-T 

5IS 

960-950 

51SW 

315-325 

16 hr 

518-T 

53S 

96M50 

WSTf 

315415 

13 hr 

53S-T 


" In a molten nitrate bath, the time vsrisatioin 10 to 66 min dependbg upon the site 
of the load and the thickness of tile material & an air furnace, proper allowance 
must be mads ior a slower rote of brii^ng tha load up to temperature. For heavy 
matfirial, a longer time at temperature maybe necessary. All quenching is performed in 
cold water. 

K&chiidtiB. There are mai^ olnnuDum alloys which ore easily machined with- 
out special technique. Pure ainnuniim and the tduminum-manganese alloys are hard 
to mactuac unless special tools are imed with greater rake than is enstomaiy for 
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When painting or lacquering aluminum it is important that the surface 
be properly prepared, prior to the {^plication of the paint. A thin anodic 
film makes an excellent paint base, or the metal may be chemically treated 
with a dilute phosphoric acid solution. Where corrosive conditions are to be 
met, zinc chromate may be used as tbe pigment in the primer coat and alumi- 
num paint for the top. 

Aluminum Conductors. For electrical uses (see p. 1689), aluminum is 
generally unalloyed. As commercirily produced in the hard-drawn condi- 
tion, aluminum has a conductivity of 61 percent lACS. For power trans- 
mission lines, the necessary strength for long spans is obtained by the use of 
steel reinforcing cores. 


Copper and tta Alloys 

Copper alloys are useful on account of their heat or electrical conductivity, 
good cold or hot working properties, nutchinability, or corrosion resistance. 
For high thermal or electrical conductivity, commercially pure copper should 
be used; if greater strength is required combined with high conductivity, alloys 
containing cadmium or other elements are used. The cheapest copper alloy 
is brass of high zinc content and is used unless high corrosion resistance 
under stress or the special mechanical properties of other alloys are required. 
When good cold-working properties are desired, as in deep drawing or forming 
operations, a brass with 30 to 36 percent zinc is used. Leaded brass is used 
when much machining must be done, particularly for automatic screw 
machine work. For high elastic stren^h, the tin bronzes are used. The 
alloys of copper with aluminum or silicon or nickel are good for corrosion 
resistance. 

Several hundred different copper alloys ore available but requirements 
can generally be met satisfactorily by one or more of the standard alloys 
listed in Table 6. 

Commercial Copper. Much high-grade copper is still made by fire 
refining, but the larger proportion is refined electrolytically from anodes of 
crude blister copper. Sometimes the copper is leached directly from the ore 
and the solution electrolyzed to give a pure cathode copper directly. Lake 
copper originates in the Great Lakes district; it is not electrolytically refined 
but is of high purity and conductivity. Secondary copper, fully equal to 
primary copper, is reclaimed from copper-alloy scrap. A less pure grade of 
xryqnflr Ano.TCP ap inr Jima-.fmindTr aiap.m .makiny 

alloys. The electrolytic refining operation produces cathodes that may 
measure about 3 ft square and weigh as much as 300 lb. Cathodes may be 
used directly for making ^oys, but if copper is to be rolled to fabricated 
forms, it is melted and cast into wire bars, cakes, or billets. The remelting 
or so-called refining operation involves melting in a large fuel-fired rever- 
beratory furnace, oxidation to eliminate sulphur and gas absorbed from the 
fuel, and “poling” to reduce the oxygen to about 0.04 percent. When 
correctly refined, castings solidify with an approximately level surface, 
the gas evolved during solidification balancing the shrinkage that would other- 
wise occur. This is known as tough-pitch copper. It has a density of 
S.4 to 8.7 g per cc when cast, 8.89 to 8.92 when worked and annealed. 

The presence of oxygen is dedrable in making the copper slightly harder 
and, before electrolytic refining was adopted, was useful in neutralizing the 
effect of certain impurities. Oxygen is ii^mful if the copper is to bo welded 
or otherwise heated in a reducing gas, as it causes an embrittlement of the 




T.S. Tensiia strength lb per Bq. in.; YJ. 'Keld slrength, 0.2 percent offset, lb per 
sq in.; El. Elongation in 2 in., percent. 

Tensile testa made on A,S.T.M. standard teat piMes, 0.5 in. diam, mdnt&ined at 
elevated temperatures until properties become conataat. i 

Speed of etraining 0.1 in. per min per in. ^ gage length. 

For properties of aluminum at low tempraa^es see Table 9. : 












«IS5 90eSN'SV»6O P}%30S5MT5 70 UW 

tapptf,pc«A Ct^pEr.psrssnt 

Fig. 3. — Tensile Strength of Copper- Fig. 4. — ^percentage Elongation in 2 
zinc Alloy. in, of Copper-zinc Alloys, 

arc used in the cold-worked condition to gain additional strength. Articles 
arc often made from annealed stock and dep^d on the work of the forming 
operation to shape and harden them. When the work involved is too small 
to do this, hrass rolled with more or less temper depending on reqmrements 
should be used. 

Brass for spring purposes should be rolled as hard as consistent with the 
subsequent forming operaUons. For articles requiring sharp bends, or for 
deep-drawing operations, annealed brass most be used. In general, the lower 
grain sizes are to be preferred. 
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qualities, Bardens them somewhat, aad has given rise to the misleading 
name phosphor bronze. The bronzes are characterized by escellent elastic 
properties. 

The aluminum bronzes witii 5 and 8 percent aluminum find application 
because of their high strength and cotrosioii resistance, and sometimes bocauso 
of their golden color. Those with 10 percent aluminum and other aUoyg of 
the type of “Tempaloy 917” listed in Table 6 with even higher amounts are 
very plastic when hot and have exceptionally high strength, particularly 
after heat-treatment. 

The copper-silicon alloy “Everdur" listed in Tabic 6 may be considered 
as typical of its class. Other alloys (trade names, Duronze, Herculoy, 
Olympic Bronze, P M G Metal) are mode in which zinc, iron, or tin is sub- 
stituted for the manganese without a substantial change in physical proper- 
ties. These alloys are as corrosion resistant as copper (slightly more so in 
some solutions) and possess excellent hot workability with high strength. 
Their outstanding characteristic is that of ready weldability by all methods. 
The alloys find extenrive application for tanks, for chemical processing 
vessels and hot-watcr storage, fabricated by arc or acetylene welding. 

The cupronickels and so-called nickel silvers are white in color and find 
application on this account, and because of thair comparative freedom from 
tarnishing under atmospheric conditions. Nickel silver is the base for most 
silver-plated ware. The cupronickels ore extremely malleable and may be 
worked extensively without annealing. Because of tbeir excellent corrosion 
resistance, they are used for condenser tubes for most severe service. 
Alloys containing nickel have the best high-tempcrature properties of sny 
copper alloy. 

Many copper alloys capable of precipitation hardening have been proposed, 
but those containing beryllium and chromium are the only wrought alloys 
that find extensive application in the precipitation-hardenod condition. 
The former is expensive, but its strength and elastic properties are so far 
superior to other materials that it is ideal for sprmgs, diaphragms, and the 
lilm where high fatigue resistance under somewhat corrosive conditions is 
needed. The substitution of cobalt for part of the beryllium produces a 
cheaper alloy of only sUghtly inferior properties. Chromium copper is 
used either as castings or wrought shapes principally for electrodes in resist- 
ance welding machines. It has a hi^ conductivity (about 80 percent of 
copper) and does not soften on prolonged heating at temperatures below 
efeuti. %5/l E. This, eJiav ’* used. lu. torai. tar eWxvwl sjKvtKh. 
because of its high softening temperature. 

Young’s modiJua of all copper alloys in all conditions lies between 14 and 
22 X 10® lb per sq in; for pure copper it is 17 X 10®; for brass and bronze 
about 16 X 10*. Nickel raises tiie modulus. The exact value for any alloy 
depends on residual stresses and to some degree on the extent and character 
of working that it has received. The proportional limit of any cold-worked 
copper alloy can be raised (sometimes very considerably) by a low tempera- 
ture heat-treatment or rclirf anneal. 

Fabrication. Practically any tbe copper alloya listed in Table 6 can be obtained 
in sheet, rod, and wire form and many in the form of tubes. Most of them, in the 
annealed condition, will withstand eitenare amount of cold wort and may be shaped 
to the desired form by deep drawing, flan^g, forming, bending, and similar operations. 
If extensive cold work is planned, the material should be purchased in the annealed 
condition. Very extensive operations need intennediate annealing either to avoid 
failure of the metal or to mininuia the power consumption. This U done at 900 to 
1300 F depending on the alloy, and is usually followed by air cooling. Because of the 







Mainly from Colbeck and MaoGniivray, frane, Inet, Chm. Eng , 11, ldS3, pp. 
1CI7-'123. For copper alloys at low temperatures see Pm. A.S.T.M,, 89, 1939, pp. 642- 
648. 


‘ T.S. Tensile strength, laps. Specimens 0.26 in. diam. 

Y.P, Yield strength, kips, 0.1 percent offset. 

El. Eloncation in 2 in,, percent, 

R.A. Reduction of area in fraetnie, percent. 

Izod:^ Impact reustance, ft lb, Irod apedmecs. Most specimens unfractured. 

^ Tensile tests on solder on 0iH)4 in. diam specimen. Yield point by drop of beam . 
• Tensile tests on Bverdur made at U. S. Bureau of Standards for American Brass 

- ncfts:. j! ; — Impact testa (Battelle Memorial Institute) on annealed 

I in. ten^ atrensth. Charpy keyhole notch. 
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copper and renders it useless. DeoxidiBod copper is usually made by adding 
phosphorus, but this decreases tie conductiTity. Oxygen-free copper of 
Mgh conductivity and denaty is now available, made by casting witliout 
contact with air. Like deoxidized copper, this ia more ductile than tough- 
pitch copper and is immune from embrittlement by hot reducing gases unless 
it has been allowed to absorb oxygen during fabrication. 

Copper may be rolled extensivdy at any temperature up to about 1900 F 
but is preferably hot worked at 1600 F. Sheet copper for roofing is some- 
times ijsed as it leaves the rolls, but for other prurposea it is commonly employed 
after it has been cold-rolled to increase its hardness and strength. Copper 
wire above 0.04 in. diam is commonly made by drawing from a hot-rolled rod 
without annealing, but smaller rises involve intermediate anneals. Copper 
shapes for switch parts are made by extrusion, brushes and commutator 
sections by rolling and drawing. Copper for electrical purposes must be 
very pure; the presence of even traces of certein impurities (particularly 
phosphorus, arsenic, and iron) decreases the conductivity very considerably. 

Copper containing small amounts of silver or antimony retains the effect of 
cold working to a higher toraperature than pure copper (about 610 F compared 
with about 400 F). This is useful where comparatively high temperatures 
are to be withstood, as in soldering or enameling operations. 

Copper for electrical purposes should have a minimum copper content of 
99.90 percent (silver being counted as copper) and a resistance, measured on a 
drawn and annealed wire, not to exce^ 0.16436 ohms per m-g at 20 C 
(A,.8.T.M. specification B5-27). Selected values of the strength of copper 
wire from A.S.T.M. specifications BMO, B2-40, and B3*39 arc shown in 
Table 7. 


Brasses 

The useful copper-zinc alloys conttun up to 40 percent zinc. Those with 
30 to 35 percent find the greatest application as they are cheap, very ductile, 
and readily worked. With decreasing zinc content, the alloys approach 
copper more and more in their properties and improve in corrosion resist- 
ance. Season cracking may occur with high-zinc brasses but rarely mth 
15 percent zinc or below; this is spontaneous cracking, occurring on e-xposure 
to atmospheric corrosion, in brass objects with high residual tenrilo stresses 
at the fluriacR. It may be fo-pvanlwi by avoiding the production of interna] 
macrostresses or by removing such stresses by reUef annealing at 475 to 530 F 
without softening the work. It should be noted that alloys susceptible to 
spontaneous season cracking, even if th(^ are free from internal strains, 
will crack when exposed to corrorive conditions under high service stresses. 

The 5 to 20 percent zinc alloys find application bocause of freedom from 
season cracking, because of thrir red color, and because their high melting 
point is desirable in brazing operations. The properties of these alloys are 
included in Table 6. Figures 1 and 2 show the effect of progressive cold 
rolling and progressive annealing on a brass containing 30 percent zinc. 
Cold working increases the hardness and tensile strength and decreases the 
ductility as measured by elongation or reduction in area. Annealing below 
a certain temperature has practically no effect, but in the recrystalliza- 
tion range a rapid decrease in strength and increase in ductility occurs. At 
this point, the effect ol cold worldng is almost entirely removed. Heating 
beyond this point results in the growth of the grmns with comparatively little 
further increase in ductility. Figures 3 and 4 show the variation of proper- 
ties of brass with composition alter annealing at the temperatures indicated. 
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Corrosion Besistance. All copper alloys are highly resistant to atmos- 
pheric attack but for outdoor exposure those containing over 80 percent of 
copper (or copper itself) are preferred because of their relative immunity from 
season cracking (p. 663). 

Water pipes are commonly made of deosidisscd copper, red brass, and yellow 
brass, the last being least reastant to acid waters. Alloys with over 80 
percent copper, such as red brass, tlie silicon-copper alloys, cupronickel, or 
aluminum bronze, are gcner^ly more resistant to corrosion than the alloys 
with low copper content. Deoffldized copper, arsenical copper, or Admiralty 
brass have proved sarisf actory lor condenser tubes operating with fresh water. 
In sea water, copper is less suitable because of its inability to form protective 
films. Admiralty brass was for years the stmidard alloy for sea water installa- 
tions; as now made it often contmns minute additions of arsenic, antimony, or 
phosphorus to retard dezincificatioa, which is in effect selective corrosion of 
the alloy with redeposition of copper. Aluminum brass and 70/30 cupro- 
nickel are preferred for the most severe sea water service, 

Copper and its alloys are not suitable for use in oxidizing acidic solutions or 
in the presence of moist free ammonia, or mercury. 

Effect of Temperature. Copper and all its alloys increase in strength 
slightly and uniformly as the temperature decreases from room temperatures 
(Table 9). No low-temperature brittleness is encountered. Copper is use- 
less for prolonged stressed service much above 400 F, but some of its alloys 
may be used up to 560 F. For service above this, the cupronickel and copper- 
aluminum alloys alone liave satisfactory properties. Aluminum bronzes, 
particularly those containing 10 percent aluminum, find application for valve 
seats in intemal-corabustion engines. 


Table 10a. Maximum Allowable Working Stresses for Non-ferrous 
Materials 

(A,8.M,E,, UnCred Pressure Vessel Code, Table U-4, condensed, 1940) 


Material 

Equiva- 

lent 

A.S.T.M. 

Spec. 

Stresses, lb per aq in., for temperatures 
not ezeeeding deg F 

iUpt« 

1 130 

2«) 

350 

400 

450 

500 

550 


B43-» 

3.000 

4,000 

2,500 

i 




and hich brass nine 

BIII-37T 





' 




B43-3} 

6nm 

33011 

3mn 





Copper plates, tubes, and pipe. . . 

B n-53 

b.0Ut 

3J)0IJ 

4.S0D 

4.000 














B 42-35 








Admiralty condenser tubes and 

B 43-33 

7.000 

6.500 

6,000 

5,500 

4,500 












Copper-silicon alloy plates 

B 96-36T 

10,000 

10,000 

5,000 






B 98^T 








Monel (annealed 70,000 psi ten- 









sile) 


14000 

HflOO 

14 000 

14000 

13300 

13000 

17 300 

Cast steam bronze (88-6-1.5-4.5). 

B 61-36 

hHIXI 

6VX1 

.3mii 

3 400 

5.0U0 

4.200 

3,300 

Cast steam bronze (Ounce metal, 

B 62-36 

3AU0 

3.000 

4,300 

3.300, 




85-5-5-5) 









Cupronickel (70/30 and 80/20) . . 

Bin-37T 

103)00 

lO/XX) 

9,000 

8.400 

7,500 

6300 

5,000 


Tensile properties of sever^ copper ^oys at various high temperatures 
will be found in the A.S.T.M.-A.S.M.E. “Symposium on the Effect of Tem- 
perature of tho Properties of Metale,” 1931 (see pp. ,425 to 427), Becauseof 
the influence of the time factor, ti» tensile strength is a poor indication of 
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Tabl6 8. Properties of Boiled Brass 
(A.B.T.M. SpedficAtion B 36*40T) 


Temper 

Nenfinal 
grain eke, 1 
mm 

Annealnig 
temp, F, ' 
(approx)* 

Tensile strength, 
psi 

Rockwell 

hardness 

Min 

Max 


0.(20 

1300 

I 


FJ(W2 






54-67 






61-73 



930 



65-76 








D.0I5 ' 

1 

700 



72-85 


1 






reduction. 

air« reduo- 





B. &a 

tion of 





gfige No.« 

thickness 





! I 

10.9 

49,000 1 

59.000 

B40-65 

Half hard 

1 1 

20.7 

, 55.000 ! 

1 65.000 

57-74 

Tbrse-guarter hard 

1 3 

1 29.4 

62, 000 

1 72.000 

70-80 


4 

37.1 

W.OOO 

78.000 

7M4 

Extra hard 

6 

50.0 

79.000 

88.500 

82-89 

Spring 

e 

00.5 

86.000 

95,000 

87-92 

Extra spring 

10 

1 68.7 

89,500 

98,500 

88-93 


“ Since the B. & S. acelo is a uniform geomotric progression (see p. &82) the actual 
reduction in thickness of 1 number will decrease as the piece is progressively cold rolled, 
but since the actual thickness also decreases the effect of cold work remains approxU 
matcly the same. 

t The grain size obtained after a pven annealing treatment is dependent on the prior 
gram site and on the amount of final rotting, 

The addition of lead to brass tenders it fr^ cutting and remarkably 
mscbinablo. Additions of 0.75 to 1.25 percent of tia improve the corrosion 
resistance. Aluminum is added to brass to improve the corrosion resistance 
partievlarlymcondenser-tabeappUcatione. M&ag&nesebronZGiB&compleK 
brass. It has hot-'werking properties, high strength, and abrasion resistance. 
The related alloys, Tobin bronze and Naval brass, are used as boat shafting. 

All the brasses may be hot worked if they are free from lead, particularly 
those alloys containing 60 percent or lees of copper, for these contain a 
constituent beta, which is extremely plastic at high temperatures even in 
the presence of lead. Alloys for extrusion and hot pressing are all in this 
range. 

Extruded sections of many copper alloys are made in a wide variety of 
shapes. In addition to those used architccttirally for moldings, etc., extrusion 
is important to the engineer since many objects such as pinions, hinges, 
brackets, and lock barrels can bo mode toecUy from, extruded bars. . Special 
extruded shapes used as stock for autoroatto screw machine operations 
frequently reduce scrap considerably. 

Bronzes 

^ The three most common tin broraet contain about 4.5, 8, and lO porcent 
tin and are known as grades A, C, wid 'D, rcspectiveJy. They usually contain 
pbospherus, from ,a trace up to 0.4 percent, which improves the casting 





Table 11. Oompos^tion and Propertiea at Copper-base Alloys for Sand Oastings 
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ready workoblUty of brass, It is often cbeaper to nse than steel Brass may be drawn 
at higber speeds than ferrous raetals and irith less wear on the tools. In cupping oper- 
ations, a take-in of 45 percent is usual and on some iobs, may be larger. Brass hardened 
by cold working is softened by annealing at about 1100 F. 

Finish. Protection of the surface is usnallj' naneccssary with copper alloys unless 
freedom from tarnishing is dcared. In tie latter ease, electrodeposited nickel and 
thiomim is pecUaps the best finish. Brass makes tiie best base for chromium plating 
as the inevitable defects in the plating do not cause rust spots. Objects in which tho 
decorative yellow or red color of the alloy is desired are finished by transparent lacquer. 
Copper is the standard base metal for high-quality vitreous enamel work. 

Welding. Deoadised copper vriB weld satisfactorily by the oxyacetylene method. 
Sufficient heat input to avercome its VnKh beat eonduetlvliy must be maintsuned by the 
use of torches considerably more pow»ful than those customary for steel, and preferably 
by preheating the work in addition. The filler rod must be deoridized. Tough-pitch 
copper will not give high-strength wdds because of embrittlement due to the oxygen 
content. Copper may be arc welded, uang either metallic or carhon-arc welding with 
experienced operntots. Fiber roda of phoephoc bconte or silicon brotite will give strong 
welds more consistently and are used where the presence of a weld of different composi- 
tion and corros'on-resistanco characteriatica is not harmful. Brass may be welded by 
the oxyacctylene process but not with the arc. A filler rod of about the same composi- 
rion is used, although silicon is frequently added to prevent zinc fumes. 

The copper-dlicon alloys typified by Everdur are characterized by remarkable ease 
of welding by ail methods. conductivity is not too high, and the alloy is to a largo 
extent eeif-fiuxing. Metallic- and carbon-atc wdding are particularly easy, and if tho 
welds are peened the strength will be equal to that of tbe annealed sheet. The piesenoo 
of silicon aids materially the resistance welding of copper alloys. 

All copper alloys, except those containing large ainounle of aluminum, can be readily 
eoft soldered or ^ver soldered. Brazing is poerible only with those alloys whosa 
melting points are sufficiently greater than that of tbe solder used. 

Jflachlalcg. See “Machining of Copper,” Copper Development Assooiation* 
London, I9Sd, and Ciampton and Croft, Hationai Metals Handbook, 1030. ^oe- 
cutting brass rod has been for years the standard material for automatic screw machine 
work where the very highest machinability is necessary. Tbe use of this material will 
often result in considerable savings over steel at a low-cr base price. Most copper 
alloys are readily machined by usual methods using standard tools designed for steel 
but at higher speeds. Consideration of the wide range of charactanstics presented by 
various types of copper alloys and the adaptation of the machining practice to the 
particular material concerned will give greatly improved results. For purposes of 
machining, copper alloys can he divided into three groups depending on their structuro 
and related characteristics. 

Group A is composed of alloys of homogencouB structure: copper, the wrought bronzes 
up to 10 percent tin. brasses and nickel rilvera up to 37 percent zinc, aluminum bronzes 
up to 8 percent aluminum, tbe silicon bronscs, and cupronickel. These alloys ore all 
tough and ductile and form a long continuous chip. When they are severely cold- 
worked, they approach tbe second classification in their oharacteristics. 

Group B inchidea lead-free affoya of duplex aUucture. Some cast bronzes and moat of 
the high-gtrength copper alloys in the wrought condiUon belong in this group, They 
form a continuous but brittle chip by a process of intermittent shearing against the tool 
edge which causes chatter unless work and tool are rigid. 

Group C. Many of the basic brasses and bronzes are rendered particularly fit for 
machining operations by the addition of 0.5 to 3.0 percent of lead. This exists in tho 
structure as minute uniformly distributed droplets which apparently serve the function 
of breaking up the chip and lubricathig tie lo«t Claps are fine, almost ncedleiike, and 
readily removed. Very little heat is evolved, but the tendency to chatter is greater 
than in Type A alloy. Lead additions may be made to most copper alloys. 

For lathe turning, the tough alloys of Group A need a sharp top rake angle (20 to 
SO deg for copper and cupronickel; 12 to 18 deg for the brasses, bronzes, and silicon 
bronzes with high-speed steel tools; 8 to 12 deg with carbide tools except for copper for 
which 16 is recommended). Type C Qeaded) materials should have a much smaller 



NON-FERROUS METALS 


portable tools -where -weight is s factor. In the United States, magnoaium 
is produced by tho electrolyais of the molten chloride extracted from suit 
brines of Michigan, althou^ dectrotdiennic processes depending on the 
reduction of magnesite by carbon at high temperatures are being developed 
esperimcntally. Commercially pure metal contains a minimum of 99.8 
percent magnesium, a typied analy^ of impuritios being 0.02 percent 
aluminum, 0.03 percent iron, 0.002 percoit manganese, 0.01 percent silicon. 
The pure metal is used in the chemietd and radio industries, as a minor oon- 
Btituent in non-ferrous tJloj^ (particularly those containing nickel, where 
additions of less than 0.1 percent Bcrve as deoxidiaers and desulphurizers), 
and as a constituent of aluminumHich alloys, some of which contain up to 
10 percent magnesium. A large and increaaing amount of magnesium is used 
in the form of magnesium-rich alloys. 


Table 13 . Magnesium-casting Alloys 



2 

General purpose alloy 

Sand-easting 

HeaUtreated 

13 

12 

22 ! 

32 

2 

7 

54 

57 

9 

10 




ly 

34 1 



3 

Strong butbritllo 

Sand eastinz 

lb 

21 ' 

1 

59 

9 


H.T. and aged 

71 

W 


78 

9 

4 

Good properties and corrode rc- 

Sand casting 

12 

12 

27 

W 

i , 
11 ! 
6 

55 

10 

14 

1 

widelv used eaud caatiag alloy 

H.T. and azed 

17 

3fl 

69 

10 

Stroseeat caetifig. not subject to 
shock 

H.T. and aged 

i 

22 

36 

1 

77 



Di(»-c8StiDg Mloya 


12 


Die casUng 

7.7. 




13 

Standard die-casting alloy 

Die casting 

71 

33 

3 

60 


Max resistance to salt-water cor- 
rosion 

Die casting 

9 

28 

9 

35 


Most of the alloys are mUr aluminum, although all contain small amounts 
of manganese which iniproves the corrosion resistance. Metal that has 
to be extensively worked contms about 1 to 6, forgings up to 8.5, and castings 
as high as 12 percent aluminum. Allc^ with over 6.5 percent aluminum 
may be heaWreated and aged to develop increased yield strengths. Zinc 
additions are made to many of the sand ciwtings and forging alloys for 
improved strength and oorrorion redstance; silicon is added to die-oasting 
alloys. 

Table 12 lists the comporition of the important magnesium alloys produced 
by American manufacturers, most of which are covered by A.S.T.M. specifica- 
tions. The mechanical properties of these alloys in various fabricated forms 
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take tominiinizBohatter.aiawiraumof Sdeg withUgh-speed steels and 3 tfl 6 deg with 
carbide. Typo B materials are intermediate, working beat mth 6 to 12 deg with high- 
speed tools, 3 to 8 deg with carbide, the higher angde being used with the tougher mate- 
rials. Side clearance angle should be 5 to 7 deg except for tough ''sticky" materials 
like copper and oupronickel, where a ride rake of 10 to 15 deg will give better servicD. 

Many copper alloys will drill eatiafactoriiy with the standard helix angle of 30 
deg. Straight fluted tools (helix anele 0 deg) are preferable for the leaded Group C 
alloys. An angle of 10 dog is to be preferred for Group B and 40 deg for copper and 
cupronickel. Feeds may generally he .2 to 3 times llicae used for steel. With Type 
B alloy, a fairly coarse feed helps breakingiiptiie chip, and with Typo A a fine feed and 
high speed gives best results provided that suSdent (eedbe used to prevent rubbing and 
work hardening. 


Table 10. Creep Data on Wrought-copper Alloys 


Designation 

Chemical composition, 
percent 

1 

Treatment® 

fe 

H ' 

Ci 1 

e < 
^ ! 

Stress to pro- 
duce desig- 
nated rate of 
creep, Ib par 
sgin. 

Cu 

' Zn 

So 

Md 

Other 

ele- 

menta 

0.01 % 
per 
1000 
hr 

0.10 % 

' per 

1 1000 
; hr 






1 

Cold drawn 

1 



1 








1.000 

2.600 







Cold drawn 










600 

290 

'850 


50.21 

I 39.72 

0.16 









1 




(0.02 mm) 

400 

2,000 

4,750 

Admiralty brass. . 

71.05 

;27.95 

10.97 



Annealed 

400 

13,000 

19000 







(0.03 mm) 

MID' 

1,01111 ■ 

1950 








600 

54 

16U 

Aluminum brass ... 

77.26 

21.51 

1.18 




40o' 

10,500 

noon 







(0.02 mm) 

6U0 

I.2UU 

2,500 

Tobin bronze......' 

58.79 

40.43 

0.85 




ion 









(0.02 ram) 

400 

3300 

5.700 











Deox. copper 

99.97 




P 0.015 

Rriief anneal 

40!) 








Si2.S4 

Anneal (642 F) 









550 

3751) 

6;400 









in Mn 1 

nsATy 






Ni2D.O' 

Anneal (1202 F) 









750 

MOO j 

iS 

Cupronickel 

68.88 

0.13 


0.& 

Mi 30,32 

Anneal (1022 F> 

750 

9,100 1 

18,800 

Aluminum bronze. . 

92.5 



.... 

7.5 A1 ' 

Die oast 

WD 










6(0 


3,000 


« Kgurea following anneal are resulting ^sin rise (mm) or temperature o( anneal 
aiw 5® A®s ip w ffie^emperature Creep Data of Metals and 

^loys, A.S.T.M, and A.S.M.E., J93A ^posium on Effect of Temperature on 
A.S.M.B., 1931. Proc, A.S.T.M.. S2 (Pt. Ill) 
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treatments are available which impart a high degree of resistance to salt 
•water when subsequently paintei Alloys containing manganese show the 
greatest resistance to salt-water corroaon; this is accelerated by traces of 
copper and nickel. 

' Sand castings are made in dry sand, or in green sand to which fluorides 
or other substances have been added to reduce the action of water vapor on 
the hot metal. Shrinkage aUowaneo is Hs ft for castings of moderate 
size, or H P®r ft for large caatings or where free shrinkage is prevented by 
cores or bosses. Casings are frequently ieat-treated for severe service 
requirements. Die castings or permanent mold castings may be made when 
the initial mold cost is warranted. 

Tabricarion. A •wide range of extruded stiuetursl aeetiona, up to 8 in. I beams, 
is' now obtainable. Forging and extruding and rolling operations are done at tem- 
peratures between 400 and 800 P. Sheet is often tMcd in the cold-worked condition 
and ■will atand bends over a radlue eC 5 to 10 Umea the thickness of the sheet. Annealed 
eheet will bend over a radius 3 times ita thickness. More severe forming operations 
muet be carried out at a temperature d fiOO to 650 F. All magnesium ohoys maclune 
with ease. High-speed steel tools are adrisable or stellite or carbide tools in high pro- 
duction work. Top rake should he 10 to 20 deg. side rake 0 to 10 deg, and clearance 
6 to 10 deg. Relatively high speed and heavy teed giTO best results. Tools must be 
kept sharp and smooth to avoid overheating of chips. Finely divided magnesium 
constitutes a fire hazard, and eleanliness in the machine shop is essential. 

Many magnesium alloys can be welded by oxyaeelylene, if the proper technique and 
fiuzos arc used. Electric spot or seam welds also can be made. Riveting is done with 
aluminum-alloy rivets. 


Table 16. Composition of Nickel Base Alloys 





9fi7 

09 

n 

19 

1.5 |o.5 




7.4 


30 


b'/lf 

».o 

1 5 


1.2510.3 



551 



•16 

Cast H monel 

bid 


l,S 

H 

5.0 lO.i 



551 




Cast S monel 


JU.U 

2.0 

1.9 

4.0 m 


235U 

551 

6.8 

63 

26 


Follow'S International Nickel Co.’s usage. 





COPPER‘BASE ALLOTS FOR CASTINGS 


633 


Bervice characteristics, and creep tests are greatly to be preferred. Available 
creep data on copper alloys is summatiacd in Table 10. Table 10a gives 
v^ues of allowable working etresses in non-ferrous materials according to the 
A.S.M.E. unfired pressure-vessel code. 

Copper-base Alloys for Castings 
(See "Cast Metals Handbook," Amer. Foundrymen’s Assoc.) 

Table 11 shows the composition of the important copper-baso casting alloys 
(mainly from A.S.T.M. Specification B30-40T), together with typical proper- 
ties to be expected from sand castings. 

Test results obtained on standard test pieces (either attached to the casting 
or separately poured) indicate the quality of the metal used, but are not iden- 
tical with the properties of the casting itself because of variation of thickness, 
Boundness, and other factors. The ideal casting is one with a fairly uniform, 
metal eection with ample fillets and a gradual trausition from thin to thick 
parts, 

Tin bronze (alloys lA, IB) is an excellent steam and structural bronze and 
is used for expansion joints, jape fitliugs, gears, bolts, nuts, valves, pump 
pistons, casings, bushings, bearings, and in general where good strength and 
lesistance to salt-water corroaon are required. The leaded tin bronzes 
(alloys 2A, 2B) are more machinable and eomewhat more pressure-tight; 
these are the moat commonly used alloys for steam valves and the like. All 
four broQzea may be used at temperatures up to 500 F. The high-lead 
bronzes (3A-3E) are used prinolpally for bearings and bushings. Leaded 
red brass (alloy 4A), also known as "composition brass" or "hydraulic 
bronze," is a standard composition (or general service and is satisfactory 
for castings to withstand hydraulic pressures up to 350 lb per sq in. It has 
the attributes of fairly low cost, good physical properties, good casting 
properties, and easy machinebiUty. Tlie less costly leaded semi-red 
brasses and leaded yellow brasses (alloys 5A, 5£; OA-OC) are used whore 
corrosion resistance and other requiremcnis are less severe. 

High-strength yellow brass (manganese bronze, alloys 7 A; 8A, SB) may- 
be used for castinge requiring strength, resistance to abrasion, erosion, or sea- 
water corrosion; examples are marine propeller hubs and blades, gears, worm 
wheels, pn mount castings, etc. The aluminum bronzes (9A, 9B) have 
end to ■yjTscjB.on, ehcftk., ead Th&y 

need careful foundry practice. Thoy are used for such caetingB as pn slides 
and mountings, worm gears and wheels, valve eoats, some types of bearing, 
and propellers. Alloy 9B may bo heat-treated by quenching from 1550 F and 
leheating at 700 to 1100 F for iTOpTerveraent of ite physical properties. 

The leaded nickel alloys (lOA, JOB; llA, IIB) are used, principally on 
account of their white color, in plumbing fixtures, builders’ hardware, and 
ornamental work. Alloy IIB is also used in sand castings needing corrosion 
resistance and for steam vakee, etc., for aerrice up to 550 F . The nickel-tin 
bronze is a strong wear-resisting alloy. The hardness and strength may be 
varied greatly by heat-treatment. The properties shown are for a casting 
subjected to quenching from 1400 F and reheating 5 hr at 550 F. Nickel in 
amounts up to about I percent is commonly added to many of the other 
foundry mixtures listed in Table 11 for its effect on strength, grain refinement, 
and lead distribution. Silicon bronzea (oopper-alicon alloys) have a wide 
range of use as gand castings because of their h^h strength and resistance to 
the corrosive action of many chemical solutioim. 

It is impossible to cast pure copper in tiie foundry. Castings for applica- 
tions needing high thermd or dectrical conductivity are made from copper 
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nickel are required and where corrosion resistance is needed in parts that 
have to bo worked extensively. 

Commercial nickel may be forged or rolled at 1600 to 2300 F. It becomes 
increasingly harder below 1600 F but has no brittle range. The recrystalliza- 
tioa temperature of oold-worbed pure nickel is about 660 F, but com- 
mercial nickel reciyatallizea at about HOOF and is usually annealed at 
temperatures between 1100 and 1750 F. 

The addition of certain elements to nickel renders it susceptible to a 
precipitation or aging treatment to increase its strength and hardness. In 
the unhardened or quenched state, the alloy Z nickel fabricates almost as 
easily as nickel and when finished may be hardened by heating for about 
8 hr at 900 to 935 F. Intermediate anneals during fabrication are at 1350 to 
1(50 F, and the final anneal should be at 2000 F and be followed by quenching 
to render the material susceptible to aging. Treatment must be in an 
atmosphere that will prevent loss of carbon. Tfao increase in strength due to 
aging is to a great extent superimposed on that due to cold work. 

Nickel castings are mado in dry sand molds, but need special technique 
because of the high temperatures involved. The addition of l>i percent 
silicon and lesser amounts of carbon and manganese is necessary to obtain 
good casting properties. 

Alloys of niok^ with 2 to 6 percent manganese are used generally for spark- 
plug electrodes, an application that requires resistance to hot corrosive gases. 
They are slightly stronger than nickel but have, in general, the same properties. 

Copper*iuckeI Alloys. Alloys containing less than 50 percent nickel 
are discussed under Copper Alloys, p. 628 An important nickel-rich alloy 
is known by the trade name Konel met&l (see Tables 15 and 16). It com- 
bines high strength, high ductility, and excellent resistance to corrosion. 
It is a homogeneous solid solution alloy; hence its strength can bo increased by 
cold working alono. In the annealed state, its tensile strength is about 
70,000 lb per sq in., and this may be increased to 170,000 in the hardest 
drawn wires. It is available in practically all fabricated forms. Monel 
metal Is hot worked in the range 1850 to 2150 F after rapid heating in a 
reducing but sulphur-free atmosphere. It must be cold-worked in the same 
manner as mild steel, but requites more power. Very heavily cold-worked 
Monel may commence to recrystalHze at 800 F, but in practice no softening 
will occur below 1200 F. Annealing is done in boxes for 2 to 6 hr at about 
1400 F or open for 2 to 5 min at about 1725 F. Non-scaling atmospheres 
are desirsbie and sulphw-free atniespberes eaaaatiah 

Because of its toughness, Monel must bo machined with slower cutting 
speed and lighter cuts than mild steel. High-speed tools are necessary. 
The special grade of Monel contiuning sulphur ("R” Monel) should be used 
where high cutting speeds must be maintained. This is slightly inferior to 
the sulphur-free alloy in mecbanical properties and corrosion resistance, 
and it cannot be hot forged. 

The shortrtime tensile strength at elevated temperatures and the creep 
properties of cold-drawn Monel are summarized in Tables 17 and 18. Monel 
does not suffer impairment of properties at low temperatures as do most 
ferrous materials, in fact the ten^e strength and yield strengths actually 
increase appreciably down to liquid tor temperatures, although the elongation 
remahiB the same. 

The fatigue endurance limit of Monel is about 37,000 (52,000) lb per sq in. 
when annealed (bard drawn). The action of corrosion during fatigue is 
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.witli additions oi deoridizera such M ^con, inanEQ'^®s®i piiosphoTUS, ot 
zino, T7liich decrease the conductivity 10 to 50 percent. 

Brass die castings are made TAen greater accuracy of dimensions or a 
bettK surface finisii ia reqmted tiian. caa be obtained with sand castings. 
While inferior in properties to Lot-pressed parts, die castings are adaptable 
to a "wider range of design, for they be made "with intricate coring and 
mtk Gonaidetable variation in Boction thickness. 

Where resistance to corrosion or elevated temperatures is of importance, the 
manufacturer of the alloy should bo consulted aa to its suitability under the 
proposed conditions. 

Table 12. Magnesium and Magnesium Alloys 


A,S.T.M. 

No. 

Dow 

Chem- 

ical 

Co. 

No. 

Amer- 

ican 

Mag- 

reBiura 

Corp. 

No. 

CoEkpoation, 
nominal. . 
percent 

pOTms 

avnB- 

flblo 

Density 
lb per 
cu ft 

Thermal 
conduc- 
tivity 
32-212? 
Btu per 
aqftpet 
ft per 
degF 

Elec- 

trical 

resis- 

tivity, 

mi- 

CTOhm- 

cts ot 

68 P 

AI 

Mn 

Other 

elements 




Commerciany 









.99.8-1- 

ingot s 

109 

90,9 

4,46 

2 

G 

240 

lO.C 

0.1 



1)4 

41 

15,0c 

3 


246 

12.0 OJ 



114 

39 


4 

E 

265 

6.0 0.2 

3.0 Zn 

c 

114 

44' 

1i.5e 

6 

F 

244 

4fl 

03 



III 

56 

9.5c 

7 

E 


6t 

(It 



112 

48 

13.0s 

8 

J 

578 

65 

07 

0.7 Zn 

/.< 

112 

46» 

12.5s 

9 

0 

58S 

8.5 

0? 

0.5 Zn 

/.c 

112 

44' 

R5s 

10 


61S 


1 0 

6.0 Sn 

/ 

116 



11 

ii 

403 


1 S 



III 

73»' 

6,5 c 

12 

K 

230 

1(16 

II 1 

0.5 Si 

d 

114 

41' 

17.5 d 

13 

a 


'If 

fll 


i 

\U 

41 

17.0 d 


L 


75 

03 

3.5 Cd 

J 

114 


6.5s 

H 

p 


1(1 f 

01 

1.0 Zn 


114 

39 

12.5HTA 

15 

X 

65S 

3.0 

0.2 

3.0 Zn 

/.« 

II2 

51 

10.0 s 


« Approximate. e Sand costing. / Forged. 

ETA Aged. d Die casting. p Permanent-mold coBting. 

■ « Extruded shapes. « Plate, sheet, strip. 

A.S.T.M. Tentative Speolications cover Sand CasUnga Die Castings 

(BM-39T), Sheet (B90.38T), Forgings (B91-38T). Bara. Rods and Shapes (B107-38T). 

Typical properties of many of the alloys are pven in Free. A.S.T.ju,, 1934, 34 (ii), 
pp. 277—306. 

Moan apGciCc heat (68-662 1?) 0.27 appr«- 


Of the alloys listed, those containiog lead are very readily machined and 
no particiilaT difficulty will be ^countered wiUi tire others. 

Castings of aluminum bronze and tiie allorm containing lead are not 
considered suitable for "welding, Silicon bronze castings can be readily 
welded by the usual methods and brasses free from lead and aluminum can 
be gas-welded. 


Magnesium and Magnesium Alloys* 

Magnesium is the lightest metal of structural importance (density 108.6 lb 
per cu ft). Its principal applications are in transport construction and in 


*Large!y based on publication <rf Dow Chemical Co. See also publications of 4m, 
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Monel-metal castings are made from the alloys 'with silicon additions 
listed in Table 15. Casting temperatures ate of the order of 2800 F, and the 
composition must be carefully controlled. Magnesium is added as a deosi- 
dizer. The castings may be softened slightly by annealing if better machining 
properties are desired. Cast "S” Monel can be rehardened by heating to 
HOOF and cooling slowly. 

The nickel-chromium alloys possess excellent resistance to corrosion and 
oxidation. They are commerdally available in various fabricated forms, 
usually in modifications containing additions of iron, copper, or molybdenum. 
The standard electrical resistance materials for Mgb-temperaturo service are 
the 80-20 nickel-chromium and 60-15-25 nickcl-chromium-iron alloys. The 
former can be operated at temperatures up to 2100 F and the latter to 1700 F. 
The resistivities at 77 F are 108 and 112 microhm-cm, respectively. 

Magnetic Properties of Nickel Alloys. Nickel is slightly ferromagnetic 
but loses its magnetism at a temperature of 695 F when pure. In commercial 
nickel, this temperature is about 650 F. Monel is feebly magnetic and loses 
all ferromagnetism above 200 F. K Monel is non-magnetic down to at least 
-HOF. The degree of ferromagnetism and its temperature sensitivity are 
very susceptiblo to variationa in composition and mechanical and thermal 
treatment. 


I>ead 

Most lead is obtained from the sulphide ore, galena, by concentration, 
flotation, and reduction in blast furnaces. The crude lead is purified by 
dressing, the precious metals removed electrolytically or by washing wi^ 
molten zinc (Parkes process), and the resulting lead cast into pigs. Three 
grades of pig lead ate recopized by tbe A.S.T.M. specifications (Tabic 19). 


Table 19. Composition Specifications for Lead, Percent 
(A.S.T.M. Specificalioti B26-35) 



Grade I 
eottoding 
lead 

Grade II 
chemical 
lead* 

Grade III 
common 
lead 

Grade Ilia 
common 
lead 








0.040-0.080 

1 0,(1025 max 

0.0025 max 








Areenic -f antimony + tin. . 


0.002% max 

0,D15%max 

0.015% max 

















W.Mmm 

99.90 Inin 

■99.85 min 

99.73 min 



‘ Term applied to undesilvenzed lead from S. E. htissouri orca. 


Corroding lead is the highest purity commercial lead and ia used for 
making white lead. Chemical lead ia extensively employed in chemical 
plants for withstanding corrosioii, p^cularly of sulphuric acid. Its copper 
content confers added stiffness on it. Common lead is the usual grade for 
alloying. 

Antimonial lead is used in places where greater strength is needed. For 
storage-battery plates, lead containing 6 to 7 percent antimony is used. In 
the cast condition, this has a ten^e strength of about 7,000 lb per sq in. 
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are ehown in Table 13. These are typical figures; apecificatiou values are 
lower. 

Designs emplojdng magnesiuitt afloys lauet take into account the lower 
^lodulus value (6.5 X lO'lb 0 qm.),compMedmth other structural materials, 
and the higher thermal oxpanaon coefficient. All magnesium alloys have 
an espauaion coefficient per degree Fahrenheit of about 14 X 10 ® ut 32 F 
sad an average coefficient in the range 68 to 752 F of 16 X 10 ® per deg F. 


Table 14. Wrought-magnesium Alloys 



s 1 

1 General lorging requhemento 

PF ■ 

It 

1 40 

1 10 

57 

17 

11 

Maximum reeUtenco to saltpwater 

PF 

19 

1 'ii 

i 6 

43 










10 ' 


HP 

19 

V, 

5 

'45 

9 

9 

High-etreesed ports of simple design 

PF 

ID 

45 

S 

78 1 

18 



PFA 

ii 1 



M 

IK 


EasQy forced under hammer 

HF 

25 ' 

^7 

n 

51 

lll.S 

15 

Moderate strength with corrosion 

PF 1 

24 

41 

ifi 

59 

17 


reels tancQ 

PFA ! 

li 

42 

14 

62 

17 


Extruding Alloys 


6 


E 

70 

41) 

16 

47 

14 

S 

Strong simple sections 

£ 


43 

1? 

54 

17 

9 


£ 

it 

47 

11 

hi 

17 

II 


£ 

77 

47 

6 

4? 


X(Dowl 

Commcm extrusion ftilqy f« genem’ 

B 

iO 

42 

19 

51 

IK 


purposes 

EA 

34 

44 

13 

54 

U 


Sheet and Strip Alloys 


■/ 1 

Comm, puro magnedum. Not 

HB 1 

7.7 

47 

9 

sn 


used Btiucturallv 


id 

■il 

15 

V 



HB 1 

'44 

45 

9 

70 


strength and focmnbiKtT 


70 

49 

! 14 

47 

6 

Largely replaced by f[ 

HB 1 

'411 

4'4 

i K 

I’ll) 




IK 

41 

V4 

41 

11 

Best welding and forming qualities 

HB 

7/ 

45 

9 

44 


of magnesium alloy. Beaietant to 
salt corrosion 

An 

19 

33 

14 , 

48 


Modulus of elasticity is 6,500,000 Ib pet sqm. 

PF, Press forged. A. Aged. An. Annealed. 

Ht. Hammer. E. Estnided hara less than. IH in. diam, HB. Hard roUsd. 

Magnesium alloys are not resistant to acid corrosion or continued exposure 
to salt water but are moderately redatant to atmospheric action, particularly 
if they are given a surface treatment in an acid dichromate pieWe such aa is 
umally applied to practically all fabricated forms supplied by the producers. 
The treated surface forms an excdlent paint base. Several other obemied 
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the linotype machine, the metal mnat be fluid and capable of rapid solidifica- 
tion; hence metal of very nearly eutectic composition is used. It is very, 
rarely used as tho actual printing surface and therefore need not be as hard 
as stereo- and monotype metale. Foundry type is used for hand setting and 
needs greater hardness to 'mthstand handling and repeated use. 

Zinc and Zinc Alloys* 

Zinc, one of the least expenave non-ferrous metals, is produced from sul- 
phide, silicate, or carbonate ores by a process involving concentration and 
roasting followed either by reductiem of the zinc ore by carbon and simul- 
taneous distillation of the zinc in batch or continuous retorts or by leaching 
out the oxide with sulphuric add and dectrolizing the solution after purifica- 
tion. Distilled zinc contains impurities (principally Pb, Cd, and Fe) that 
may be eliminated by fractional redistillation to produce zinc of 99.99 + 
pereent purity. Metal of equal purity can be produced by the electrolytic 
process. Zinc reaches the market in tho form of slabs, 1 to in. thick, 
8>f to 10 in. wide, 18 to 20 in. long. In tins form, it is frequently called 
Spelter. 

The important grades of zinc available in the United States are covered 
by A.S.T.M. specification B6-37. The composition requirements are as 
follows: 


Table 22. A.S.T.M. Specification B6-37 for Slab Zinc 



The special high-grade zinc is used In the manufacture of die castings, where 
impurities have a marked harmful effect on corrosion resistance and dimen- 
sional stability. Galvanising (which coasumes by far the largest proportion 
of zinc) utilizes principally Prime Western zinc. All grades are used for 
ToUed-zinc products as the presence of impurities is often desirable for their 
Btrengthening effect. For brara manufacture and other alloys, there is an 
increasing tendency towards the use of high grades of zinc. 

Boiled Zinc. Zinc rolled in tiie form of sheet, strip, or plate of various 
thicknesses is used extensively. Such ziuc ia unalloyed except for the presence 
of impurities resulting from incomplete refining. It is produced by hot 
rolling unless some stiffness and temper are required, in which case one or 
more of tho finishing passes are done cold. The softer purer grades of zinc 
are used for deep drawing or forming operations, and the less pure metal is 
used for weather strip, roofii^, and other applications where some stiffness is 
necessary, or where specific chemicid properties are desired, as in photo- 
engravers' plates. 

« Largely based On data supplied by The New Jersey Zinc Co, 
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Nickel and Nickel Alloys* 

About 85 perceut of the ■world’s production of nickel comes from the eulphido 
deposits in Ontario. The smelling process involves the production of a 
matte containing both copper and Dickcl and repeatedly resmelting this 
with sodium sulphide to cause a separation into two layers of sulphide, one 
rich in nickel. The roasted sulphide may be reduced ■with carbon, cast to 
anodes, and electrolyzed to the pure metal, or reduced and vaporized as 
gaseous nickel carbonyl to be subsequently decomposed to form nickel pellets. 
It necessary, the nickel is remeltcd and cast as block or shot. If it is to be 
rolled, it is cast in ingot molds. 

Monel, an important alloy of nickel, is made by reducing the copper-nickel 
matte without separating the metals from each other. Other alloys are 
made in the usual way by incorporation of the elements in the molten state. 

The nominal composition and typical properties of nickel and various 
nickel-rich alloys are summarized in Tables 15 arid 16. 


Table 16, Mecbanical Properties of Nickel and Its Alloys 


Alloy 

Form and temper 
tested 

Yield 

strength, 

(0.2% 

ofTael) 

kipe 

Tensile 

streogth, 

kips 

Elonga- 
tion, 
percent 
m 2 in. 

BrineU 

hardness 

Nickel 

Hod, hot rolled 
, Rod, cold drawn 

1 Rod, annealed 

Wire, spring temper 

20-30 
60-90 1 
20-30 

1 

65-80 
80-115 
65“ 85 
135-165 

1 45-35 1 
, 35-15 1 
50-30 

1 ^2 

10W40 

140-200 

100-150 

Z Nickel 

Rod, cold drawn 

Rod, drawn, heat- 
treated 

Wire, ipring, heat- 
treated 

50-130 

120-150 

9W50 

160-190 

200-240 

, 35-15 : 
2(^7 

i 10-5 

150-300 ' 
300-380 

Monel 

Rod, hot rolled 

Rod, drawn, annealed 
Strip, annealed 

Strip, full-hard 

Wire, apiing temper 

40-65 

30-40 

25-35 

90-115 

80- 95 
70-85 
65- 80 
110-130 
140-170 

45-30 

1 50-35 

1 40-20 
; 15-2 ; 
10-2 ' 

130-170 
120-1(0 
60-68* 
>98* ^ 

K Monel 1 

Rod, hot rolled 

Rod, cold drawn 

Sod, drawn, heat- 
treated 

40-60 

70-100 

100-130 

91^-110 

100-125 

140-170 

45-35 
35-20 
30-15 ! 

140-180 

175-250 

260-320 

Incooel 

Rod, hot rolled 

Rod, told drawn 

Wire, spring temper ^ 

35-70 

25-40 

85-120 
80-95 
165-165 i 

; 45-30 
55-35 ' 
10-2 

120-240 

13th170 

Cast nickel 

Cast monel 

Cast monel H 
Cast monel 8 

As cast 

As cast 

As cast 

As cost ' 

20-30 

3^4Q 

45-65 

70-90 

55- 70 1 
65- 80 ; 
70-90 
90-115 

30-15 i 
45-25 
20-10 
3-1 

100-130 

125-150 

175-250 

275-350 


CommetciaUy pure aioksl » avaflable as sheet, rod, wire, and other 
fabrica ted forms. It is used where the thermal or electrical properties of 

* Largely baaed on information guppUed by International ITiokel Co. 
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Table 23. Properties of Zinc-base Die-casting Alloys 



A.S.T.M, 
No. XXIII 

A.S.T.M. 
No. XXI 

A.S.T,M. 
No. XXV 

h^aim'nel Comptnitien, percent’ 

Aluminum 

4.1 

4.1 

4.1 

Copper 

0.0 

2.7 

1.0 

Msgneeium 


0.03 

0.03 

Typical Properiics: 

Tensile atrength, lb per aq in 

40.300 

47.900 

45.400 

Elongation, percent in 2ifl 

5 

5 

3 

Charpy impact, ft-lb 

20 

20 

20 


64 

69 

67 

Electricalconductivity, 77F X 10*Mhocm= 

155 

144 

151 

Thermal conductivity, Btu per ft per eq ft 
per hr per dec F 

66 

61 

62 

Thermal expansion X 10‘* per deg F 

15.2 

15.4 

15.2 

DensitVi lb per cu ft 

410 

415 

415 

Melting point, deg P 

71S 

715 

717 


The A.S.T.M. specification B86-38T calls for a maximum percent of 0,1 
iron, 0.007 lead, 0.005 cadnuum, 0.005 tin in alloys XXIII and XXI. Tbe 
same impurity limita hold for tdloy XXV with the exception of the tin limit, 
which is set at 0.002 maximum. The low limits of impuiitios arc neceseary 
to avoid disintegration of the castings by intergranular corrosion under 
moist atmospheric conditions. The presence of magnesium prevents this 
effect if the impurities are not higher than the specification values. The 
meohanloal properties in Table 23 are average figures for die-oast tensile-test 
pieces of 0.25 in. diam or impact epecimene 0.25 in. square. Specification 
values for these properties, if used, would naturally be lower than the typical 
ones quoted, and, in the case of the actual castings, considerable variations 
must be expected. 

The alloys containing copper are stronger and possess improved corrosion 
resistance but are more subject to changes of dimension and properties 
(particularly impact resistance) on aging. Where extreme stability is 
important, the copper-free alloy should be used. 

A measurement of the expausioa of the die casting after exposure to water 
vapor at 203 F for 10 days is a suitable index of stability and freedom from 
susceptibility to intergranular corrosion and ia frequently specified aa an 
acceptance teat. Analysis for impurity content is, however, more widely 
used. 

Agii^ o! Die Castings. Because of changes occurring in the structure 
of zinc die castings, they commence to shrink immediately after removal 
from the mold, the change being about two-thirds complete in 5 weeks. The 
maiimum extent of this is about 0.001 in. per in. In the alloys containing 
copper, this is followed by an expan^on. A.S.T.M. XXI alloy has a resultant 
expansion as much as 0.004 in. per in., whereas in alloy XXV the expansion 
amounts to only 0.001 iru per in. In alloy XXV, this change requires a 
period of many years at room temperatur^ It is greatly accelerated at 
elevated temperatures. Coincident witii expansion is somo loss of impact 
resistance. Alloy XXI has a normal impact strength of 20 ft-lb on a 0.26 in. 
square casting, which drops to 3 ft-lb on dry aging at room temperature for 
5 years and to about 1 ft-lb on accelerated aging. Alloy XXIII (copper-free) 
is unaffected by either treatment, and alloy XXV, with 1 percent copper, is 
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Table J7. Short-time High-temperature Properties of Hot-rolled 
Monel and Nickel 


Temperature, dee F 

70 1 

' 301)1 

600 

700 

800 

iooo| 

1200 

jisoo 

^ Monel 


'•! 'SeosTe stieneth, Uips j 

‘ yield Btrength, 0.2 percent offset, kips. i 

f Elongation in 2 in., percent. 

; Keduction of area, percent. 

ii.ol 

81.0; 

46 

61 1 

1 

29.5 

77.5 
48 

64 

27.6 

78.3 

51 

66 

28.3 

70.3 
53 

68 

29,4 

71.0 

52 

72 

23. Il 
51.1 
29 

31 

17.5 

130,3 

34 

39 

9,0 

16.3 

S3 

64 

^ Nickel 

[ Tensile strength, kips 

yield strength, 0.2 percent offset, kipa 

Elongation in 2 in., percent 

72 

21 

SI 

75 U 
22 121 

48 47 

82 

21 

47 

77 

20 

51 

40 

17 

51 

33 

15 

51 

n 

9 

63 

' Table 18. Stress to Produce Stated Rate of Creep in Cold-drawn 

Monel* 

(In 1,000 psO 

Temperature, deg F 

Creep rate, 0.01 pacent per 1,000 hr 

' Creep rate, 0.1 peroent per I.OWHtr. 

' Creep rate, 1.0 percent per 1,000 hr 

600 

26 

36 

46 

800 

19 

23.5 

29 

1000 

I, 65 
4,3 

II. 5 

1200 

1.7 


“Clark and White, “Symposium on Effect of Terapcraturo on Metals," A..S.T.M.- 
A.8.M.B., 1931, p, 883. 

much less drastic on Monel than on steels of equal or higher enduranco limit. 
MeA.dt.m found a limit of SO, 000 lb pet aq in. in braeluBb water. 

Monel may be welded by the usual eiectric and gas methods but needs 
special fluxes. The gas dame should be slightly reducing and the work done 
rapidly without rewclding. Flux-coated electrodes should be used ior are 
welding, Spot and seam welding can be used on thin sheet. Soft soldering, 
brazing, and silver soldering are readily applied. 

Monel is highly resistant to atmospheric action, sea water, steam, food- 
stuffs, and many iadustrid chemicals. It deteriorates rapidly in the presence 
of moist chlorine and feme, stannitt, or mercuric salts in acid Bolutions. It 
must not be exposed when hot to molten metals, sulphur, or gaseous products 
of combustion containing sulphur. 

If about 2.75 percent aluminum is added to the baee 70/30 nickel-copper 
alloy, it becomes susceptible to predjntafioii hardening. This alloy (trade 
name K Monel) is available in rod, steip, and wiro form. It is sufficiently 
ductile in the annealed state to permit drawing, forming, bending, or other 
cold-working operations but work hardens rapidly and requires more power 
than mild steel. It is hot worked at 2150 to 1700 F and should be cooled and 
quenched from about 1450 F if the metal is to be further worked or to be 
hardened. Heat-treatment conasta of quenclung from U50F, cold working 
if desired, and reheating for 10 to 16 hr at 1080 to HOOP. If no cold working 
is intended, the quench may be omitted on sections less than 2 in. thick and 
the alloy partially hardened during cooling from 1460 F. The properties 
of the heat-treated alloy remain quite stable, at least up to 1000 F for several 
months. 
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Other cobaltHjhromium-tungslen aDoys, tisually with less tungsten than the 
above, find extensive application as liard facing materials which are 
applied by fusing with an oxyacetylene flame on to the edges and surfaces of 
parts that are subject to severe eromon or abrasion. Cast tungsten carbide 
and various nickel-chromium-boron compounds are also used for hard facing. 
These are applied in fragments or smdl pieces tiiat are welded to the underlying 
metal with a suitable welding rod, or a composite rod is applied in a pasty 
condition. 


Fusible Alloys ! 

The more important friable alloys are listed in Table 24 together with 
their melting points. These alloys are used as fusible links in sprinkler 
heads, electric cutouts, etc., iorm^ing castings in organic molds, for patterns 
in making match plates, for setting punches in multiple dies, and various 
other uses. They can be cast against wood, paper, and other organic mate- 
rials without damaging them and against hard steel without drawing its 
temper. Many of the alloys may be used for making seals against glass. 
Those of lowest melting point can be melted in boiling water, a property 
made use of in bending thin wall tubing and forming objects irem sheet which 
are filled with the alloy, to be subsequently melted out. Alloys containing 
about 60 percent bismuth undergo practically no change of volumo on 
eolidification. 

For sprinkler heads with a rating of 160 F, the quaternary eutectic is used, 
for 200 F tho bismuth-lead-tin eutectic, for286F the bismuth-tin, and for 360F 
tho lead-tin eutectic. It should be noted that intermediate temperatures 
between the various eutectics are not obtainable. Alloys of true outectio 
composition wiU molt sharply at the temperatures shown and bo completely 
solid just bolow it. Alloys not of tho correct composition will be pasty over 
a range of temperatures 


Table 24. Fusible Alloys* 


Desicnation 


Composition, percent 

poin^ 
dcf P 

Bi 

Pb 

Sn 

Cd 

Other 

elements 

Quinary eutectic Bi-Pb-Sn-Cd-In....... 

117 

40.9 

22.1 

10.7 

0.2 

In 18.1 

Quaternarv eutectio Bi-Pb-Sn-Cd 







(Wood's metal)* 

i;a 

49.4 

27.7 

12.9 

10.0 


Ternary eutectic Bi-Pb-Cd 

197 

51 6 

4U.2 


8.2 


Ternary eutectic Bi-Pb-Sn 

203 

vni 

V. 0 

i6.6 



Binary eutectic Bi-Pb* 

2S6 

55 5 

44.5 




Uinarv euteotre i)i Sn 

281 

w.o 


431) 



Ternary eutectic Pb-Bn-Cd 

m 


30.6 

51,2' 

18 2 


Binary eutectic Bi-Cd 

Ml 

<«.o 



40.0 


Binary eutectic Sn-Cd 

351 



67 8 

32.2 


Binary eutectic Pb-Sn* 

362 1 


61 9 

38 1 



Ternary eutectic Pb-Sn-Sb. 

462 1 


M.U 

4.0 


Sb 12.0 

Binary eutectic Pb-8b 

477 1 


88.0 



8b 12.0 

Matrix alloy* 

217-440 

48.0 

28.5 

14.5 


Sb 9.0 


* Selected from Booklet B-5 "Fiiaihle Allcm ContaiainR Tin” publiahed by Inter- 
national Tin Reaearcb Counral, 1937. Wood's matal is often made up roughly in the 
workshop from 4 parts Bi, 4 parts Fb, 1 part Sn, 1 part Cd, which ie not far from the 
ideal composition. For other low meltmg all<^, see Type Metals and Solders. 

^ Most useful compositions. 
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with an elongation of about 22 percent, denflity 677 lb per cu fi Lead for 
sheathing telephone and electric potrer cables ie usually made of an alloy 
contaaing about 1 percent antimony, *0118 alloy when extruded as cable 
sheath and aged 1 month at room temperature has a tensile strength of 
2,760 to 3,060 lb per sq in. at a testing speed of 0.25 in. per min per in, of free 
length, elongation 30 to 40 percent Endurance limit 800- lb per sq in. 
(50 million cycles at 700 per min). 

Cast lead-antimony alloys contmniug 6 to 14 percent antimony have a 
tenale strength ol 7,000 to 8,0001b per sqm. mtb elongation decTcaaing Itom 
24 to 10 percent. AllowaUe fiber Bttcsscs for indefinitely long service in 
extruded lead and lead alloy pipe aetor^ng to the Lead InduBtriea Associa- 
tion are given, in Table 20. The lead-antimony alloys, particularly in the 
range 2 to 8 percent antimony, ate m^eptible to heat-treatment which con- 
siderably increases their strength. This treatment is rarely employed in 
practice. An alloy also used for cable sheathing is ordinary chemical lead 
with about 0.06 percent copper. Alloys with O.I percent tellurium or 0.01 
to 0.10 percent calcium have been proposed for special purposes where 
higher creep and fatigue resistance are needed. Alloys with larger amounts 
of calcium (0.8 percent) and Bmaller quantities of alkali metals are used to 
limited extent as bearing mctalB. 

Lead for coating steel (tomo plate) and copper contains 5 to 25 percent of 
tin to aid adhesion to the base metal. Lead ie an important constituent of 
alloys with tin and copper described ^sewhero and of type metals. 

Type Metals. The principal typo metals are listed in Table 21. Con- 
siderable variations from these compositions arc often made. Electrotype 
metal serves only ns a backing to the shell and does net need te be bard. In 


Table 20. Allowable Fiber Stress in Extruded ?ipe, Lb per Sq In. 


Tempera- 
ture, deg F 

“Chemical” 

lead 

C% Antimony, 
lead 

Tempera- 
ture, deg F 

" Chemical" 
lead 

6?i Antimony- 
lead 

6S 

700 

400 

194 

136 

195 

86 

190 

370 

212 

127 

166 

m 

m 

340 

130 

W 

137 

12Z 

m 

310 

249 

DO 

no 

140 

162 

280 

266 

100 

80 

i55 

153 

154 

2M 

• TO ' 

50 

176 

144 

222 

1 

302 

1 

80 



Table 21. Composition and Properties of Type Metals'* 


Service 

GomposiUoa, 

percent 

Melting ] 
point, 1 
degp 1 

1 

1 

Biineiy 

hardness 

fin ! 

Sh 1 

1 

Skcteolype 1 

5 1 

^ ' 

, 94 ' 

570 1 


Linotvne 1 

4 

17 

84 



Stereotype • 


14 

80 

500 1 


Monotvne .. ' 

9 

16 

1 



Foundry... 

H 

24 

1 

L“ 

60S 

32 


• CoEBer and Epstein, Jfctolj and iHov*. J. 1937, p. 59. 







650 


NOS-PEBROU8 METALS 


silver solders. The commercial range of standard compositions of ^ver and 
brazing solders as shomi in Table 26 covers the range 1280 to 1600 P melting 
point. The special alloys listed in tiiis table 'will be found desirable for 
purposes whore the lower melting point justifies the higher cost. Alloys 
containing phosphorus should not be used for soldering steel or nickel- 
rich alloys on account of the formation of a brittle layer of phosphide. 

Table 26. Silver Solders and Brazing Solders 


CompositioQ, percent 

Melting range, 
degr 





First 

Point 
of com- 

Ag 

Cu 

Zn 

Cd 

melting 

point 

plete 

lique- 

faction 

10 

52 

38 

<0.5 

1510 

1600 

20 

V> 

35 

<0.5 

1430 

1500 

20 

« 

30 

5 

1430 

1500 

4b 

JO 

■h 


S2S0 

1370 

SO 

■V, 

Ih 


1280 

1425 

OS 

20 

IS 


1280 

1325 

70 

20 

10 


1335 

1390 

to 

l(> 

4 


1360 

1460 


SO 

so 


1595 

1620 


SI 

4K 


1600 

1620 

ll'h 

11 % 

MV 

7.5 Sa 

1355 

1440 

SO 

IS so 

16.5 

18 Cd 

1160 

1175 

15 

Ml 


5P 

1300 

1300 


93 


7P 

1317 

1470 


A.S.T.M. 1 

A.S.T.M. 2 

A.S.T.M. 3. , 

A.S.T.M. 4 

A.S.T.M. 5 

A.S.T.M. 6 

A.S.T.M. 7 

A.5.T.M. 8 

A.S.T.M. 50-50.. 
A.S.T.M. 52-48. . 
Black Button... . 

Essy-Flo* 

Sil-ios* 

Phoa Coppfr« 


is B64-38T (Brazing Solders) and B7S-29 (Silver Solders). 


Bearing Metals 

Typical compositions and properties of some copper^base alloys are 
sho-wn in Table 27. For low-speed operation under high pressures such as 
bridge bearing and expansion plates, hard bronzes containing up to 20 percent 
tin are used. These can be used only with a mating surface of hardened steel 
and under conditions of proper alignment. For lower loads, the tin content 
may be decreased to 10 percent or less. Additions of lead are made to bronzes 
for use \mder conditions where alignment and lubrication are apt to be poor. 
The alloy 80/10/10, copper-tin-lcad, is most commonly used for general 
machinery. Alloy 88/10/2, coppcr-tin-zinc, has good casting properties 
and. Is. iisftii fne Iiii’i8iu3.®i, etc.., ensfe nd-th. ha^linJ^>u ChiJi 'vs.s/Jn.?, 

^ves a finer structure and is preferable to sand casting for the best bearing 
properties. 

Copper alloys containing high lead are finding increased application. The 
bronzes with high lead and tin contents need skilled foundry technique if 
the lead is to be properly distributed. The maximum amount of lead that 
can be retained with ordinary foundary practice is 25 percent, with 5 percent 
tin. This constitutes the so-called jdastic bronzo which is singularly proof 
against poor installation and abuse. Maintaining the copper constant at 
70 percent and increasing the tin op to 16 percent at the expense of the lead 
produces a useful series of bearing allojrs that will withstand progressively 
higher pressures. Straight copper-lead alloys with 25 percent lead, the 
balance copper with small amounts of nickel or tin, are used for internal- 
combustion engines for high loads. Because of the softness of the alloy, it is 
applied at a high temperature in a -voiy flun layer (0.02 in.) on a steel backing 
strip which is subsequently formed to fit the journal or backing. 





ZINC AND ZINC AUOYS 
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Strip ia usually purchased on spedficationB (A,S.T.M, B69-39) involving a 
“dynamic ductility" teat, v?bidi is an Erithaen cupping test pctiotmcd at 
press speeds (about 90 rpm). This indicates its alslity to withstand forming 
operations, although it ia not exactly related to drawing properties. An 
arbitrary "temper’’ teat ia ^ao used whidr measures spring back after ft 
definite deformation at a prescribed speed. Creep tests at room temperature 
are necessary to estimate the bdiavior of the metal under service stresses. 
Zinc should not be used in applications where high continuous stresses are 
involved. 

Alloys of zinc containing 0.C5 to 1-25 percent copper are significantly 
stronger than unalloyed aiuc and posseaa good ductility and worldug proper- 
ties. They can be work hEurdeaed and may be employed for parts that must 
withstand loads aomewhat higher than would be permissible in unalloyed 
sine. The addition of about 0.01 percent ms^csium (Traiw. 

1930, p. 481) to this alloy increases the creep resistance considerably, and 
the alloy finds some application for roofing and the like with design stresses 
up to 10,000 Ib per sq in. Magnesium additions, however, decrease the 
ductility and general fabricating charftcteristics. 

The usual tensile test is practically meaningless with zinc because the creep 
that occurs even at quite small loads causes the breaking lood to vary with, 
testing speed: the results are unrelated to service conditions. The speed in 
tensile testing is usually controlled at 0.25 in. per min under which conditions 
the soft grades of rolled zinc will have a tensile strength of 16,000 to 19, 000, 
hard-rolled impure zinc 19,000 to 26,000, and the zinc-copper-magnesiurn alloy 
in the cold-worked condition as much as 60,000 lb per sq in. The elongation 
will vary between 5 and 65 percent but bears no direct relation to formablllty 
because of the different speed of testing. The properties of zinc vary with the 
direction of testing, and the across-grmn tenrile values will be approximately 
20 petcatit higher than those obtained with the direction of the grain, dthough 
the elongations are correspondingly tower. 

Zinc strip or sheet can be fabricated by the usuol methods, cupping, form- 
ing, etc., provided it is not at too low a temperature. A take-in of 42 per- 
cent on the first cupping operation is usual. Warm soapy water is widely 
used as a lubricant. The salt grades are sell-annealing at room temperature, 
and only the harder alloys need intermediate annealing between operations 
aa Kvoet oft*? wictala do. ■Qwwswy, tho hard Simca wio annoyed at 

212 F and the zinc-copper alloys at about 440 F. Welding is possible, and 
soldering is exceptionally cosy. Simple extrusion of rods, molding, and 
tubing is possible but expensive because of tho slow speeds necessary. The 
impact extrusion process, however, is being more and more widely used for 
producing battery cups and rimilar articles. 

Zinc is resistant to atmospheric corrowon but is attacked by acids and 
alkalies. Soap tends to inhibit the action ol water. Burlaco finishes for 
corrosion resistance or improving the appearance are readily applied. These 
include electroplating with copper, nickel, and chromium, lacquering, enamel- 
ing, or chemically coating. 

Zinc Die Castings. Zinc afloya arc particularly suited for making die 
castings since the melting pmnt is reaaonably low, resulting in long die life 
even with ordinary steels, and a high accuracy and good surface finish is 
possible. 

The alloys at present used for die castings in the United States are prac- 
tically limited to the three wWch are covered by A.S.T.M. specification 
B86-38T. Nominal compositions and tyjMcal properties of die-east test 
pieces are pven in Table 23. 
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hardest babbitt and when well seated ^ves the best service. It should not 
be used with soft Btool for wear Trill occur against the hard tin-coppor con- 
stituent present. No. 4 Trith 10 percent lead is an economical bearing for 
general machinery purposes. Nos. 5 and 6 are intermediate alloys containing 
still higher lead content and are unsiuted for operations at moderately 
elevated temperatures. They are not rridcly employed. Nos. 7 to 12 are 
all lead-base alloys and constitate the cheapest of all bearing materialB. 
They should contain no copper, but idl the tin should be combined with 
antimony. They may be used for light service under comparatively high 
speeds if properly fitted. In general, their bearing value increases with an 
increase of tin content. All lead-base metals may be mated with soft steel. 

Cadmium-base bearing metals find application in fields similar to the 
copper-lead type for severe service in internal-combustion engines. They 
consist of cadmium aUoyed rrith about 1.25 percent nickel or 1.25 percent 
silver and 0.25 percent copper and are applied as a thin coating on steel 
backing or atrip. These metals owe their superiority to the fact that they 
retain their properties up to comparatively high temperatures. 

Table 28. Composition and Properties of Wbito Metal Bearing 
Alloys (Babbitt Metal) 



Compoiitioa, 

porcoat 

ty, lb por 

Compression 

reduction of 
length) psl 

a i .. 
lei i 

Su^oe 

1 u 

■OJI 

eO 

ifl- 

IsJ 

s'” 

Px 

a 

B 

§ 

®l 

g| 

2 e 
11“; 

k 

1 

? 

Cu 

Sft 

Sb 

Pb 

fl® 

08F 

212 F 

08 F 

212 F 

68 F 

212 F 

1 

£ 


1^’ 

1 

44 

91 n 

4 


0 264 

4409 

2,640 

12,040 

6940 

17 0 

R,0 

444 


674 

? 

4 ■ 

H9I 



0 26' 

6 10(1 

3,IH)I1 

IISKI 

0/(W 

24 5 

12 il 

466 

m 

795 

3 

H-' 

• 



0?7( 

66(W 

3,M(I 

17,601 

9, (KOI 

27 0 

14 4 

464 

m 

9(4 

4 

3.U 

?5,0 

12 

io 

0.272 

5.550 

2.150 

16.150 

6.%0 

24.5 

12.0 

363 

583 

yiu 

5 

2fl 


14 

IS 

0 750 

4049 

7,140 

14040 

6740 

774 


446 

464 

690 

6 

1,5 

20.1 

iS 

64 4 

1) •«: 

4(199 

7041) 

I4,54( 

0040 

71 fl 

10 4 

456 

441 

655 

7 


10 1 

h 

h 

0 4-47 

4S4(1 

1,6011 

156V 

6IVI 

n s 

10 4 

464 

514 

640 

8 


5.0 

15 

80 

0.363 

3.400 

1750 

15.600 

6,140 

20.0 

9.5 

459 

522 

645 

9 



1(1 

as 

0 470 

4400 

1440 

H7ftf| 

40W 

19 0 

fi 4 

449 

494 

620 

10 


2.C 

4 

« 

0-4M 

HWI 

IHSO 

I54V1 

S7VI 

17 4 

9 0 

468 

507 

640 

11 



5 

IS 

0 4/1 

3.050 

1.400 

1200(1 

5.I(X) 

15 0 

7 (1 

471 

504 

630 

12 



0 

90 

0.386 

22900 

1,250 

17900 

5.I(M9 

14.5 

6.5 

473 

493 

625 


The compression test specimens were cylinders 1.5 in. long and 0.5 in. diam machined 
from chill castings 2 in. long and 0.75 in. diam. Brlnell tests (10 mm ball, 500 kg applied 
for 30 sec) made on bottom machined face of spedmens cast in 2 in. diam X H in. deep 
steel mold at room temperature. 

From A.S.T.M. Standards, 1939, p. 679, 

Porous Bearings. For medium-duty application in small-size bearings, 
bushings are made by presong mixtures of copper, tin, and (often) graphite 
powder together and sintering these in a reducing atmosphere without melt- 
ing. By controlling the conditions under which they are made, porosity 
may be adjusted so that distributed voids of up to about 30 percent by volume 
may be left for lubricating oil. Once impregnated with oil, these bearings 
will operate for long periods -without lubrication. They are best used for 
simple cylindrical or disk shapes in quantity production. 
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not greatly affected at room temperature. Alloy XXIII- may be partly 
stabiEzed with respect to sbrinkage by heating for 3 to S hr at 212 P. The 
castings should be at temperature for this period of time and may be cooled 
normally in air to room temperature. 

Effect of Temperature on Zinc and Zinc Alloys. The properties of 
zinc and zinc alloys are very senative to temperature. Creep resistance 
decreases rapidly with incroaang temperature, and this must bo considered 
in designing arUdns to wi&etand oo&Uauous loads. 

Ductility and general fabricating chnractermtics increase with tempera* 
ture. Forming and drawing operations on strip or sheet zinc should not be 
attempted below 70 F, and the more severe opemtions can be performed more 
readily at somewhat higher temperatures (up to 125 F). 

Zinc and zinc aEoys become somewhat brittle below the range 0 to 32 F, 
depending on the particular composition, but recover their normal properties 
on reaching room temperature agmn. Even at low temperature, the dio- 
casting alloys have residual impact strength superior to ordinary cast iron. 

Tin 

The principal depoats of tin ore aro in the Federated Malay States, Dutch 
East Indies, and BoEvia, rrith China and other countries contributing smaller 
quantities. The princip^ smelters are in tlie Strait Settlements, England, 
Mgium, and China, The eoncervttated oxide ore ie reduced with carbon 
in reverberatory or blast furnaces, purified by liquation for the ordinary 
grades of tin or electrolytically or by chemical processes for Irigh-purity 
material. Common grades of tin usuaUy exceed 99 percent tin content, the 
principal impurities being load, antimony, arsenic, and copper. Secondary 
tin is reclaimed principally from miscellaneous tinned iron and soldered scrap 
and scrap copper alloys. The largest single use of metallic tin is for making 
tin plate, with solder and bearing metals the next largest consumers. In 
maMng tin plate, tho clean and pickled steel eheete are immersed in a long 
bath of pure tin at a temperature of 575 to C50 F at the entering side and only 
10 to 16 deg above the melting point of tin where the sheets leave tho bath 
through a layer of palm oil. Terne plate is steel coated with lead contmning 
12 to 26 percent tin, for pure lead wii! not adhere satisfactorily to steel. 

Pewter was ori^nally an alloy of tin and lead cont^ning not over 20 per- 
cent of thelatterelomentmthc best nractico, but Uis now frequently replaced 
by an alloy of tin and antimony more commonly called britannia metal. 
This is stable and less likely to tarnish, A composition now being produced 
in rolled form for working into dotmraUve taUewaro and the like is 91 percent 
tin, 7 percent antimony, 2 percent copper. Tensile strength is about 8,500 
lb per sq in. With the exception of ttese aQoys, solders, and white bearing 
metals, there are no other important tin-rich alloys. Tin is an important 
minor constituent of fusible alloys, bronzes, lead Babbitts, and type metals. 

Cobalt Alloys 

Varioua ahoya of cobalt witii chtomiaca and tunssten possess exceptional 
hardness at high temperatures and hmice they find application as cutting 
tools. The important tool materijda known aa StelEte (grades J and 3) 
are in the composition range 12-17 percent tungsten, 30-35 chromium, 
2.25-2.75 carbon, balance principally cobalt. Stellite J has a Brinell hardness 
of about 600 at room temperatures; this drops only to 320 at 1470 F, at which 
temperature high-speed sted suffers almost complete loss of hardness. 
Stellite cannot be machined or worked and must he cast and ground to shape. 
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temporaturo is above the mdting point of one of the constituents or products 
of reaction and simple liquid surface tendon consolidates the mass. In the 
copper-tin alloys, the tin melts first and then is absorbed by diSuaion to form 
a solid alloy. Generally, the sintered product is the final one ready for use, 
but not infrequently the material is machined to exact siae.or submitted to 
cold-pressing operation to improve the surface finish or accuracy of dimen- 
sions. There is consideraUe shrinkage during the sintering operation, but 
this can be anticipated when preparing the dies and the dimensions of the 
final product can be held accuratdy. 

, Porous bearing metals are mads by incorporating with the metallic 
powder, volatile materids which are driven off on heat-treatment, leaving 
interconnected pores that are subsequently filled with oil. Other types of 
bearing are made by the admixture of graphite powder which remains inti- 
mately associated with the bronze. Brushes for electric motors are similarly 
made from copper and graphite powders. 

Powder metallurgy is employed in the manufacture of tungsten, molyb- 
denum, tantalum, and some other refractory metals of which cast ingots 
(because of impurity content or grain aiie) cannot be worked. By the 
methods of powder metallurgy, a bar is obtained which by swaging or rolling 
at suitable temperatures and, if necessary, annealing in hydrogen or a vacuum 
becomes quite ductile and can ti>en be worked into any form. 

Hard Carbides. One of the most important contributions of powder 
metaOurgy ia the production of cemented hard carbides for tool materials. 
Although melted and cast dies of tungsten carbide have found use as extrusion 
dies, in general the materid ia too brittle to be used unless made by a powder 
metallurgical process. The tungsten carbide (with or without admixture of 
tantalum or titanium carbides; is produced in finely granular form and, after 
mixing with cobalt powder and pressing, sintered at a temperature where a 
cobalt-rich constituent melta and binds the carbide particles together. (For 
the design, welding and brazing, grinding, and use of cemented carbides in 
the machine shop, see Am. Maehiniat, 83, 1939, pp. 127-134. 

Tungsten carbide is the basis of most of the tool materials. Combinations 
with tantalum carbide have derirable properties for certain applications 
and the double carbide of titanium and tun(^tcn is also used. The carbides 
are made by adding carbon to powdered metal or oxide and then heating in a 
reducing atmosphere to a temperature in tile neighborhood of 3600 F. The 
time and temperature must be controlled to give the proper carbon absorption 
and appropriate particle size. The double carbide WTiCs is made by solid- 
ifying a molten alloy of nickel containing tun^ten, titanium, and carbon and 
extracting the nickel chemically. The ctubide powder is intimately mixed 
with the binder by prolonged ball milling and then pressed in hard steel dies 
to a plain slab or ingot of appropriate thickness for use in tool tips or to a 
special shape. The pressure varies in the range 15 to 30 tons per sq in. The 
resulting compacts are quite ddicaic, and to permit handling they are usually 
presintered at about 1550 F which pves them some strength and allows them 
to be turned or cut to shape with ordinary tools. Shrinkage of the sintered 
material must bo allowed for. The formed objects are then heated at a 
temperature in the neighborhood of 2500 F to develop their full hardness 
and strength. Althougli this sintcrii^ temperature is below the melting point 
of the cobalt binder, there is a ternary constituent formed that is definitely 
liquid at this temperature and is largely responsible for the bonding strength. 

The principal use of hard carbides ia for tipping lathe and other cutting 
tools. The shaped tips are copper-welded, brazed, or silver soldered' to a 
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Additions of about lO percent mercury to tbo bismutb-lead-tin eutectic 
gives an alloy melting at 140F wMch is used for anatomical eastings. 

Solders 

Soft Solders. The compotitioii and mcltmg points of tlie standard 
soft solders (tin-lead alloys) are shown in Table 25. A.S.T.M. specification 
B32-21 allows a variation of il percent on tin or load contents from the 
normal composition. Solders should have not over 0.08 percent copper 
(Class A) or 0.15 percent copper (Class B) and a total of less than 0. 10 percent 
other impurities (except tasmutt^ wifli no alutmnum. The running proper- 
ties will be impaired if these mi) exceeded. The eutectic composition (37 
percent Pb) baa the lowest meltti^ point and in general the beat wetting 


Table 26. Composition and Melting Point of Soft Solders 
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Wiped joints in lead pipe 
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66 
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5.5Ag 

SBQ 

695 

High" temp soft solder 
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tt.SCd 

\7,5Zn 
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"Higb” temp soft solder 


50 Cd 

50 Zn 
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« Maxiraum. 


and running properties but is also tho most expensive of the series. Por 
wiped joints in lead pipe and cable, a rride solidification range is needed. 
The 95/6 tin-antimony alloy^sed for joining copper water pipe is said to have 
superior strength at hot-water terapeiatureB. The high-melting-point soft 
solders are useful for the joining of objects that must bo exposed to higher 
temperatures than are permisoble vrith tin-lead solders. Those containing 
cadmium are more suitable for soldtaing ainc and galvanized iron than tin- 
lead solders. Alloys containing antimony should not be used on those 
nvateiiala. 

Silver and Brazing Solders. There sap no good alloys available for 
Eoldera in tho laugo from 6Q0 to 1160 ? which is the lowest melting point for 
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EEnnENCEs: Cushman 'and Gardner, "Corrosion and Preservation of Iron and Steel/'i 
McGraw-Hill. .Whitney, “.CorroBion of Iron,”, /our. Am. Chem. Soc., 25, 1903, p. 394, 
Walker. "Corrosion of Iron and Steel t\nd Modem Methods, of Prevention," Joiir. Iron 
5(eel Insl., 90, 1909. • Evana, "Metallic Corrosion, Passivity and Protection," Arnold,' 
London., , Speller, "Corroeiem: Causes and Prevention,'' 2d cd., McGraw-HilL' Raw- 
don, "Protective Metallic Coatings," Am. CAeiR.Soe. ^lonDprflpfi40i Reinhold. McKay 
and, Worthington, “Cotroaon of 'Metals and Alloys,” Rcinholdl Bums and-Schuh, 
“Protective Coatings for- Metals,’’ An. Chen: See. Menoffraph 79, Reinhold. • ^ 

. ' General Considerations , ■ 

, Corroswn, inita moBifamliar form, isa rcartion bettreeri a metal and wafer] 
It may bo represented by the e 3 uation,nietflJ -f- water = bydroxido'of ihetal 
,+ hydrogen.' It is eloctrocbenjical in nature, the solution of the metal in 
water and the " plating" out of the hydrogen l^iag accompanied by a flow of 
electricity. The reaction may be considered as being ih two parts, the 
anodic reaction, the passing of the metal into solution, and the cathodic 
reaction, the plating out of the hydrogen. Although the anodic and cathodic 
areas are oftentso close together as to be indistinguishable,. as in a uniform 
general-corrosive attack, the anodic areas may b'o relatively widely 'separated 
from the cathodic areas as in localized corrorion. The principal factors that 
a^eot the reaction are as follows: 

The Metal. Every metal has a certain tendency to dissolvo in water, 
which is known as aolulton pressure. A mesBUre of this tendency can be 
obtained Irom the electricol potential which must be applied in order to pre- 
vent any action when the metal is immersed in a solution of one of its salts 
of a given concentration. From such information, the- metals may, be 
arranged in a series in the order of their solution pressures. Complete agrees 
ment os to the ordor.has not been reached. The order of the common metals 
'irith respect to decreasing solution pressure appears to be as follows; potas- 
sium, sodium, barium, strontium, calcium, magnesium, aluminum, manganese, 
zinc, cadmium, iron, cobalt, nickel,- lead, tin, hydrogen, ■ bismuth, copper, 
antimony, arsenic, rnercury, alvcr, palladium, platinum, gold. . Although 
'this series ■incficates'the ’relaiive-'tenclencies o1 tbe metals toward corrosion 
(gold being minimum),’it'’ should be used with caution. Other factors may 
often greatly affect the rate .of corroaon of a metal. ’ r.-il 

•The Water.' JWater m always .dissodated to, some extent into its, con- 
stituent ions, H'*’ and OH”. -Any conditjon that promotes an increase in ’^the 
concentration of the'hy^gcn ions favors the formation of hydrogeniand 
hence favorSf'corrosihn of, iron imat&vod in tbs -water. For this reason, 'tts 
solution of aii acid or an add gas in water promotes corrosion. On the other 
hand, andherease in the hydroxyl-iim concentration, for example, by the addi- 
tion of an 'alkali or , alkaline salt^ retards or even prevents corrosion of iron. 
Limewater or dense cement cohcreto'i'will'inhibit fbo rusting of iron. - | 
''.The hydroxide of thO xuetal^can influence directly the corrosion of the 
nie'tal, while in'solutioA,'by''bpposmg tho anbdic' reaction', i.e., the formation 
of more' metal -ions, -/Most-pF the hydroxides of- the metals are-relatively 
insoluble and have 'little' din^''be'aring on corrosion.' The tendency of the 



BEARim METALS 


651 


Aluminum bronzes containing 8 to 11 percent iduminum "iTitli 3 to 7 percent 
iron are used for wearing surface for heavy duty. Unlike the leaded bronzes, 
they will not withstand conditions of poor luliication. The most extenavo 
uses oi theso is ioi bushings, guides, gesis, ectew-dovm nuts, and the like 
in machine-tool construction. 


Table 27. Copper-base Bearing Metals® 
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20 

70,5 

6 
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Bridge turntable plates. Low- 
speed high-pressure bearings 
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As Class A. Trunnions, bearfoe. 








and enpanaton plates. Siea- 
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D 

<89 

10 
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Gears, worms, nuts, etc. 


70 


50 




Used as liner (0.02 to 0.06 in. 
tiuck) for internal-Qombuetlon 
engine bearings at high speeds 
with nTeruEe loads over 1,200 lb 
per 81 ^ in. Needs special casting 








techmoue. bee tent 


* Many of the cast bronsc alloy* in Table 11 may also bo used for bearings. 
Deformation limit is oompres^e stress promidng permanent eet of 0.001 in, on 
machined sand cast specimens 1 in, eg non 1 in. high. 


Babbitt metal is a general term used for soft lead and tin-base metals 
which are used cast as liners in bronze or steel backing. In general, they 
are used in preference to the bronzes for h^er speeds and alternating loads 
but are loss proof against abuse. The tin-base alloys are to be preferred 
except where initid price is the primmy consideration. The lead-base 
aEoys lose their hardness rapidly as the tempa'ature increases and are gener- 
ally employed only for comparative^ light service with good lubrication. 

The important tin- and lead-base bearing alloys (Babbitt metal) are 
listed in Table 28. No. 1 is used for intemal-oombustion engine bearings. 
It is plastic and unlikely to crack but must be need in a thin layer cast on to 
bronze or steel backing to pve suitable support. No. 2 contaiuing more 
antimony is somewhat harder and less likdy to pound out. No, 3 is the 
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Tee Ease factors, sltiou^ ametiEies in other guise, applr to inimers«i 
corrosion and to undsrErottsd corroson. 

Factors inhibitiiig corrosion are: the cse of a self-sacriSdEginetal, anodic 
to the neiai it is desired to protect, as zinc to prevent the corrosion of iron; 
protective costing: the rendering of metals ‘‘passive” (or so treating then 
tha‘- thev are insoichle in adds and do not precipitate metals from solutions): 
rentralization of corrosve fumes or Eqmds; treatment- of witer to render it 
some”hat alialiae (high pH) or to indnee formation of proteeSve snrfacs 
ffr-'- (as of chromate); deactivadon of water by elimination of onygea; 
reversed polarity to cotmtcract the enects of stray currents; and the applica- 
tion of an external emf so es to render the stmenre caiodic and eoneentrate 
corrosion on auxiliary anodic parts nsed for the purpose. 

Gorrosioa. due to electrolysis, which is not to be coafused with the fsc: 
that corrosion is fundameutcDy an electrochemical phenomenon, is genemlly 
caused by the leakage of current from electric circuits, and nay take place at 
a point far removed from where the leakage occurs- Undue emphsris Is 
often giveu to this phase of the corrosion piobicm. Smay cuirenU of 
extremely feeble intensity and voltage nay serve to accelerate corroaoa, 
even when they have sot initiated it. Corrosion due to electnjljxs may be 
mmimiied by providiag thorough iasuiation; grounding aO metallic conduits; 
avoiding combinarions of disenilar metals ia a dreuit; and by maiataiaing 
apparatus ia aa. electroaegative state with refereace to possible sources of 
current, edther by a “drainage’' system, or by “tying up” with some sources 
o: cumeat of a higher poteatiaL 

Corrodoa o! Hetals 

Iron and Stesl. Usd^r coadidom. iroa sad nee! corrode at pmetieall}’ the 
earns rate, but the distribution cf the eorreeion ca? be different for the two. The 
elas interspersed thronsh wronsbc iron may read: ia a Esnemlly distribated attack 
eder atmcepbenc corrosion rather than a sovcrely localired (phtinc} attacL la 
uaderponad eerreeion, and ia condacots immersioa ia water, terj have cot shown so 
mush difference between the two cateriaU. 

Polished surfaces nest comosioa much better than roacher snriacee. Variadens 
in surface fcish cay bate a ereater iafcence orciaary* vnriadona ia ctecial 
cocpcetion oriter than pronounced segres^tion. The presence c: mill scale on the 
rrface favoc localised or imegalarly disributed covcaca. Fr«r:eatly a polished 
surface wTsl wlthsmtd enocscre for a conscerahle lengrii cf time beiore ^owisg sinus 
t: corresifln. 

tntemal cendiaons ottroalnr.ce compesidoa o: the nsl^ ia determiains rats cf 
ccrrceon. Oiygea deterrainES the commeneemeat of corroaon of iroa aad steel uadsr 
crdiaa.'y condidoni; it uot only Ccta as s depolarizer fact also unites with ferrous iron at 
the ccrroccn acedss. In the yeueral absence o: oiygen, comceoa drops to a aeglirihle 
rate. In local absence cf csyEen, s differenaai crygea ceU may be set up which serves 
to accelerate corredfla in the crysea-poor portion. In salt gelations, comesaon depEids 
both upon the an:ount cf oxygen present and upon tbs salt in solutian. 

Eurt may accelerate corxosiou sad. cause inttiaE. The probable erplanadoa 
(Evans) is that surface sccuinclaticnE cf rust shield the uaderiying metal from free 
access to orygen thus readsiug sach portions anodic (comodile) with respect to 
unshirfded areas to which csygen has freer acres (cathodic areas). Uoder certain 
conditions of apeanre, cspedaDy atmesphac, tost mayiom so contianoas aad adhe.'ent 
a coating that it protects the caderiyiag rtstal from further corrosive attack. This u 
especially true of copper-bearing steel and froa under atmospheric exposure. Rm; 
adheres much better to cast irca than to rolled iron or steel; the superior corrodon 
resistance c: east iren is attributable in large measure to this fa r t. 

Cold working of metals reaslsa in an increased rate of attae'e by acids; it also 
increases heterogeneity in isetsis which my lead to increased rate of corrceion, Loei 
cold worMng, as in the punching of rivet fades, bnildj up iatemal str^ses end greatly 
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Powder MetaJIurgy* 

The production of objects from metal powders involves (1) the production 
of powdered metal of auitable dze and characteristics, (2) the mechanical 
consolidation of the powder with or withcnat previous admixtuio of other 
metallic or non-metallic powder constituents, and (3) the heating of the 
pressed mass to a point where the individual particles strongly cohere by a 
process involving grain growth or, aometimcs, fusion of one of the constituents. 
Powder metallurgy is valuable in producing workable ingots of extremely 
refractory metals like tungsten, molybdenum, wid tantalum which cannot ba 
melted without harmful contamination; in making cemented carbide tools 
and parts of properties auperior to those when cast; and in the manufacture of 
alloys of components (metallic or non-metallic) which do not mis in the 
liquid state, such aa poroua (oil-filled) or graphite-containing bronzes for 
bearings, copper-tungsten, or silver-tungsten alloys for electrical contacts 
and various magnetic alloys, Boroe of which are made with each particle 
insulated from its naghbors. Mechamcal reasons for the use of powder 
metallurgical processes involve the ability to fabricate securely united articles 
of varying composition and properties in different parts, and the almost 
entire elimination of scrap in the production of small parts which would 
otherwise involve casting, tolling, and blanking losses. The limitations of the 
process lie in the facts that, compared with ordinary press operations, the 
processes are not so readily adapted to high-speed production methods and 
only comparatively email and timple parts can be pressed, since extremely 
high pressures are needed. Moreover, the resulting strength and ductility 
does not usually compare favorably with uuulsr alloys in the cast and rolled 
condition. 

Metal powders are produced by various methods including principally 
grinding in stamp or ball mills or mechanical disintegratoTs, granulating, 
atomizing, condensing metal vapors, redudng oxide powders, and precipita- 
tion by chemical or electrolytic means. Practically all the common metals 
and many alloys are now available in powder form. The grain size of the 
powder, its shape and flowing characteristics roust be closely controlled for 
they are very important both in rdation to the production of the parts and 
their final properties. When alloys are required, either an alloy powder 
may ba used or, more commonly, mixed powders of the constituent metals 
are employed. The powder is pressed in. hard-steel dies and produces tho 
final object directly under a pressure varying between 5 and 100 tons per sq in. 
The powder is fed into the die automatically in carefully measured quantities. 
Its bulk is usually from 3 to 8 times that of tho pressed part; the height of the 
die must allow for this. The prevention of bridging and the elimination of 
air ia important. The pressed olqecte will usually have a density in the 
neighborhood of 80 percent of that of the soUd metal Except in the case of 
low-melting-point metals, the pressed compact ia mechanically weak and must 
be handled with care. 

^ The next operation involves heating in a neutral or reducing gas or some- 
times in vacuum to a point where the desired aintering occurs. In the 
case of pure metals and most alloys, no part is melted during this operation 
but the sintering involves the growing together of the various grains by a 
process akin to recrystallization and grain growth in cold-worked metals. 
In a nu mber of cases (hard carHdes, copper-tungsten alloys), the sintering 
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idkalios; as the iron' is weak anabntilel'its'^uEiniE^'lo Bbapes'east to bibs. Trade 
names for this type of alloy are DuT^O, CoiT<»lroii, and Tantiron (see Jggj 
Nickel cast iron' (13 to -15 percent N? has high corrosion 'resistance toward many 
chemicals and to dilute acids and.bas'the advantage oC superior strength and toughness 
(see Table 4, p.' 893).- ■ " • i 

Metals in Brine. According to the -work of M. B, Smith {7ce and Refng., 
12), with neutral calcium chloride brine (sp gr 1.2) copper alloys are most 
corrosion resistant, wrought iron, steel, and cast iron constitute an inter- 
mediate group, and lead, solder,'andaucconstituteia group having lower cor- 
rosion resistance. The durability of any metal in brine, however, varies with 
the condition of the brine. F(ar generd purposes; a pH of 8.5 (pH 7.0 being the 
neutral point) is recommended. Brine mth a high pH is corrosive to alumi- 
num and zinc. The corromveness of a brine is increased 2 or 3 times by satu- 
rating it with air. 

Calcium chloride, calcium-magnesium chloride, calcium-magnosium-sodium 
chloride, or sodium chloride brines, which are neutral products or even alka- 
line in reaction, show no appreciable difference in their attack upon metals, 
Magnesium chloride is to be avoided, since it may produce an acid reaction 
(low pH). Ammonium chloride, sometimes form^ by ammonia leaking into 
the brine, is very corrosive to sted. 

Brines should be maintain^ in a slightly alkaline condition by the occa' 
sionai addition of milk of lime, caustic soda, or other alkali. When in proper 
condition, they should ^ve the characteristic pink color with' the phenol- 
phtbalein indicator. An agent, such as KjCrtO;, may also bo used to retard 
corrosion although its effectiveness is lowered in a chloride solution. ' 

Corrosion of Pipes, Boilers, and Structural Work 
Pipe Materials. Tests made for tho purpose of showing the ‘relative 
corrodibility of iron and steel lead to the conclusion that eiternal condidons 
determine the ooiTOsion rate more than didcrenccs of composition. This 
has been strikingly emphasized by the eoil-corrosion investigation of the 
National Bureau of Standards. 

The presence of mill scale on pipes favors the formation of centers of corro- 
sion, and its removal in the process of manufacture is advisable. ' 
Removal of Oxygen from Water. In any water system, the rato of 
corrosion is directly proportion^ to the oxygon concentration of the water, 
In a closed system, as hot-water beating systems in which the water is used 
Tjuj/yiJndJj; , nn. aippvwjahln cftroucftn. unxmaJJ^ unraus. nfieji tJia ax.Y'SVL ini- 
tially present has been used up. Removal of the oxygen (air) from water 
is one of the beSv means of eliminating corrosion of pipe and other apparatus. 
There are, in general, two means for doing this. The deactivation method 
consists in removing the oxygen, carried by the water, by chemically combin- 
ing it with some substance before it enters tho system that is to be protected. 
The deaeration-method consists in the meohanlcd removal of the air from 
the water. ' ■ - i 

Tho deactivation.method is gcnCT^ly used for hot-water heating systems. 
Iron, or steel, which is the ihatefi^ used for removing the| oxygen, is employed 
in such a form as to expose as much.^face as possible. Expanded’ metal 
may be arranged so as to secure approximately 70 sq ft of exposed surface to 
1 cu ft of tank space. In H-brat 170F, ^oxy^n in water may be.re’duced 
as low.as O.S co perlliter when fixed by chemicid union with iron. The water 
in boilers is often treated with a. substance, 'such as sodium sulphite which 
unites ■with free oxygen.' ■" ■ . - ■ ‘ m.i •• ■ 
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Bteel shank both for cheapness and for Br^pdri of the brittle tip. Di design- 
ing tips, it is important to avoid large diangcs of thickness and to design the 
backer so that stresses dne to-thermal contraction after brazing cannot crack 
the tip. ti designing tools, it ia important to use the lowest rake angle 
possible BO the tool may have the mamium support. Other applications of 
hard carbides include lathe centers, gage tips, guides of various kinds, Brinell 
balls, and the like. The piece should be sbapM as closely as possible to final 
rizo before siateriDg, but a limited amount-of forming can be done by gritiding 
with special sUicon-oarbide or diamond irapregoated wheels. 

The modulus of elasticity of tungsten carbide is about 73,000,000 lb per 
sq in. — bigber than any o&er known materisL Tbo compressive strength 
of tungsten carbide varies between 800,000 and 500,000 lb per sq in. depending 
on cobalt content. Thermal wpanaon 3.3 X 10"® per deg F. Thermal 
conductivity ia about 500 Btu per hr per sq ft per in. per deg F for cemented 
tungsten oaibido, decreasing to 1&5 for the double tongsten-titanium carbides. 
Alow thermd conductivity seems to favor resistance to cratering in machining 
steels, but in machining cast iron and other materials with discontinuous chip 
the high thermal conductivity and superior hardness of tungsten carbide is 
desirable. The lower modvdus of too carbides containing tantalum or 
titanium (about SS X 10* lb per sq in.) permits greater deflection before 
fracture than the border tungsten carbides. 


Average New York Prices of the Principal Metals 1913-1939® 
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52.993 





4.556 1 

31.W4 

7.667 

115.01 

, 23,79 

38.154 




4.243 

3.640' 

74 467 

6.720 

87.35 

i 23,30 

28.700 





2.876 

22.017 

5.592 

57.93 

' 23,30 






4.019 

39.U0 

6.528 

59.23 

1 23,30 

34,727 

1 30,99 

\m i 

6,428 1 

3,660 

4.I58I 

52191 1 

.8.901 

73.87 

21.58 






4.328' 

30.420 ! 

13.616. 

71.99 

i 20,50 






4.901 

46.441 1 

12.240 

79.92 

. 20,50 






6,519 

54.337 1 

15.355 

90.18 







4,610 

42,301 

12.349 

. 75.47 

i 20,00. 






5.m 

50.33, 

12.359 

103.04 1 

20,00 

. 39,082 

' 36.75 


® From 1939 Year Book, of the Amencaa Bureau, o( Metal Statistics. 
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Bolution. Congtituenfs tbfit fonn hjrdroBhloric acid are chloride of magneaian 
plus steam, sulphate of ma'gneaum and the alkaline chlorides, silica and alkaline chlo. 
rides, ferric chloride, ferrous chloride, carbonate of magnesium plus chlorides, 
chloride of ammonium. CemsUtuents that may form Bltlphurlc acid are normal ferric 
sulphate, ferrous sulphate, sulphurous amd and, ferric chloride, sulphites, hydrogen 
sulphide, sulphate of calcium plus organic matter, sulphate of ammonia, and sulphate 
of copper. Constituents that may form nitric acid are normal ferric nitrate, alkaline 
nitrates and acid sulphates or sulphuric acid, and nitrate of ammonia. 

Air sucked in by the feed pumps is a cause of serious corrosion. Air bubbles, fotning 
below the water line, may serve to localize corrosion and result in pit formation. Iq 
marine practice, it baa been found advantageous to pump the water from the hot wel! 
to a filter tank above the feed-pump suction valves. The bubbles are liberated from 
the surface of the tank, and a head is assured for the suction end of the pump. The 
corrosive action of air may also be reduced hy introducing the feed water into the steam 
space above the water line. 

Both general corrosion and pitting may be reduced or praotieally eliminated by using 
an open feed-water beater to the mr, or better stfib a feed-water heater connected 
to a vacuum pump. 

Galvanic action takes place in certain instancca. The remedy lor H Is usually the 
installation of zinc plates withb the boiler, which must have intimate metallic coatcci 
with the metal of the boiler. The zinc plates are corroded instead of the boiler, and the 
latter is protected at the expense of Ibe former, The necessary positive contact u 
difficult to maiutain, and Use efficiency of eucb platea ia questionable except for a rela- 
tively short period following their installation. The practice of using 1 sq ft of liao 
surface for SO sq ft of surface has been followed. 

Some of the other causes of corrosion in steam boilers are polluted feed 
xvater contaiaiug manufacturing wastes; run water which, through contact 
with acid-containing soot on roofs, etc., becomes acid in nature; water con- 
taining organic matter; certdn alkaline waters, the addition of barium chloride 
to which would probably ho advisable; autoelectrolysis between the boilei 
metal and carbonaceous matter such as soot or ashes, especially around mud 
drums and blowoff pipes; decomposition of sulphate scale, especially calcium 
sulphate, with the formation of sulphuric acid (some feed waters, apparently 
neutral at ordinary temperatures, become acid when heated strongly) ; coal- 
pit water— generally acid; boiler metal containing much impurity, especially 
if. segregated; and straining of Ure boiler motiJ. frequently caused by lack oi 
proper staying, which leads to buckling of the plates. 

Peculiar cracks sometimes develop in riveted joints of a boiler below the 
water line. These cracks are interoryetoUine in their character and are usu- 
ally attributed to hydrogen embrittlemont The term caustic embrittle- 
ment is often applied. Caustic soda, formed from sodium carbonato in th( 
water, acting upon the sted, while under stress as it normally is in service, ii 
said to be responsible for this phenomenon (8. W. Parr). It is claimed thal 
this does not occur with water containing so^um sulphate. 

CorroBiou bas been reported as resnlting from copper precipitated on the etee. 
surfaces from tbo boiler water. Presumably the character of the water favored tht 
solution of some copper from copper feed pipes or other braee or copper parts with wbicl 
it came in contact. The dissolved copp« later precipitatce in metallic form on irot 
with which it comes in contact and in so doing induces corrosion. 

The Cumberland process for protecting boiieis. economizers, tanks, evaporators, etc- 
consists in impressing an cmf so as to maintain the parts to be protected in a catbodi< 
Btate.' Properly distributed anodes of steel or iron arc used with direct current ai 
approximately 10 volts, and the applicatirm most be continuous. The success attamec 
is dependent upon the current reaching all parte of the surface to be protected, and tbii 
is often difficult. A film oihydrogcnover^ecathodicsuriacesisnecessary at all times 
otherwise local corrosion may ocenr even within the sphere of influence of the appliec 
emf. The method is not so rimple as is often claimed. 
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iydrosides to {oxra, under eonditioofi, ^tivaly .impervious coa^inga 

or masses on the surface of the metal-may often have a pronounced (indirect) 
influence lipon 'the corrosion' of the' metal. '■ 

!'.,Tiie Hydrogen. 'When a'mctal Solves in wator, an equivalent amount 
of hydrogen is set free (cathodic.reaotion). In ah acid solution, the action is 
usually .violent and appears as a gas; in most casM, however, the hydrogen 
plates’' out from the solution as aninwablefilm on the Wriacc of the metal 
which usually retards and may prevent further action (polarization) until the 
hydrogen has .been removed. • . . 

' Oxygen of the Air. Oxygen and .hydrogen unite to form wnter .with 
extreme slowness under ordinary conditions, but.when brought into contact 
with, certain metallic surfaces they unite easily. Uponplatinpra, the reaction 
is very rapid, on iron much dower, and on zinc and aluminum, practically 
negligible. It is in preventing the formation of the hydrogen film (depolariza- 
tion) that the presence of oxygen dissolved in the water is so necessary to 
corrosion. If the cathodic reaction (the plating out of hydrogen) is facilitated, 
by the removal or the prevoition of the formation of a fllm of hydrogen, the 
anodic reaction (the solution of .the metal) is likewise facilitated.. If air 
(oxygen) is removed from the water in a boiler or heating systora, practically 
no corrosion, after the slight initial attack, will take place. The greater 
the oxygen pressure, or the more active the surface of the metal in accelerating 
the union of oxygen and hydrogen, the more tapid.ia the solution of the metal. 
Thus it happens that although tine has a larger solution pressure than iron, it 
has a much higher overvoltage and is also mote readily polarized by hydrogen 
than is iron; consequently, iron continues to coirode in a damp atmosphere, 
whereas zinc do.e8 not. ‘When, however,' anc^and iron are in contact, the 
iiydrogen, equivalent of the zinc which dissolves can and does plate out on 
the iron; hence, under these drcumstdiices, the zinc continues to corrode 
and the iron does not. , ' ' 

The depolarizing action takes place with extreme' ease, on forge or imll 
scale— the magnetic oxide of iron that covers a piece of iron or steel after it 
has been highly heated, If this scale forms a close adherent coat, it is of, 
value as a protecting surface; but if is ruptured at any point, corrosion at this 
point takes place with great rapi<bty, and a pit is the result. For tins reason; 
udjj. scjjJa sfewtiA ha, i& •jSJM.C’il.’i'i 

exposed to corrosive conditions. An entirely rocondary action of oxygon 
is the oxidation of the ferrous hydroxide formed by. the action' of the water, 
to produce the red ferric hydroxide which-iB.famiiiar as xusti t,./.. 

Factors Stimulating Corrosion. Atmospheric 'corrosion is stimulated 
by'a very damp atmosphere, dncethiBm^tmhsafilmof water on tlie'metai, 
an essential condition for corroaon. ’■Oth4r’'factbr8’are:pxygen (air) dissolved 
in this. water film; acids such as add gases ia-the'atmdb'here ot 'sulphur com- 
pounds from cinders, coke, coal.dust, '-etc.; Mte., that, dissociate in water 
producing an acid reaction; contact .of dissimilar .metals; and the. presence 
on the metal of a depolarizing surface, such as mill scale on iron. . Any condi- 
tion of non-uniformity within the metal-^uch-as rhay arise from improper .or^ 
non-uniform^ annealing or 'cpld’wor^g favore corrosion: Similarly," non- 
uniforraity in the cou'oentratibn of.'thc'corrbdve medium is' .favorable to' 
corrosive attack. This is esp^ially true of nbnAiniformityr in the oxygen 
distribution aa in a stack of.dieefci ;ArBa3.where'the;Oxygen'cohccn,tration.i3' 
low are anodie with respect. to tiiOBe»f, higher oxygen ,conc6ntrationi;bbnce, 
localized corrosion of such areasisstimnlated.. 'I-,! li i ■ ' 
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(2) longitudinal, straight cracks of oonmderable length. "Both arc cauaed by 
Iugb;intemal stress. Loss of ringdn a 70: 30 brass is a sigh of incipient crack- 
ing. , P.rovention is accoropli^cd by a'stce^celief anneal, e.g., 70:30 brass at 
590 F; the stress iriay ^sb be relieved by mechanical means, i.e., by springing 
the tubes backhand forth. By covering the surface with a thin impervious 
metal .coat such as nickel clc^lroplating, season cracking can be prevented but 
this has not, proved comiiierrially'practicaWe. 

Pumps may' be corroded the solvent notion of the liquid passing through 
them. .When diMimilor tnctnls in'eonWet arc used, for esamplei a cast- 
iron body, vdth, brass glands, seats, etc., autioelectrolysis is almost certain to 
result vdieri brines or other electrolytes arc pumped. If it is not possible to 
confine .the construction to one metal, the less r^tant metal should be used 
01^ for ea^, renewable parts. 

j Corrosion may result from the leakage of^ current from the driving motor. 
This can be prevented by u^g an insulating coupling' between the piimp and 
motor shafts. 

.Air in tho pump, either free or in solution in the liquid pumped, accelerates 
corrosion. Pumps should bo vented so that they maj" be completely filled 
TOtb the liquid they are handling. 

Chemical Equipment. The development of conosion-TeEistsnt steels (p. ill), of 
higb-nickel alloj’s (p. 575), and ol ferro^con alloys (p. COi) has extended greatly tke 
uses of the ferroue matenals In the chemical field. Enameled steel or iron ware is iu(d 
Viddoly. but most enatoob are generally attacked by alkalies. Rubber-lined tuiks'aud 
other chemical equipmeal together with hard robber piping and eonnseton now ser\'e a 
very useful purpose. The number of non-ferrous metals and alloys useful for chemical 
equipment is exceedingly large. Lead is widely used, aad the development, of lead-lined 
stee! pipe and tanks has greatly extended its sphere of usefulness. Nickel, niokol-ciid 
steel, and alloys high In nickd are widely used (see p. 575). Special aluiniaum bronees 
that have been modified by the addition of some other element such as iron are now 
coming into use for bandlirig acids. For certain uses, especially when natural fiavois 
and odors must be retained, silver is used. It is also used widely in the chemical 
industry, 

Underground Pipes. Pipes buried in the ground are sometimes corroded 
by the action of stray electric currents from trcdley-car tracks, the corrosion 
manifesting itself at the points where the current leaves the pipes. They 
should be maintained in an electronegative relation to the tracks. Corrosion 
may be minimized by thense of inaulaUng joints or by draining of the current 
through grounded copper conductors (see B. of S. Bull. 55, 72, 80}. 

Steel, wrought iron, cast iron, and lead often corrode severely In certain 
natural soils without the accelerating effect of stray electric currents. Soils 
containing organic or carbonaceous matter such as coke, coal, cinders, etc., 
or impregnated with acid wastes from manufacturing plants are highly cor- 
rosive in their action. Scofield and Stenger {El. Ry. /our., Nov. 14, 1914) 
found that black peaty senis and days as electrolytes in contact with metals 
give rise to the following vintages: ^eet iron, 0 to 0.5;-Bteel pipe, 0 to 0.6; 
cast-iron pipe, 0 to 0.3; pitted cast iron, 0 to 0.7; clean cast iron, 0 to 0.15; the 
current leaving the metal at dean spots, returning to the impurities in the 
metal through the extern^ circuit. Cleon, iron is. therefore anodic toward 
imparities.' Tho sutoelectrolysis of iron- buried in soils is recurrent, since 
o^gon is always present in snffident amonat to act as a depolarizer. 

The N.B.S. investigation of bi^ conoaon [iS«Karefi Pap^s SS3 and 945 (1935); 982 

and J058 (1937)1 has esUblished'thefdlowing fiMita: - •• 

. Ferrous /Metals... Serious cpnodon>vndergfound occurs in the absence, of, stray 
currents although electrical currents, which did not originate in power plants, have been 
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increases corrosion rates of such parte; thoronKb anosaiing after cold working is the 
remedy. 

Steesa Corrosion. The effect of eoirodon on a metal while it is under stress is 
often much more severe than under ordinary conations. This is particularly true of 
metal members subjeeted aim\ilt8meoi»ly to fatigue stress and to corrosion. Under 
such conditions, the number of stress appheationa required for failure of the metal is 
very much less than under non-corrosive conditions. A condition of intern^ atress, 
such as may result from eoid working, severe heat-treatment, local overheating as in 
welding, ete., may also serve to accentuate the destructive effect of what otherwise 
would be a mild corrosive attack. For example, hard-drawn brass tubing may crack 
under the action of relatively alight surface conoaDn, or the heads of rivets may snap 
off. Tightly dmwn-up bdta of oeit^ non-ferroua metals will sometiaes behave 
similarly. 

Alloys of commercially pure Iron with ether cobalt, nickel, or copper in small 
amounts {0.25 to 0.30 percent) are more resistant to atmospheric corrosion than the 
original iron from which they were made; ah such alloys tend to form protective rust 
coatinp, Mangaoeae and copper retard corroaon when alloyed with iron or steel. 
The results of extensive exposure tests of black steel sheets oi different copper contents 
(Trune. A.S.T.M., WIS-WW) have shown that lot black sheets exposed to the atmos- 
phere the presence of a small amount of copper, e-ff., 0.20 percent, ia very advantageous. 
Although such materials rust readily when exposed to the atmosphere, the rusting 
is not progressive. Unlike the rust coating that forms on ordinary steel, the coating 
on copper-bearing steel is smoother, more adherent, and relatively impervious, and 
serves to protect the underlying meW. As with ordinary steel, the “life” of copper- 
bearing steel likewise varies with the conditions to which it b subjected. In A.S.T.M. 
teste, ID gage sheet steel and iron have not yet failed afier'over years contiimDus 
exposure in marine atmosphere at Annapolis, Md. In Pittsburgh, Fa., on the other 
hand, the life of comparison materials was not more than onc-fourtb as long. 

According to other A.S.T.M. te.sU, the presence of copper in the same nmounte as in 
the materiala used in atmospheric meposure tests doee not materially improve.the life 
of steel immersed continuously in water, either in treated city water (Washington), 
brackish river water (Annapolis), or acid mine water (Pittsburgh). .Data leading to 
similar conclusions concerning the life of underground structures were obtained in the 
soil-corrogion tests canied out by the Nation^ Bureau of Standards. 

Certain low-alloy low-cubon steels with an alloy content below 5 percent (see 
Table 13, p. S5SI have aa unproved conosioatetistancc. These steels have a telatively 
high yield strength and tensile strength and permit thin sections which would not be 
admissible without the improved coriotioa resistance. 

Stainless steels (see p. 671) depend primarily on tbe presence of chiomium for their 
chaiactcriatic properties. Plain chromium steds (4 to 6 pcrccnt Cr) are not of the 
stainless type. The orijdnal stainless cutlery sted contiuned approximately 13 percent 
and was used in the hardened fwin. The chromium nickel (18-8) eteel, ia tie best 
known, but since it ia austenitic it cannot be hardened by heatittoatment. Nitric acid 
does not attack it but hydrochloric and sulphuric acids do. The corrosion-rcsiatance 
of 18-8 steel can be seriously impaired by improper heat-treatment, whereby the metal 
becomes susceptible to intercrystallite corrosion. This tendency can be overcome by 
proper alloying additions stabilizing the mateiisl. The 18-8 ateel containing about 
8 percent molybdenum is widely used in the sulpWte paper industry. The 18-8 steel 
often does not remain bright and steinlcss on prolonged exposure in tho atmosphere, 
and some care and attention we dcakable f« ^ material used fw aichitectwal pur- 
poses, In sea water, severe eases of pitting and perforation have been reported; these 
are usually associated with sluggish flow or stagnant water. Its remarkable corrosion 
resistance is attributed to a self-repairing codde film which forms over the surface. 
Under conditions that favor the msinteiance of this film or ite re-formation, if injured, 
the resistance of the steel to oorioeivo attack u remarkable. 

Cast Iron. Corrosion occurs in buried ewtirtmin certain types of soil. Tbe product 
of ibis ''graphitic corrosion’’ plugs the bde so that a pipe, if undisturbed, is still 
serviceable m low-pressuie systems. Cart iron can be greatly improved in corrosion 
resistance by alloybg elemente, such os chromium and nickel. Silicon cost iron (13 to 
14 percent Si) is rceistant to moat aude, and many other cbeimcals, though not to 
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Deposits of soot and fly ash asdst -my matorially, in this by adsorbing the 
corrosive gases in the products of combustion. These combine with atmos- 
pheric water vapor, and the corroave attack is essentially that of a weak acid. 
The ordinary materials used for the construction of smokestacks do not differ 
very much among themselves in licir resistance to the corrosive attack, 
although there is some indication that some of the newly developed low-alloy 
steels are superior. 

Concrete Structures. The alkaline nature of cement assures great perma- 
nence to structural steel embedded in concrete. This has been repeatedly 
confirmed by the esamination of the steel in reinforced-concrete buildings 
which have been demolished. The following information on deterioration 
by corrosion resulting from electrical current is from B. of S. Tech. Paper 18. 

When current passes from an iron anode into concrete, oxides of iron form on the 
anode, occupying about 2,2 times the volume of the equivalent iron, and giving rise to 
mechanical pressure (soroetimes as high as 4,700 lb per sci in.) which may result in 
cracking the concrete. At temperatures below 113 F, and with a potential gradient 
less than 60 volts per ft, this action is very alight, even in wet concrete, 

Concrete near the cathode, or metal through wluch the current leaves the concrete, 
becomes softened and remains brittle and friable after drying, destroying the bond 
between the iron and concrete. This ^ecl is noted at all voltages, high or low, and 
is due to the concentration of sodium or polaarium near the cathode. The content 
of these elements in the cement should therefore be kept low. 

Salt (NaCl), or calcium chloride, should never ho added k> concrete used in structures 
that will be subject to electrolytic action. Concrete in contact vitb salt water is very 
susceptible to electrolysis. In structures exposed to the action of salts, pickling solu- 
tions, etc., the potential gradient must bo kept low. In the absence of metallic elec- 
trodes, the action of the current is similar to slow seepage, the water-soluble elements 
in the ooncrcto migrating toward the cathode. Grounding of electric conductors in 
such a structure is equivalent to inelalling electrodes. 

Waterproofing compounds when mixed with concrete have but little effect In 
preventing electrolysis. Waterproofing membranes, properly applied, are fairly 
efiicaolous in preventing the entry of earth currents. Painting or otherwise coating the 
reinforcing metal may minimise the danger from dcclrolysis, but it prevents proper 
bonding between the metal and the concrete. 

M d-c circuits within a bufidmg should bo kept free from grounds. AW pipe Won 
entering a building should be installed with insulating joints outside the building; if 
passing through, they should have insulating joints on both sides of the building. If 
the potential drop around the isolated section is S volts or more, the isolated sectiou 
should be shunted by a copper cable. Lead-covered cable should be kept out of contact 
with the building. 

All metallic structures witiun a building should be interconnected, piorided that all 
lines entering the building arc installed with ineulaUng joints, but they should not be 
grounded to any ground plate lying outside the insulating joints. Maintaining the 
reinforcing metal negative b worse than no protection at all. 

Cinder concrete is frequently used in certain types of building construction. When 
the concrete b properly made and poured so as to eliminate voids adjacent to the rein- 
forcing steel, very satisfacteuy service can be relied upon. If it is porous, pipes buried 
in it sometimes suffer severe corroavc attack by the acid-forming constituents that may 
be present. Proper precautions should be taken to neutralize any acidity in the cinder 
especiaUy that which b in immediate contect with the pipes. 

An important use of cement in ptevenUng corrosion is the use of cement linings for 
pipes carrying water. They have proved very useful for corrosive waters such as 
mine drainage as well as for less severe service, as in water mains. The process is now 
being applied regularly to cast-iron pipe and also to steel pipe even as small as that used 
in ordinary water service. A special type coupling for cement-lined pipe b requbed. 
Lead-lined couplings are very useful. 

Lead embedded in concrete b sometimes severely corroded as a result of free lime 
present. Lead shower-bath pans ate a common example. Protection of the surface 
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Deaerators remove dissolved gases Jrom water; by. mechanical means.. In 
•most deaeratoTB, the water is a&tatBd.undet Huifcable conditions of pressure 
and-temperaturo. ■ For deaeration at or(Mnary temperatures, a lov-pressuio 
or vacuum system is ncces^ry; for higher temperatui^, the systerti may'bo 
operated at atmospheric pressure; In many deaerators, the gas as it separates 
irom. the water is swept p3'by acarrent ot steam. Water cannot be com- 
pletely freed of its dissolved gas :by,'meohanical nmans; 4 or 5 percent of the 
oxygen initially present may remain. For more complete removal, deaeration 
must, ho supplemented by deactivation. Alter deaeration, contact of the 
iTvater.'-mth' mr must be prevented so lar as possible,- othervdse aii is quicldy 
absorbed by the water; 

Boiler Tubes, Although residts-of teste, such .as the extedaive investiga- 
tions by Ford (U. S. Navy) of 3 in. steel and iron boiler tubes in air-saturated 
distilled water at 68 to 77 F, have been interpreted as ’justifying a certain 
order of merit with respect to coriosion resistanra of diSerent boiler-tube 
materials, the differences are small, and would aecm to have no very practical 
agaificance. Conditions esternal to the rnetal are most potent'in dotermining 
the character and degree of corrosive attack. 

The use of nickel-steel tubes (30 percent Ni) according te some authorities 
is economical because of their'inuch longer life. Such tubes are not hcate 
tcea,ted. Tubes of corroaion-resUtant steel (18 petceat Cr, 8 percent Ni) 
are being used in superheaters. 

The most frequent cases of tube failure-are those resulting from imperfect 
heat tTansmission (mainly the result of'Scole). Physical imperfections in. the 
metal, partveularly such as result from non-unifotm cold ,'WOTldng.(espanding, 
hammering, etc.), ate responsible for numerous failures by corrosion. 

Steam Boilers. (See p. 1018:) Corrosion 'in boilers may take place in 
'three ways. General corrosion is the least dangerous, but the boiler must 
be watched closely lest it be gradually weakened to an unsafe de^eel ■ Pitting 
is readily detected as a rule and is frequently difficult to' stop without a 'thor- 
ough search for the causes, Groovi^ is often ve^ hard to locate hefor'e 
leaks take place, since such coiroaon' takes .place at points where the ' motol 
has been bent or strained arid is hidden from' any but'the most careful inspec- 
tion, General corrosion of steam boilers may usually be traced to' the -water 
employed, hut it is also associated witii tbe 'actidn of certain boiler feed- 
■water compounds. 

A corrosive action resulting from the presence ol.acld in the .water (or of oil con- 
taining fatty acids) , which decomposes and causes. pitting whcrevcr'the sludge cari find 
a lodging place, may be overcome by the neutrslizatibR. of the, water by carbonate of 
soda. This should be carried te apoint whOTtbe'watei'will just turn i(y4'litrous paper 
blue. As a preventive, only the highest -gnides of hj'drdcarbtifi oils Bhould bc used." ’ 

Acidity may appear where'salt water makes its way into a boiler, aS' may occur in 
marine practice from loakycondenser-tubes, priming, in .tbs evaporators, etc. .This 
acidity is caused by the dissociation and hydrolyas of magnesium chloride, hydiocbloric 
acid and magnesium hydroxide being formed under, high pressure. The nrid in contact 
with the metal forms an iron salt, 'wMch. aa soon as formed, is neutralized by tbe free 
magnesia in the water, thereby precipitating'inm oxide, and re-forming magnesium 
chloride. Where it is unavoidable that some salt water should make its^way into a 
bcilei, the water shcruld be weuUaHiedl^ milkiof liutt, wHch ctmverts the mugnesium 
chloride info magnesia and chloride rd calduin, neither, of which is corrosive, but both 
of which are scale-forming. -i ;- • • . 

. Decomposition of Boiler Waters, finder the' aistion of heat' and'.'pressure,' some 
waters may become coiiosive by the deebmpoation o! certain coastituerita carried in 
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The electrolytic or coId.procesB conasts m Betting up the articles to bs 
coated as cathodes in an electrdytic bath of soluble zinc salts, the anode being 
metallic zinc. Small artidea are placed in metallic baskets in contact Tiith 
the basket and with each other, the basket being attached to the cathode 
of the system. Both, the add sulphate and ^e cyanide bath are used, Ihs 
latter particularly for small 'arti^es and, witli suitable addition agents, for 
the recently dcYcloped ‘'bright”'eoating8. The use of zinc plating on a large 
commercial scale has been advanced by Its' application-to the coating of steel 
wire. The high ductility ofthepnresdne coating obtained is the outstanding 
feature of such a coating. The case of control of the uniformity and thicki 
ness ,is also advantageous. The coating of sheet steel by>plating appears to 
bo imminent. .1 

In the Schoop metal-spraying process, a stream of very small hot metal 
particles (perhaps molten) formed'by atomizing (by means of air or gas pres- 
sure) the molten end of a wire, as it is fed into a blow-pipe flame is played 
over the surface to be coated. If the surface has been given a proper prelim- 
inary treatment (usually by sandblasting), a very adherent costing result's, 
the thickness of which can be varied as desired. Very thick coatings are 
brittle. The imperviousness of mctal-sprayed coatings can often be improved 
by using two or more metals in the same coating. ’ Both metallic and non- 
metallic materials can be coated by this means. Coatings of any metal 
available in wire form that .can be melted in the flame used (ozygas for com- 
mon metals, Pb, Zn, So, Cd, Cu, etc., ozyhydrogen or ozyacetylcne'for 
metals of high melting point, such as Ni) can be made. Metal-sprayed coat' 
ings are always porous to some extent, but they can be improved if the spray- 
ing is done by moans of an inert gas instead of air. The cloctrlc-aro metal- 
spraying method is not as yet commercially available. Higher temperatprea 
are available with the electric arc than wiUt the gas method together 1 with 
other advantages such as the ability to spray a coating formed of two diSerent 
metals in one operation. The metal-spraying process has been used for coat^ 
ing with zinc of assembled structures such os bridges, radio and transmission 
line towers, and canal gates. Ship propellers, railway-car frames, and oil- 
storage tanks are other large structures which are metal sprayed. The 
coating of a structure, after eoropletc assembly, is the outstanding advantago 
of the method. The spraying of furnace and stoker parts and superheater 
pipes with aluminum for protection at rather high tomperaturo is also an 
important application of the method. The coating metal must usually be 
available in wire form, but in the gravitas snethod, metal is used in the form 
of a fine powder or dust. A cabinet for the semiautomatic coating of 
Em.all objects is available commOTcially; but most articles must be handled 
individually. 

Cadmium behaves similarly to zinc as a coating metal for ironin affording 
electrochemical protection from corrosion. Cadmium coatings- are applied 
commercially only by electroplating and are preferred by many, the claim 
being made that a thin coating of cadmium gives the same degree of protec- 
tion as a thicker ono of zinc. •• This is true to some extent undermarine condi- 
tions, but in an industrial atmosphere, where sulphur compounds are present, 
the useful life ,of cadmium coatings is shorter than that of 'comparable zinc 
coatings. j. . ■ , • ■ . v ■ > i 

Coating with Tin, Lead, Nickel, Copper, or Chromium. Coatings 
of tin’ or of atin-lead alloy 'm^e used principally on thin sheets of iron, being 
applied as a rule in a manner similakto that of the hot process of g^vanizing. 
When so-called teme plate is made, a-mixture of tin {25 percobt)''and'lead 



CORROSIOU OF CONDSmBE ‘TUBES 


663 


CoivdftttSW Tubes. (See Evans, foe. ctf.) The conditions that obtein 
in condenser service are nsnaliy most severe in mariao condensers and particu- 
larly in harbors and estuaries with contaminated water. Corrosion in land 
eervice may become a serious problem if the watoc is polluted by industrial 
wastes, mine water, etc. . • ' •? -/ 

Corrosion in condenser' tubes may take place M a rather uniform surface 
attack, pits, or dezincification. The firet is usually not objectionablo and 
may be advantageous if a protective surface Mm is built up. _ Uniform thin- 
ning of condenser tubes results usually from a general dezmcification or fre- 
quent harsh cleaning. Localized attack by pitting is serious and leads to 
perforations of the wall. Dezmcification occurs in certain copper alloys usu- 
ally having two microoonstituents and results in conversion of the material 
into a weak brittle state which, in tame, may cause holes, A small content 
of arsenic in the brass increases rcastance to this form of deterioration'. 
Season cracking (see p. 625 and bdow), the combinod action of stress and 
conosion, resulting in split tubes, is no longer a serious problem since brass 
condenser tubes are now furnished in a lightly annealed condition by manu- 
facturers. Crosswise cracking may sometimes ocenr as a result of fatigue 
because of insufficient transverse support of the tubes. Corrosion may 
possibly contribute to such a failure. 

There are ecveral forms of locslized attack: (1) pitting oesoriated with surface 
dejoslts the tuba in eLowly moving water; (2) iumingement from dr bubbles, in very , 
rapidly moving water and occurring only near the inlet end; and (3) pitting along tho 
length of the tube associated with eroaioa from euapended solids in the water. Long 
life of any condenser tube is dependent upoo the building up. by initial corrosion, of a 
uniform protective surface Elm. A deposit on tiie wall surlaco iavore electrolytic 
attack of the metal by shielding a portion from tho action of ibo oxygen dissolved in 
the water. A condition of lower oxygen oontent thus obtains within the shielded 
areas, and auch an area is anodic (corr^tble) with respect to the aurtounding atm to 
which oxygen has free access. Impingement of air bubbles at high velocity promotes 
rapid pitting by preventing the formatiou of a protective Elm and also in a mochanical 
way as shown by undercutting in the pits. Tbe high water velocity of the modern 
high-speed condenser has increased the erosivo eOect of suspended solids in removing 
the protective Elm and thus promoting pitting. In high velocity water, an area on the 
downstream side of surface deposits may be 'severely eroded and early perforation result. 
Reduction of impingement and orodon can be efieetod by cutting down turbulence in 
the inlet water box. Tlie impingement effect can also be reduced by rolling and Earing 
the inlet end of the lubes, tho Eared end bring flush uith the tube sheet. The insertion 
of a short sleeve of non-metalUo material at the inlet end 1ms proved effective in pre- 
venting impingement pitting. 

The practice of coating condenser tubes with tin to prevent corrosion has been widely 
used. The coating is effective as long as it Is intact, but when worn away in spots tho 
attack ia accelerated. Noametallie coatings have been used with some buomss, but 
they are not favored because of thrir low heat tnmsmiaalon. 

Admiralty brass (Cu, 70; Zn, 29; Sn, I) is extensirriy used for condenser tubes ond 
for years has been the standard material fcr.manoe service. For severe service, it is 
being superseded by almninuin brass (Cu,76; Al,2;Zii,22) and oupronickel (Cu, 70; 
Ni, 80) which are both twislant to impinEBincnt pitting. Tho cupronickel cannot suffer 
dezincification, and deterioration from tiiis cause is negligible in the slumimira brass) 
The materials are widely used eapeciaRy in forngn elupplng. Atsbmc&I copper tubing 
is coming into use for fresh-water or inland' service where Munta metal and Admiralty 
may be affected by dezincification. Red brass is also successfully used for inland service. 
Copper and red brass are not suitable fw salt or brackish water, however. , See Table 6, 
p. 636, for the properties of these sHoys. 

Season cracking of brass is assodated with corroeioni'it takes place in 
two ways: (1) by irregular cracks, conunonly known as aaaaon tracking, and 
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few UB 08 are soot-blowing apparatne, carbonizing boxes, furnace parts, and 
condenser and economizer tubes. Good results are regularly obtainable up 
to a temperature of 1700 F and in flome cases to 1830 F. Calorizingis carried 
out by either a powder or a dip process. In the powder process, , tho parts 
to be treated are placed in a receptacle partly filled with a mixture of 
finely divided metallic alutninum and aluminum oxide. The air is replaced 
by hydrogen, and the receptade is subjected to a high temperature for a time 
that deponda on the depth of penetration of duminum desired. In the dip 
process, the parts are fiuxcd, ijicn immersed in molten aluminum, and then 
heated to promote alloying. This method gives a thinner coating of alumi- 
num alloy but is much moTO expeditious. A oalotized surface rctiata con- 
tinued temperatures up to l800Fbutbegin8t43 burn at approximately 2000 P, 
whereas ordinary sted bepns at about 930 F. It is not affected by ordinary 
oxidizing furnace conditions. 

Callte, which may be considered as representative of a large class of heat- 
reastant alloys, is an alloy of iron, nickel, and aluminum and resists oxidiza- 
tion up to 2200 F for jm indefinite time and, for short periods, up to 2370 F. 
The protective oxide formed does not snap off on quenching from extremely 
high temperatures. It is practicidly non-conodible under ordinary condi- 
tions of exposure. Many other combinations, containing chromium and 
nickel as essential alloying constituents, are commercially available. 

A process termed chromizing, similar in its operation to calorizing, uses 
powdered chromium or fcrrochromium, the articles to be coated being heated 
while embedded in the powdered metal within a hydrogen or other non-oxidiz- 
ing atmosphere. It has only a very limited commercial application. 

Magnetic Oxide on Iron Surfaces. In the Bower-BarS process, the 
iron or steel articles to be coated are heated in a closed retort to a temperaturo 
of 1600 F, after which superheated steam is admitted. This results in tho 
formation of red oxide (FeiOj) and magnetic oxide (Fe) 04 ). Carbon monoxide 
is then admitted to the retort to reduce the red oxide to magnetic oxide, which 
is highly resistant to corrosion. Each operation takes about 20 min. The 
glossy black coating of magnetic oxide on Eussia iron is produced by laying 
up sheets of iron with powdered charcoal between, the whole mass being then 
heated and hammered. 

Iron and steel may also be oxide coated by electrolytic means, the object 
to bo coated being made tiie anode (anodic oxidation) ia an alkalino solution. 
Such coatings are primarily for appearance such as for cast-iron stove parts. 
Though experimentally flucccssfol. tho commercial application of the process 
is limited. The Chemag process, a German development, is of this kind. 

Phosphate Coatings for Eust Proofing Iron and Steel. (Eckeimann, 
Cftem. Met. Brig., Dec. 24, 1919.) In tho CoSlett process, iron or steel 
articles immoTsed lor 3 or 4 hr in a boiUng solution, made by mixing iron 
filings with concentrated HjPOi Sufficient to form a paste) and then adding 
to weak phosphoric acid, become coated with a rust-resisting deposit of basic 
ferrous phosphate. , This process waa improved by the addition of an oxidiz- 
ing agent, tho Parkerizing process, and later by the addition of other accel- 
erators (Bonderizing). Tho phosphate coating, in itself, affords only a 
very slight degree of protection against corroston. Oiling the coating 
improves the corrOBion-reastance greatly ^d imparts an attractive lustrous 
black appearance. Coatings of tins are not suitable for severe out-of- 
doors service. Phosphating a steel surface is an excellent method of priming 
prior to subsequent painting or lacquering. The phosphate is applied by 
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detected on pipe lines, Soil oonditions a._inajor-role. .1 rought_ iron and Btee) 
edfroded at] approximately the same late/'miS the p^nce of copper m the ated did 
Eofimprdve its corroaidn resistance. In cn^n’ 6 <to, the corrosion rate of cast iron 
was greater than that of stecL The removal rf niiU and foundry scale from the surface 
did not greatly affect the rate of ooiroaon. Depth of pitting was directly proportional 
to duration of exposure in certain sqiIb, but in others the pit depth increased very slowly 
after the soil conditloriB had hecome stahiUied., ilMatrihutlon of' corrosion tended to 
become more uniform as the exposure period increased. 

Non-ferrous Metals. No metal was found outstandingly soperior under ali eon- 
ditidns, ' The corrosion rate (loss of we^t and depth of penetration) was. with but 
few esceptidhs, greater for ferrous than nonllerrous metals. In some soils, lead pitted 
severely within a few years, the purest lead'being most resistant to corrosion. , The 
presence of thloiideBihkaihonatsa, and Bulphnlwift the floil retarded thcrate of corrosion, 
of lead, nlthough in certain seals, as in Udal marshes, the rate of attack did not decrease 
with time. .Copper and high-copperalloys corroded very slowly in most soils, the pres- 
ence of sulphides being the prindpal accelwalor of corrosion, the rate of attack being 
particularly high, in cindeta. Bigh-rinc brass became weak and brittle by dezincification 
in many soils. Zinc corroded rapidly in a few soils, the rate being proportional to the 
duration of exposure. This limits the effective life of galvanized coatings on ferrous 
metals. The useful aervico is proportional to the thickness 0! the zinc coating; n coating 
of 2.8 02 per sq ft prevented the formation of pits for lO years except in one very cor- 
rosive 80U. Over a lO-year period, the loo of wciglit of galvanized steel was one-half, 
0: leas, that of the companion. Wo etecL Almoluttmoorrodcd vapidly undec moat of 
the soil conditions to which it was exposed. 

Pipes buried in mistures of two dissimfltf soils or in tw'o unlike soils in contact 
(not mixed) generally corrode more rapidly than in dther of the two soils separately. 
Lead in a mixture or simple contact of dissimilar soils will often corrode markedly. 
Pipes buried in trenches ful&ll these condilione of soils in contact or mixed. Metals 
corrode at the junction line of dissimilar soib. Cast iron in soils takes on a hard coat 
of rust and soil, pits being filled with carbon and black iron oxide. Lead shows both tho 
gray and brown oxides when corroded in soils. Potentials up to 1 volt may readily be 
generated by placing unlike metals in a given soil or by u^ng one metal in two dissimilar 
eoila. 

Bituminous costings are widely used, espedaliy natural nsphalt and blown asphalt 
made from oil reeiduum and coal-tar pitch. Coatings of this last substance were some-, 
what inferior to others in the B. of S. investigation in that they were more suaceptiblo 
to soil stresses, temperature changes, softening, and brittlenesa ol though they were more 
resistant to water absorption. The jn^hod of application of ali such coatings ielmpor- 
tant. Dipping, brushing, andsprayingmethodsareallused. For severe aoU conditions, 
the coating should be rauforced by wrapping the coaled pipe spirally with a strong 
labric ol some kind which has been impregnated with a waterproof bituminous mixture. 
For exceptionally severe corrosive sinl conditiooe, pipes moy bo encased in concrete. , 

J Lpea ate otten destroyed by the action of diasi^lss raobnla to which they mc con- 
nected, such as brass valves. Short connections, readily replaced, should be used oa- 
either side of the brass fittings. ' , . 

Application of a negative .potential booster, ta (Ununi^ potential differences in elec- 
trical rails has proved to be the most effective meana of r^ucing electrolysis of under- 
ground iron and steel, such as gas and water mains. 

Bridges, Eoofs, Stacks, Etc. Iron and eteol atructurea are. corroded' 
by the preaence in the atmosphere of tnoisture and waste products from roanu- ■ 
facturing and metallurgical plants such aa carbon dioxide, sulphur dioxide,' 
chlorine, ammonia, zinc and acid fumes, and soot. Aa a .rule, t'hey are not ' 
corroded in a dry atmosphere. To minimize the corrosive effects of gases, 
protective coatings (see p. 67^ are used, '’Mebil work exposed to the 'action 
of sulphur fumes should be covered with brick or with a paint highly resistant i 
to sulphur dioxide. Bridges' are-now protected by means of .so-called :drip : 
floors placed over the floor proper. *010 failure of metal smokeBtacks by 
corrosten occurs only doting idle- petio^'aad particularly 'in theBUmmer. 
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adbero brmly at all temperatures to iriiich it tiill.iM exposed; coating shall bo rcadll}^ 
removable, with cotton waste wet .with modne; pofidi^. iron, steel, copper, or brass 
shall show'no staining when to wMther atmay temperature'faDlow 212 F for 

not less than 5 days; in thc'salt-spraytest^ ho rustahall'bo formed 'in 24 hr, practically 
none in 5 days, and no appreciable rust in 60 dayal' Typicalformulasare: (1) 20 g rosin 
of "H” 'grade + 100 g petrolatum (UAP.) + 10 co kerosine. The rosin is melted 
pud mixed with the hot peb'datum after which the kcrosine is stirred in. Rosin greatly 
increases )the adhesiveness of the.petrolatniru Wax may. be. added to raise the melting 
point of the petrolatum if necessary. ,(2) 3 parte candcllila .;wax, 6 parte •"H'', rosin, 
50'patts petrolatum (U.S.P.). (3) 2 parte camauba mix, 5 parte "H” rosin, 60 parts 
petrolatum (O.S.P.). In each case, melt the tngrediente together at 25S F, stir and 
cool. Flow an excess over the metal surface (B. of 8. Teeh, Poper,' 176 and Circ. 200 
and 214). Lanolin is the best grraaeto.uae as a bads of slushing oils, A.smoU amount 
of sodium chromate is .desirable in doshingetcasea unless all traces of water have been 



METHODS OF UINJMIZINQ COBBOSIQE 


667 


of tke lead by a bituminouB coating is always rtcommefided, and the use of alumina 
cement, as an added precaution, can also bo teconunended. Aluminum and aluminum 
'alloys in intimate contact with plaster or cement may sufiet cotiosvon iot the antne 
reaeons. Similar precautionary measuio arc adwable. 

Methods ior Mimmizmg Conosiou 

Corrosion may be minimised by (1) the use of a coating of protective 
metal such as zinc, tin, lead, nickd, or copper; (2) the production of oxide, 
phosphate, or similar coatinga on iron and steel surfaces; (3) the application 
of protective paints (p. 673) ; and (4) rendering the surface of the metal passive. 

Coating Metals mth Zinc. Gaivaariilng. Zinc is applied to metal sur- 
faces by the Sherardizing process, by dipping into a bath of molten zinc, by 
electrodeposition, or by raottd spraying. 

In the Sherardising process, the srlides, idter being thoroughly cleaned 
by pickling and sandblasting, are placed in a raet^ drum together with zinc 
dust and heated to a temperature of from 500 to 600 F, depending on their 
size and shape, the drum being rotated so as to promote “ rumbling” of the 
contents. The coating that results is not pure zinc, but an alloy of about 90 
percent zinc and 10 percent iron (melting point, 1260 F approx.) , and is highly 
resistant to corrosion. The process is especially suited for screws, bolts and 
nuts, chains, pipe fittings, nails, small castings, and such other articles as 
may conveniently be placed within the drum. The cost varies with the char- 
acter of the articles coated. The term electro-Sheraxdizing, which is 
often used, merely connotes that the 8herardizing furnaco is heated elec- 
trically. By a amtable annealing or heat-treatment, the zinc coaring pro- 
duced on sheet and wire by hot dipping can be converted into a very similar 
alloy coating. A cheap method used for nails, etc., consists in'“rumbliiig" 
them in zinc dust. The coating is inferior in quality. 

Is the hot process, tho articles after being thoroughly cleaned arc dipped 
into a bath of molten zinc. The bath must be maintained at a temperature 
somewhat higher than the melting point of zinc, which necessitates a large 
fuel consumption and also results in a considerable loss of zinc (approximately 
10 percent). A greater source of loss is the iron-zinc alloy (dross) which forms 
as a heavy sediment in tho zinc bath. That portion' of the zinc surface 
through which the material to be coated enters the zinc bath must be kept 
covered with a flux; ammonium chloride and zinc chloride are widely used 
for this. The process is used almost exclusively for sheet and pipe, and, until 
recently, for wire also. Exposed structural steel work, such ns towers, is 
generally zinc coated by this means. Sheet and wire are coated by mechan- 
ical means, pipe and etnictural shapes by hand. Many irregular shapes 
(pots, vats, tubs, etc.) and small shapes (bedts, nuts, nails, screws) are coated 
by hand. F or the latter , some meanafoi removing excees zinc, such as centri- 
fuges or shaking devices, is generally used. A very small percentage of alumi- 
num renders the zinc bath very fluid andds favored by many in coating 
irregular shapes. One or two percent tin is often added in the coating of 
sheets in order to obtain a very uniform coating and to improve the surface 
appearance. _ A coating applied byhotdippingnever consists of a simple layer 
cl zinc. It is always o! a compoato nature, tho layer adjacent to the basis 
metd consisting of zinc-iron alloys. Thislrt^erisrelativelybrittleand, there- 
by, imposes some limitations on hot-dipped galvanized sheet and wire for 
certain uses. By a recent procees, formation of the alloy 'can be practically 
eliminated. A coating of 1 oz jw sq ft of exposed surface is considered very 
suitable for most conditions of service. ■ - ■ 
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Padnt Oils. Pure linseed oil (see p. 721), raw or boiled, on account of 
rapid and hard drying, is pieferaUe for gener^ painting work. Refined raw 
oil is generally used in white paints for wooden surfaces. A mixture of raw 
and boiled oiU is sometimes preferred in paints for metal surfaces. Men- 
haden oil, which is extracted from the menhaden fish, is occasion^y used in 
special paints for sea esposnre. This oil is apt to take dust and become 
darkened. Soybean oil, extracted from the soybean, a legume grown widely 
for forage, has been used as a partial substitute for linseed oil. In some 
cases, it has given fair results in combination with linseed oil and tung or 
oiticica oil in different types of paint. Tung oil and oiticica Oils arc (see 
p. 721) hoatrtrented with reans and used in technical and waterproofing 
paints. Their rapid drying to a dear, glossy film makes them valuable for 
such purposes. Dehydrated castor oil and perilla oil are now widely used 
as dr^ng oils. Rosin oil and petroleuzo oil are dangerous to uec in paints 
for the protection, of wooden or steel surfaces, on account of their slow i'ying 
and tendency to check. 

Paste Paints- White-lead paste contone approximately 9 lb of oil 
per 100 lb. Iron-oxide paste coniame approximately 30 percent of oil. 
Bedleadis sometimes bought in the dry form and mixed with oil but is usually 
purchased as a paste and then thinned. Red load is one of the most widely 
used of all metal preservatives and gives good service under many eouditions. 
Red lead coataiolng some iree litharge protects metal better than neutral red 
lead. Tho litharge forme with the lineeed oil a hard water-resistant film. 
Combination pigment paints contain on an average 30 to 35 percent oil and 65 
to 70 percent pigment. Instructions for reduction and application are given 
on the label. 

Paint Thlnners. Paints of a very heavy body or thick consistency are 
difficult to apply and often show brush macks after application. Such paints 
should be thinned with tuipentine or other ncutr^ thinner. Petroleum, 
spirits of the same boiling point and gravity are being used in most paints 
with very satisfactory results. 

Driers. Salts or oxides of lead, cobalt, and manganese are dissolved in oil 
or naphthenic acids to form driers. When these driers are added to paint, 
tlaay wit aa aatalytia aaA wiadarata by attiaatiag oxygafi. 

litharge (PbO) is most generally used. Bt^ar of lead, incorporated in oil, 
is used for light tints. Sulphate of zinc and manganese dioxide are used 
by the grinder for certain p^ts having sine white as a base. Cobalt driers 
are used where very rapid drying is essentiaL 

Paints for Structural Steel. The priming coat of paint should be made 
of linseed oil containing thoroughly inhilntire or inert pigments such as basic 
chromate of lead, red lead, b^c enlphatea of lead, ainc oxide, iron oxide, 
zinc chromate, etc. A mixtiire of the lead, tine, and iron pigments is some- 
times preferred to the use of any tingle pigment. 

The surface area of a steel structure may be calculated by use of the followiag 
formulas in connection with the material bQlB tiring the tonnage of the various shapes. 

Let S = sq ft of surface per ton of metal, and w = weight of shape per tunnbig foot, 
lb. Then, for 

I beams; S = (428ii + 1720)/in, vWo h » depth of beam, in. 

Channels: S = (4346 + 500)/v, where i = width of channel, in. 

Angles (equal-leg): S = (6C0b - 21)/is, where b = width of each leg, in. 

Angles (unequal-leg) : S = 3220b/u, where b = aura of widths of both legs, in. 

Z bars: S = (528b + 1090)/w, where h ~ deptii of web (out to out), in. 

Plates (both sides) : S = 100/t, where < = thickness, in. 
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(75 percent) ia generally Tiaed. '-vS^cbaiin^i If-free from pinholes; 'srb Highly 
ie^stflhi, fo' corrosion; ' The Kcellent '“p^^hdlfHng'.’' properties' of tcrhe 
plate fit it for rhany uses in biultfmg'confltruciion* ' Its '‘inbricating'pTopet- 
ties," in .'dra'mtig and ,Bta!npihg ’proce^8,"a8^ 'greatly in' the manufacture 
of cont^iers tihd.fuel tpka."' " ‘ ' [' 

"Lead'coatmghoh ateel ate ‘most i^aentiii a’poliutcd atmosphere as in. 
iiiduBtrial ceiife.''-'Iii rural'atmb^hm, pinhole corrosion' is sooii' ovidont. , 
X “.bonding" agent*,’ eitheras an aJlby'iii'the ot as ah undercoat, is nec^- 

saiy' for the proceas common^ used in'appljing lead; coating,' t.e;, the hot-dip 
prdeofls.'' 

I'la coatmg'or electroplating, \nth-mckel or'copper.'theobjecttdbe'coakd 
is'ihade the ’cathode, 'the anode' consisting of a block of the metal 'td be depos- 
ited,' and the dectrolytc, a solution of 'the inctal''to be deposited; In nickel 
plating, a copper coating is generally applied beforc'thc'Jiickel to render the 
latter more adherent and morc'cbrroaon-rcsistaiit faking the entire coat- 
ing more imperious. Chromiuitt''coa:ting3'' which- are 'how widely used are 
also produce'd'by electroplating from chi:omic''acid' solutions; They ate 
nearly al'ways appHcd as a vcry'thih finish on i- nibkcl coating and are almost 
pei'fed in their tarnish teeiste.'noe'. 'Goatini^bf these three metals protect 'the 
underlying, or basis, metal from corro'tion only in -so far as 'they' exclude air 
and moisture. Hence, the imiicrviouincss'bf.BUch coatings as determined 
by 'the conditions of deposition is.'of 'very 'groat importance. .Chromium 
plating on account of its great hardness is also used to soirie' extent as 'a pro- 
tection against wear'and abrasibfi (scO Blum:,'*‘Chr6miurn'Plating;’' Meth, 
Sng,, Jan., 1927, and “Mechanical Applications of 'Chromiuin' Plating,” 
Jlfcch-iEnp., Dec,, 1928). . j;:,.’-: <• 

Copper is sometimes applied in coats integral ,wlh, the basis metsl. ' , Cop- 
per is cast around a steel billet which is afterward worJeod down to tho , required 
tize. Most of the steel coated in tiiis way is used for wire and gives a com- 
bination of high electrical conductivity, and Wgh tensile piopertica. It is 
also used for purposes requiring the combination of high, corrosion resistance 
and Strength as in concrete revetment mats.used in river control, i Steel clad 
'With nickel or stainless steel is also available commercially. . .. . . , 

Aluminum coatings cannot be made by electrodeposition in the, ordinary- 
way, although aluminum has beon;depo8ited.J[tom complex: organic, liquids 
in the form of coatings on steel. .Muminuiu .coatings .are usually pTo.duced 
by mechanical means. Such.a.coating.has proved yery useful on duraJumin 
(p. 630), but on iron or steel its uecfulncss is limited by the. brittleness of, the 
intermediate alloy layer -which generally forms. , 

Steel coated by immersion in molten aluminum (see below) resists atmos- 
pheric corrosion admirably. -.Its ibug^-nnaitrabtivh -appeaTancB 'iestricits 
itsuse. ' 

Calorieing is a process by wMch a cbatiii'g of ,alumlnum"and 'alumiiium- 
iron ^oys is produced on iron and eteel Xb'rass, 'copper, of nickel may also be' 
calorized) which protects the metal againat temperatures because 'of the 
formation of aluminum oxide on the ■8utface.'"It does not protect -against 
ordinary corrosion in' the atm'o^herc orinUquids.' SulpK'ufous arid 'and car- 
bon monoxide have no appreciable 'eff^"on calorized 'metall'- Bending or 
working of calorized metid ^onld'bo'dorie’afc a bright-red heat-'threading 
must be done before calorizing,'fcaiowed'by ch'ahihg'of'the'tlueWB'tb'make 
them fit smoothly without breaking coating; dimensions and' weights are 
increased by, calormng. ' 'Thetmil'' Bad ‘adctrical-' conductivities'' are 'hot 
apprehiably 6han'gea.'"Tbe-baBe'metBl'’fB'‘B5lt'ahhealed'by‘the 'pfoc'e88;"A 
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surface tliat is easily rubbed or Higfa^^ntde wolsbes should be judged com- 

paratively by, their body, working properties, flowing, 'clearness, gloss, and durability. 
Practical exposure tests are best suited to determine the latter point. Hardness' of 
Him,' resistance to scraping, clasUci^ when rolled with a knife blade, and resistance to 
moisture are some of the quicker tests used. Setting in from 4 to 8 hr and hardening 
in 24 hr are the limits aometimes spedfied. (See SitecifiaUiens of Federoi Specificalions 
Board.) 'Varniahea which dry in 4 hr arc made from tung oil and synthetic resins; 
they are very durable if of (belong oil type. Gilsonite, elaterite, and other asphalts are 
melted into oils to form black lustrous aspludt varnishes that arc used for protection of 
water tanks, piping, etc., with great success. Hard, fleiUjle. clear, and rapid-drying 
insulating varnishes are used extensively for dipping and brushing commutator rings, 
tronsformer coils, and other electrical equipment. Baking varnishes for armature 
coils must be resistant to heat without blistering. (See A.iS.P.Jlf. Sprci/ications.) 
Shellac (gcq p. 760) and other spirit varnishes, ohlorinated diphenyl, and phenolic 
resins arc used erteuaively feu' the above purposes. 

. Synthetic Besins. FhenoUo compounds condensed with formoldchydc, ns well as 
glycerin phthalate resins, are now widely used in the manufacture of quick-drying 
water-resisting varnishes. These and numerous other synthetic resins are also applied 
in the manufacture of spirit varaishes, lacquers, and otW protective coatings. For a 
full discussion of the phyacal properties of such rerinous materials, see the "Resin 
Index" in "Physical and Chemical Examination of Pai&te, Varnishes, Lacquers and 
Colors," 

: Cerauie Coatiags. Metal fittings that ate to be permanently protected are often 
coated and baked with a raixturo of feldspar, borax, tin and lead oxides, and other 
similar materials. The enamel coatmg produced by this method is very resistant to 
corrosive agencies. It is, however, subject to cracking (tom expansion or contraction 
of tho metal upon which it is placed. 

’ Cemeat and Stucco Coatiags. Cement and stuceo are rough and hold dirt and 
soot. They may present water absorptive surfaces and may bceomo spotted during 
raia storms. They may show surface fissures after wetthering, under some conditions. 
Painting cement and stucco produces a smooth surface which will not hold dirt and will 
prevent rain spotting. If the cement is freshly formed, the free lime present is usually 
neutralisedby applying n water solution of 3 lb of sine sulphate per gal o! water. Alter 
thorough drying, oil paints may be applied. 11 the cement or stucco surface is old 
and well weathered, this prefiminary wash is not necesaaiy. The priming coat of 
paint should oonelst of China wood ml varnish conteining pigments. This dries hard 
and binds the surface particles, and prevcniasaponificaUon. The second and third coaU 
may be prepared cement paints orrt>ereguIartypeof linseed oil house paints. Emulsi- 
fied pigmented glycerine-phthoiate coalings are now being developed for this purpose. 

Factory White. The interior walk and ceiUnge of factories are ususHy coated with 
gloss or flat mill whites made upon a titanium pigment lithopone-sinc oxide base. These 
paints are washable and sanitary and have a high cocflicicnt of reflection. They are 
also used oa interior surfaces of dwelUngs and public buildings. (Bee U, S. Federal 
Specifications for Gloss end Flat Interior Whites.) 

Punt-destroying Agencies. Atmospheres containing sulphurous acid or 
ammoniacal gases arc very sevov in their action upon point coatings. Sea air is also 
very destructive in its effect upon painL Saline dtippii^a from underground tunnels 
and fatty , acids from machinery are also to be avmded. In dry climates and in com- 
munities of little industrial activity, point coatings last for several years without decay. 

Application. For painting Urge snifsceB, the spray system of painting is now used. 
k paint, spray gun operated by two men will usually cover as much surface in 1 day 
as could be covered by two mcn.uring luuid brushes in 6 days. (See Reports on Spray 
Pointing in "Papers on Paint and Varnish.") 
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spiayinB- K finds extensive appKcation for automobile bodies and is known 
commerdaliy as BouderiBing and GranodlBlng. Some of the phosphate 
treatmente are electrolytically applied. The phosphate treatment is also 
applicable to ainc surfaces. The, ^vantagea of this latter process over the 
Bower-Barfi and similar process are in greater cheapness and dmplicity 
and the use of low temperatures. 

Treatments somewhat' analogous to fbe Parkeriring treatment are widely 
used lor the treatment of magnodum alloys prior to the application of other 
types of coatingBi Buch as, alundnuJa-pigmented spar varnish and pyroxalin 
coatings of the duco type. ■ ■ 

Protection of Aluminum Alloys. Wroughfr-olaminum alloys, especially 
of the duralumin, type, are now largely used for aircraft purposes. Alloys 
containing copper as an esaenrial alloy constituent, in sheet form, are sus- 
ceptible to iatercryatalline corromve attack which results in the material 
becoming very brittle with little or no autface evidence of the change. Alumi- 
num dloys containing magnesiuin or magneduin and silicon as the essential 
alloying consfjtuente are very staHe under prolonged weathering conditions. 
The protecrivo coatings used on duminuin alloys depend on the severity of 
the service. A preliminary anodising treaunont to produce a film of oxide 
on the surface (formed by making the article the anode of a cell with 
chromic or sulphuric acid as tho electrolyte) is now common practice, Such a 
Burfaco oxide coating forms an excellent boeie for the application of other 
coatings. Aluminura-pigmonted qoar varnish is excellait for this. Tor 
very severe marine conditions, the only coatings that give pemanent proteo- 
tiott are those of aiuminum. Such a coating may bo applied by the Schoop 
metal-Bpraylng process and is especially useful for heavy pieces. A sheet 
product known as Alclad is now available commercially. This consists 
of a sheet of duralumin or other high-strength aluminum alloy coated 
with aluminum, the coating forming an. integral part of tho sheet. Tho 
aiuminum is applied to the alloy billot, and the whole is rolled into sheet 
form. This product is not yet (IHI) commercially available in tube form. 

The passivating of iron surfaces may be accomplished in several ways, 
the most common consisting of immersion of the motsl in nitric acid (sp 
gr lA) alter it has been hi^y polished. Other methods consist in immersing 
the motal in fuming sulphuric arid, potaerium ferrocyanide, or potastium 
chromate solution or in chromic arid; coating with a manganese dioxide 
point; cathodic pickling in a weak acid solution, the metal being made tho 
cathode in a circuit of low voltage; treatment with arsenic, softium nitrite, 
etc. This condition of passivity is temporary, and, thus far, pasrivating 
has been of doubtful value, except for stainless sted for which itis a regular 
practice, A chromate treatment now used commercidly on zinc surfaces 
is Somewhat analogous to some of the above treatments. 

The. treatment of water with a bichroniste, sodium silicate, or wmilni- 
chemical to form a protective surface film on iron (steel) with which it comes ' 
in contact is common practice for such purposes as air conditioning in which 
the game volume of water must be used repeatedly over mid over. 

SlUBhiag oils are usually non-drying mis or greases which remain soft for prolonged 
periods, are strongly adhesive on met^, but can ioa£Iy bo removed when desired. 
The best protection to metals is afforded by arid-free semiaolid oils applied in a melted 
condition, Types of commercial sluaUng riis are petioleum icBiduos, mixtures of 
lithopone and iron oxide with lieavy petrolonm readues, petrolstumlike oompoaitia 
emulsiEed with chromate solutions, blown vegetable oUs, srit aspbalta tlrinned, rosin- 
base maferiaU, A speoifioation propoeed sevsnl ^rs ago it as /oUowb; Coating shafl 
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quality into "denae southern pine’’ and "sonnd southern pine’'| dense eouthem pine 
should show on either end an avcr^ of at least eix annual rings per inch and at least 
one-third summerwood, or else the greater number of rings should show at least one- 
third summenrood, all as measured over the third, fourth, and fifth inches on a radial 
line from the pitch; wide-ringed material occluded hjr this rule is acceptable, provided 
the amount of summerwood, as above measured, is at least one-half; the contrast in 
the color between summerwood and sptingwood should be sharp, and the summerwood 
ehouldbe dark in color, except in pieces having considerab!/ above the minimum require- 
ment for summerwood; eound mutbem pine includes pieces of southern pine without 
any ring or summerwood requirement); Northern white pine (wood from tree of that 
name grown in Maine, Michigan, 'Wisconsin, Minnesota, and Canada); Norway pine 
(Norway or red pine groivn in Michigan, Minnesota, Wisconsin, and Canada); Idaho 
white pine (a species of white pine grown in Western Montana, Northern Idaho, and 
Eastern 'Washington); Eonderosa pine (timber known as white pine grown in Arizona, 
California, New Mexico, Colorado, Oregon, and Washington; aometimes known as 
Western yellow or ponderosa pine, or California white pine or Western white pine); 
sugar pine (white pine from California); poplar (wood from the tulip tree, otherwise 
known as whitowood, yellow poplar, and canary wood as well as aspen, cottonwood, and 
balsam poplar); redwood, Eastern spruce (spruce timber from points cast of and 
including Minnesota and Canada, covering white, red, and black spruce); E&gelmann 
spruce (spruce timber from the Pacific Cooat); sycamore; tamorack (tamarack or 
eastern tamarack, grown in states east of aod induding Minnesota) ; tupelo (tupelo gum 
and bay poplar] ; walnut (black walnut). 

Physical Properties 

■Weight and Specific Grayity. The weight of wood will vary with the 
amouat of water contained, asd (vrithin a given species) with the age, part of 
tree from which the wood is cut, geographical location, etc. In general, green 
wood will contain 50 to 75 percent, air-dry wood 10 to 20 percent water. 
In general practice, a wood weighing less than 30 lb per cu ft is called light; 
one between 30 and 40 lb, medium; and one more than 40 lb, heavy. The 
approximate air-dry weight of any wood is from 10 to 20 percent higher than 
ite absolute dry weight. For the ^ecifle gravity ol various woods, see 
p. 687. 

Hardness. According to Schcnck (“Forest Utilisation’’), dense woods 
are the harder. Wide rings in oak and narrow rings in pine indicate superior 
hardness. Heaitwood may be harder than sapwood, while dry wood is 
generally harder than green wood of the same kind. 

Belative Hardness of Woods 

Hard; Hickory, dogwood, sugar ms;de, ^amore, locust, hornbeam, persimmon. 

Medium; Ash, oak, elm, beech, cheny, mulberry, birch, sour gum, longicaf pine. 

Soft: Chestnut, tulip tree, sweet gum, Douglas fir, Southern pine, larch, basswood, 
horse chestnut, hemlock, cottonwood, spruce. 

Very soft: White pine, sugar pine, redwood, willow. 

A scale of hardness frequently used is as follows; 


Scale of Side Hardness of Wood 


Dogwood 1.50 

Maple (hard) 1.09 

Oak (white) 1,00 

Birch (yellow) 1.00 

Beech 0.98 

Oak (ted) 0.98 


(Based on Wood Handbook) 

Ash (white) 0.95 

Walnut (black) ..... 0.76 

Elm(Amaiean) 0.75 

Cherry (black) 0.72 

Birch (paper) 0.68 

Fine (lagleal) 0.6S 


Chestnut 0.41 

Butternut 0,37 

Poplar (yellow) 0.34 

Pine (eastern white) . 0.30 
Cedar (western red) . 0.26 
Cedar (northern 
white) 0.24 
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t (Retekenceb: Gardner; '“Phyaictsl and CHemical Examination of Paints. Vomishea, 
Ltcquers, and Colors,", Inat^ Paint & Yam. Research. Circulars Nos. 1 to 610, Scientific 
Sec., National Pt. Yarn. & Lacquer Aesn. Reports of Committee D-1 of, the A..S.!r.Ar., 
1903t19-10. ■ 

Preparation of Surfaces for Painting. If new wood is to bo painted, 
it should be sandpapered in ron^ spots. Ail knots shonld be coated 
with aluminum varnish just. before applying the paint. Before applying a 
second coat, all nailiholes and crevices should be stopped with putty. , If 
the surface needs repainting, all "alligatoring," scaling, or blistering appearing 
on the old paint should be leveled with sandpaper. When new metal is to 
be painted, it should be cleaned of rust spots with a wire brush, soraper, or 
sandblast.^ Small articles are -generally pickled in a hot 15 percent solution 
of sulphuric acid to.romovp tho„oxi% scale from the surface, and then thor- 
oughiy washed and’ dried before painting. Old painted steel surfaces 
should he sandhlastod. if'in bad condition.' ThrcO;CDats of paint should bo 
used on ptruotural materials if g'ood results are to be obtained. ' 

Spreading Rates. The average spreading rate for -a paint of normal 
consistency is as follows; : i 

Spreading Rate for Hint in Sq Ft Per Gal ■ ^ 


Coat 

Wooden 

surfaces 

Metal 
surfaces ; . 

Cement ond 
coQcrotc 



600 to 700 
700 to 600 

160 to 260 
300te-400 


400 to 600' 



' Cost of Painting. The, cost of labor for painting any structure is gen- 
erally.four times the cost of the.paint:,' Tho best paints from the standpoint 
of efficiency are those described below. , ; • , • ' ! 

Pigmenta and Prapatad Painba tot W-wian. Susiaftaa. Tba 
white pigments used in paints for'eilerior surfaces 'are corroded' White lead 
(basic carbohate),' ^bhmed 'While icad (basic sulphate), zinc white (zind 
oxide), titanium oxide pigments, and Icaded'zittCB (lead sulphate combined 
with zinc oxide). Lead pigments used alone are apt to chalk and alligator,” 
while zinc pigments often soale-and check.' iBy combining tho two types of 
pigments, these defects aic,minimi*ed.>-,, Equal parts oi lead or titanox.and 
zinc form a good paint.' Mixtures- of lead and zino pigments or lead, zinc, 
and titanium pigments are, often'reombined.with -about 10 percent of tho 
extender .pigments such as barytes (barium -sulphate) , china clay .(alumi- 
num silicate), silex (silicon dioxide), asbestine (maghesium silicate), etc., to, 
increase the durability of -the product Such combinations when finely 
ground by machine with pure linseed oil form excellent paints. ' They are' 
tinted with colored pigments ,’Mch as chrome ' yellow (lead chromate), 
Prussian blue (ferro-feiticyariidcl ^ irouL alenna, ocher, umber, and lamp- 
black and sold BBpiepari^ij^tB.'',Iu<»inbinatidn 'witb zinc oxide or .white 
lead and zinc oxide, titanium pigm^ts willigive remarkable service, ou,wood, 
met^ or cement. (See l/.^S. Federal SpeafiealicmB foT.Exterior, WhUePainis.) 
m 
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lesa- 'iostli' 3Iywo(U- producta Pl:^ood, dues isuBlly" mixed ' mechamcally 'and 
spread by revolving spreaders. The'asseinbled plywood mnat'go undcr'a hydrauUo 
press (at approximately 75 lb per sq in; pressure) before the initial set of the glue has 
begun, and remain under prrasurc or in clamps for not less'than 4 hr. 'It is then dried, 
cut , to size, and sanded. , • • .? , i • i (, '• ■ . 

Decay and Destruction of Timber 
Decay in timber is caused by.Iwnp ^wii^in-tbe wood fiber and is favored 
by the presence of oxygen, water, beat, and food supply (see Boyce,, "Forest 
Pathology,” McGraw-Hill). Timber Bering from the forms of decay usu- 
ally distinguished as dry rot, moist rot, wet rot, brown rot, etc., has little 
practical value. Decayed wood is lighter- Hiaa sound wood, and loses its 
strength rapidly as the decay progre^es,'- • ' ■' W ’ • r 

■Absolutely 'dry -wood wiD not decay,' nor will'wood decay whenconstantly 
submerged in water, nor when kept more than 4 ft under ground. Poles 
and posts decay chiefly at' the ground line. Construction timbers in build- 
ings, bridges,, etc., decay moat rapidly at points where they come in contact 
cither with other timbers, with the ground, or with stone or concrete walls. 
Any comhtions favoring the retentioa’'of water -in the timbers, particularly 
where the temperature is from 60 to 85 F, ■will bring about decay. Sapwood 
of all timbers decays very rapidly', hcartwood is usually more resistant. In 
structural timbers, decay frequently appears in the inner sapwood', so as not to 
bo obsorvable from the outside, even by the most careful inspection. This 
form of decay, is .usually termed “internal sap rot.'” Where strength is the 
principal requiremeni:, the most careful examination of timbers with large 
amounts of sapwood should be made, particularly if there is evidence that such 
timbers have been cut from the tree more than 2 or 3 months after felling. 
This applies particularly to all forms of piling, stringers, posts, caps, etc. 

Blue stain is a grayisb-blue discoloration found in the sapwooda of pines and other 
coniferous woods, due to a minute fungus (Ceralotlomena jiHiJera) growing in the wood 
fiber. It has no effect on tbo strength of the wood, and may be prevented by dipping 
the freshly sawed lumber in a 5 percent solution of sodium carbonate kept at about 
140 F. 

Decay of Living Trees. 'Where decoy, or dote, is found in the heartwood of timbers, 
it is usually due to disease of the living ^ree& Different forms of such decay are distin- 
guished in conifers os red heart, dote, fot,' and in hardwoods as piped rot, brown rot, 
I'peckUii xijt, eta. Ml thasft Iwass. 4/yxy <w*ait ts%e ate (eikd. w;4 'waw'jfe he- 
coiziDiusjcaiod to other pieces^ sound structural timber. 

Weatheriug is the wearing away of the surface of timbers caused by exposure to the 
elements, and is of importance only with comparatiirely soft woods. Different forms are 
distinguished according to the color, as white, gray, or brown weathering, 

' Life of 'Woods,. The natural length of life of wood and its resistance 
to decay vary with the kind of wood and the conditions under which it is 
used. In general, woods may’ be dossed as long-lived, medium-lived, and 
short-lived, as indicated below. 

Long-lived: Cypress, .redwood, red cedar, white cedar, osage orange, 
catalpa. 

Medium-lived; White oak, slippeiy elm, black walnut, hickory, lOngloaf 
pine, tamarack, Douglas fir. 

Short-lived: Rod oak, red gum, beech, elm, spruce, shortleaf pine, hemlock. 
Destruction' of Wood by Slarloe Animals, .Ming and other timbers, exposed to 
salt water in warm climates are destroyed by vnrioas species of marine wood borers, of 
which the principal forma'sre the ter^o Ornown os the shipworm) and the.Iimnoria 
(sometimes, through rescmblonoe, called d vrood louse). The teredo thrives in waters 
with a saline density above 1.0054, and at temperatures of from 65 F to the highest 
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One gallon ol pure red-lead paint (20.3 lb red lead in 5.62 lb of linseed oil without 
turpentine or other thinner) when applied to new steel surfaces will cover from 560 to 700 
Bijft for the first coat, 650 to 850 aq ft for tic second coat, and from 800 to 1,000 sq ft 
for the third coat; or, for two-coat work, 1 gal will coyer from 300 to 400 sq ft and for 
three-coat work from 215 to 285 aq ft (Ooyd M. Chapman, Eng. Rcc., Feb. 15, 1913.) 

Aluminum paint contains to 2 Ih of aluminum powder per gallon. 
In highly-diluted varnish liquids it withstands a temperature of 900 F. As a 
primer, on wood, it has high moisture-proofing efiiciency, when covered with 
light tints of regular linseed oil paint. Suspended in spar varnish, aluminum 
powder increases greatly the moisture resisting power of tho varnish. The 
low radiation loss makes aluminum p^t valuable for furnaces and the high 
heat reflecting power reduces evaporation losses from oil storage tanka. 

Zinc dust is an. excellent protective of icon and steel surfaces. A so-called 
liquid galvanizing is made of zinc dust in boiled linseed oil. Mixed with 
20 percent zinc oxide it makes a good primer for iron and steel and an excep- 
tional primer on galvanized iron. Zinc dust is also effective when mixed 
with iron oxide and zinc oxide, in propOTtions rinc dust 50, iron oxide 30, 
zinc oxide 20 percent. As zinc dust retards drying some additional drier 
may be used under adverse drying conditions. Zinc dust may be added 
to gray topside paints for vessels to increase resistance to corrosion, 

Carbon Paints, Paints containing graphite, carbon black, or lampblack 
are unsafe to use as a priming coat for metal. Because of their electrical 
conductivity, they are apt to excite corrosion. Their use as second-coaters or 
top-coaters is to be recommended. 

Ship-bottom Paints. Antioorroavc priming paints made of the rust-iahibitive 
pigments noted above and topped with quick-drying antifouling p&inte made of Bhollao 
disBoIvod in alcohol or teain-ccal tar solutions and mixed with powdered zino and tho 
oddoa of zinc, iron, and mercuty ato widely used in tUo Navy and raetohaat marine 
Borvico for the protection of steel vessels. Some syntbelic resin points trith light-colored 
pigments also give good results. Barnacles ore phototropic and do not go to light- 
colored surfaces. 

Balnta for Water Oartleta. Casi-iroaandrivetod-stoel water carriers we generally 
heated and dipped in hot preparations of mineral asphalt, coal tar, and lime, or spociitl 
baking enamels. This treatment is occasionally followed by baking at a high tempera- 
ture to make the co-tting more reaetont to abrosioa. Recently certain typos of synthetic 
resins have been found to bo very effective. 

Paints for Tinned and Galyanized Surfaces. After wiping off the greasy surface 
with benzine, a Iinsced-K)il paint made of red lead. Iron oxido, and chromate pigments, 
thinned with a little varnish, gives good results on tin. For galvanized iron use zinc- 
dust primers. Applying a 6 percent water solution of copper nitrate and sal ammoniac 
or 3 phosphoric acid compound to galvanized iron previous to painting is also 
recommended. 

Rubber Paints. Paints made of cnoutehouo, gutta pereba, chlorinated rubber, etc,, 
dissolved in coal-tar distillates form elastic films which give some protection to metal. 
Upon weathering, tho films soon show pinholing and brittleness if ordinary rubber 
is used. 

Metal Lacquers. Cellulose nitrate dissdved in butyl acetate and other solvents 
and thinners are widely used in coating automobiles and other manufactured metal 
objects. They arc usually pigmented. They are generally applied by spraying, They 
dry with great rapidity and produce bi^y durable films. Phenolic and glycerine 
phthalate resins are usually present in such lacquers. 

Vanishes. Gums melted into oils and thinned mth turpentine form oleoresinous 
varnishes. For exterior purposes, a “long" ml varnish (one that contains a high per- 
centage of ofi) is superior, For interior use, a “short” oil varnish gives a liighly lustrous 
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tivc. In one run of a thousand ties treated with creosote, where all the ties 
were exactly the same siae, the average absorption was 23 lb of creosote, but 
some of the pieces absorbed as low as 2 lb and some as high as 90 Ifa. 

Whenever possible, only thoroughly air-seaaoned timber should be treated, 
because wood containing appredablo nmounta of water will not absorb 
creosote. Steaming of green timber reduces its strength (see Hatt, “On 
the Effect of Steaming on Wood,”/Voc. 28, 1927, p. 1164). When- 

ever possible, all injuries to wood after treatment should be avoided. All 
framing, boring, and adzing should be done before treatment. 

The principal preservatives used, mentioned in the order of quantities used in 1939, 
are; coal-tar creosote (crcoaote<fll),coal-tarcreceote6olntion, creosote-petroleum mixture, 
cliromated zinc chloride, and zinc chloiido. S mall quantities of mercuric chloride were 
used. In addition to the above, petroleum oils and petroleum residues were used mixed 
with creosote. Of these preservatives, the order of efHciency is as follows: coal-tar creo- 
sote and creosote coal-tor solution, mercuric chloride, and zinc chloride. Water-gas tars 
have some antiseptic value but are probably not equal to coal-tar creosote. Petroleum 
has no antiseptic value, but H added to creosote to reduce checking. In addition to the 
above, there are numerous proprietary preservatives whose value is frequently not 
commensurate with the cost A number of new prescevativea have developed whose 
ultimate value has however not yet been demonstrated. 

Description and Specifeations for Preserratives 
{For standard speci&calioae see flfonual A.R.F.A.; Afanuoi A.WT.A,; For methods of 
analysis see also A.S.T.M. Standards) 

Croonote. Coal tor yields on disliUation from 30 t«' 50 percout of creosote. It 
Is not a simple substance but eontiuns a largo nuinbor of chemical constituents. Creo- 
sote specifications confine themselves to the requirement that the creosote must be a 
direct product of coal-tor ditlillalton, free from adulteration, with limited material 
insoluble in benzol, and that cerimn definite percentages distil at standard temperatures. 

At C5 F, creosote weighs about 8.7 Ib per gal; at 100 F (the standard temperature) 
the specific gravity ranges from 1.03 to 1.12. It has high antiseptio properties and 
is practically insoluble in water. There are three grades of coal-tar creosote recognizsd 
in the trade which are distinguished chiefly by their specific gravities and percentages 
of low and high boiling compounds. The heavier oils are considered the more valuable. 
Creosote cotil-tar solutioa, is a solution of coal-tar in creosote in varying proportions 
(20 to 40 percent coal tar). Creosote-petroleum mixture is a mixture of creosote 
and petroleum. 

Water-gas tar distillate is obtained from wnler-gas tar by distillation. Water-gas 
tar solution is c solution of water-gas tor in water-gas tar diatiliate (not more than 
40 percent water-gas tar). 

(jhromated zinc chloride is a mixture of approximately 80 percent zinc chloride 
and 20 percent sodium dichromalc. 

Zinc chloride is soluble in water and tends to leaoh oat of timber in wet locations or 
in regions of heavy rainfall. Combinations of zinc chloride with creosote and of zinc 
chloride and watogas tarand watcr-gas-taraolutiouarein use (see Card process, p. 683). 

Processes of Treatment 

(For detailed recommendations and Standard speoifications, see Proc. A.fi.F.A., 1939; 
Manual A.RS.A.; jUanuof A.IFJ’.A.) 

Bethel or Full Cell Process. Afterapreliminaiy vacuum, creosote is injected under 
pressure varying from 40 to 200 lb per sq in., which is continued until the desired 
absorption has been obtained. The amount of creosote injected will vary from 10 to 25 
lb per cu ft. This process is used largely for the treatment of piling, bridge materials, 
paring blocks, telegraph poles, and other timbers from which a long service is expected 
and where mechanical or destructive proceses, aade from decay, are of minor impor- 
tance. In general, bridge materials, piling, poles, and similar timbers are treated rvith 
about 16 lb of creosote per cu ft. For marine ;^ing 22 lb or refusal treatment should 
be used. 
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Befeeekces: Bulletins and Circulars of the U.’S. Forest Service., Wood Handbook,'! 

U. S. Dept, Agr. ‘‘Guide to the Grading of Structurol Timbers. and the Deterniinatidn 
of 'Working Stresses,” U. S. Dept. Apr. Mise. P«6. '18. Also U. S. Dept. Apr. Tech'. 
Bui!. '158 and 479. Weiss, “Preservation .of ,Structuitir.Timber8,'’ McGraw»Hill. 
Secord, ''Identification oi the Econoiruc Woods d the United States.'' Wiley. . Brown 
and Pahsliin, ‘‘ Identification of the Coramerdal Timbers of tlie United States,'.' McGrp-* 
Hill. Koehler and Thelcn, "Kib Orjing of Lurobef,” McGraw-Hill. , . , 
Definitions and Classification. Timbers are classed commercially as 
hardwoods and softwoods. Typical hardwoods are' oak, ' ash, chestnut, 
hickory, maple, and poplar; typical' softwoods are pines, hemlock, 'spruce, 
larch, fir, and cedar. The terras "hard” and "soft" do not necessarily refer 
to actual hardness (sec table, p. 678).' In aU .timbers, ,t'wo fo'rins are .dis- 
tinguished, heart and sap'wood. Hoartwood ie the inner part of a tree, usu- 
ally darker in color than sapwood (tho outer part), freguently heavier, .and 
iQoro decay-resistant. Knots or branch incluaons Oooae or solid)' are defined 
as pin knots (not over H in. diain), standard knots (not over 1)$ in.) 
large knots (more than IH in'.), souhd'knots (solidly grown together with 
the surrounding wood) , loose knots (not held firmly . in-place by growth or 
position), pith knots (sound knots with pith holes not more 'than H in., in 
diam), encased knots (t.e., entirely surrounded by bark or pith), rotten 
(decayed) knots, spike knots (knots .sawed 'lengthwise).. Recognized 
defects are wane, bark or the lack of wood from any cause, on'tbe.edge; 
shakes, splits or checks in timber, which usually cause a separation of the 
wood between annual rings; sap stain, a discoloration of the sapwood; 
pitch pockets, 'Openings between the grain.of the wood, containing more or 
less pitch; dote and red heart, various forms of decay. 

Timbers ate sold under various names. The following list of standard 
commercial names of timbers has been adpptcd.by the N.B.S. (Simplified 
Practice Recommendation, No. 16, July 1, 1926 and R16-39) ,'and in part 
by A.?t.R.A. (Yo\. 11,. im, p. m) imd.’iho Stnndmds, 

Pt. II, p. 700). The species included in each name are given' in paren- 
theses. . . 

Ash (white, black, blue, green, and red ash); haaswood (linden, linn, lind or lime 
tree); beech (red and white beech); toch (paper, white, yellow, and black) { buckeye 
(wood from the same gemia as the horse-chestnut tree); butternut (butternut also 
known ae wlsite wainut) ; cherry (sweet, sour, red, 'wild, and especially the.blaok cbeiry) ; 
chestnut; cottonwood; cypress Ired. (coaet type) ; yellow (inland type); •eiiite (inland 
type)); elm, soft (American or white, rcd,ordippery dm); elm, rock (rock or cork elm); 
Douglas fir [(coast type); ted, (inteimountajatype); red (Rocky Mountain t^TDc)]; gum 
(red gum, blackgum); sweet gum or satin .walnut; Eastemhemlock (from all states east 
of and itvcluding Minneabta) WeBt Gout hexnlo;^ (hemlock fionv the Pacifio Coast) ; 
hickory (shell-bark, kingnut, mockemui, pignut, blade, shagbark, and bitternut) ; Weat- 
em larch (larch or.tamarack from the Roo^ Monutam and Pacific Coast regions); 
maple, soft (soft and white , maple); maple, hard .{hard, rock, and sugar maple); 
White oak (white,' burr or mossy cup, rock, poet or -iron, overciip, swamp, post, liye, 
chestnut or tan bark, yellow, andbe^«t,QC oowoak);Ted OB.'k (red, pm; black, vfat*!, 
willow, Spanish, scarlet, Turkey, black jack or bani;.and shingle or laurel oak) : pecan; 
Southern .pine (all pines'of the .Southern etatea manufactured into lumber', including 
longleaf, ahortieaf, loblolly, and Cuban pines. The lumber is divided according to 
677 
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botU edes, S-l-S or S-2-S,,.ifl fiiick.. A : standard .industrial 

board, surfaced smooth 'On ono or both mdcs,, S-l-S or S-2-S, is 
thick; For details as. to sizes, measuremcnta," shipping provisioDS, tally, 
grade marking, etc., see above references.' ' 

' Stru'ctural timbers are graded, by inspeefjon', as follows: Select (S2) grade 
is especially adapted to boavy construotidn, such ns railway, bridge, and mill 
work. Standard (S3) grade is primarily suitable, for general building use 
and common mOl construction. Commoni (S4)-.gTade is especially recom- 
mended for small house construefion where stiffness is a controlling factor 
and where' strength requirementa ■ are not so critical. 'These three grades 
furnish the greater portion of the structural timbers used; Extra Select 
(Si) gr ade is an exception^ grade intended to meet the most exacting strength 
requi'reraentB ior construction purposes. The grades are based on the 
density of the wood and on the detects pre^nt. Density is determined by 
observing the spacing of tiie annual rings and the percentage of summer wood. 
Permissible defects, such as knots, checks, shakes, and cross grain, very with 
the proposed use of tho structural member and with the location of the 
defects in that member (see also Afotiaaf A.R.E.A.) 

' Structural materials are also graded according to the use to which they are 
to be put, (.e., joist and plank, b^ms mid stringers, posts and timbers. 

Shipping Weights. The wei^ts -of lumber are given either as green, 
shipping weight (air dry), or kiln dried. Tho average weight will vary mate- 
rialLy , dependiag upon the item of lumber, euch as sheathing, hooting, timbecs, 
etc. 
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CleaTabillty is inversely as the rcoBtanco to Bplitting in a lengthwise direc- 
tion. According to Schenck ("Forest Utilizataon"), clesvability is affected 
by: (a) the straightneas, length, and eltfflddty of the fiber; (b) the heayincas 
of the wood rays; (c) straightness of growth; (d) branchinoss; (c) moisture 
(the lugher the moisture the easier the wood can bo split) ; (/) frost (reduces 
cloavability); (o) hardness. 

Relative Cleavability of Woods 

Hard to split: Black gum, elm, sycamore, dogwood, beech, holly, maple, birch, horn- 
beam. 

Medium: Oak, ash, larch, cottemwood, linden, yellow poplar, hickory. 

Easy to split: Chestnut, pines, spruce, fir, cedar. 

Heat Value. The Bpecifle beat of practically all kinds of wood when 
oven-dry is 0.327 (Dunlap, Forest ^crstcc Bull. 110, 1912). The heat value 
of wood depends on its spetifio gravity (oven-dry), heavier woods giv- 
ing more boat than light woods. According to Sohcnck, 1 cord of green wood 
may contain 250 gal of water (dependent upon the species, density of the 
wood, degree of dryness, etc.), and the heat required to evaporate this into 
steam is not available for other beating purposes. According to German 
experiments, wood with 45 percent moisture ©ves only 60 percent ns much 
heat as oven-dry wood. Rosin increases the heating power by about 12 per- 
cent. According to Roth, 100 lb of wood, as sold in wood yards, contains 
26 Ib of water, 74 lb of (oven-dry) wood, and 1 lb of ashes. Thus, 100 lb 
of green wood (50 percent moisture) furnish about 270,000 Btu, lOO lb of 
air-dry wood (10 percent moisture) about 580,000 Btu, and 100 lb of kiln-dry 
wood about 630,000 Btu. 

Relative Values of Woods as Fuels 

Beet: Hickory, beech, hornbeam. locust, heart pine. 

Good: Oak, ash, birch, maple. 

Moderate: Spruce, fir, chestnut, hemlock, sap pine. 

Poor: White pine, alder, linden, cottonwood. 

Strength of Woods. See p. 687. 

Plywood 

VlTWOOd is laminated or compound wood and coneiats o! several sheets (plies or folds) 
of thitt wood (or veneer) glued together, either in flat or curved shapes. Usually, 
the adjacent layers or sheets of wood have their reapeotivs fibers or grain at 
right angles to each other. Internal streesee and strains are balanced in such construc- 
tion, resulting in permanence of dimenaon and shape. 

The veneer used in assembling into plywood is manufactured in four ways: (1) Rotary 
cut from logs revolved in a veneer lathe; about 92 percent of all veneers are made in this 
manner. (2) Slice cut from the fiat surface logs or flitches moved angularly against 
a slicing knife. (3) Sawed on a segment saw; not economical on account of the saw-kerf 
waste. (4) Half-round cut from flitches mounted on a wide-swing or ecjjentrio lathe. 

The straightening out or flattening of rotary-cut veneer results in checks on the con- 
cave side. In veneer Ks in. thick and less, these cutting checks arc negligible, but in 
veneer and Kg in. thick their presence affects the strength. 

The glues used in plywood teee p. 697) include the following: Animal glno penetrates 
wood well, and is best applied in a hot room; it is soluble in water. Vegetable gluo is 
economical in cost, principally used for plywojd, of abundant strength, easy to use, but 
not Waterproof. Casein glue is practicjly ncm-sduble in water and is usually specified 
for plywood for veaaels, aircraft, and other erposed locations. Albumen glue when 
properly coagulated ia practically waterproof, and its use is permitted under the moat 
rigid waterproof specifications. Silicate glue ia alow-jffwed glue used ia box shooks and ' 
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- Bark is usually sold and bought by Uia.«)rd. Tbe tanneries, however, apply the 
name to a weight of 2,240 Ib^ instead id to 128 cu ft. Twelve cords of bark fill one com- 
mon (old) freight car. ' A' ataok of bark oonMos 30 to 40 poreent solid bark. The 
specific gravity of fresh oak bark is 0.S74; dried, it is 0.784. Tho bark of white oak 
varies from 55 percent of the wood in trees 20 years old to 21 percent in trees 140 years 
old, The average bark yield of chestaiut oaks per tree (in cords) is os follows: trees 6 in. 
in diam, 0.018; 13 in, trees, 0,073; 18 in. trees, O.IOS; 24 in. trees, 0,375. 


Table 3. Number of Cubic Feet of Solid Wood per Cord, 'with 
Corresponding Diameters of the Average i ft Stick 

(From U. S. Forest Sorviee Bulletin 96) 
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13 
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68 

5.2 

85 

14 
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94 
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STRENGTH OF WOOD 
By LIONEL S. MAKES 
(For Telerent^, see p. 677) 

The strength of wood-substance must be datinguished from the strength 
of large timbers containing defects such os knots and crooked grain. Wood- 
substance exhibits an elo^c limit undor usual rates of test loading; under 
continuous loads it is markedly plastic and the modulus of elasticity may bo 
only half as great es listed in tbc tableau TJbder impact, the elastic limit is 
frequently twice as great as listed in tbe tables. Strength is also affected by 
temperature, and very greatly affected by'moisture. Table 1 represents 
results of a series of timber tosla of tile Forest Service on representative trees 
collected from the forest. Inasmuch as the strength of species is affected very 
greatly by the age of the tree, mte conditions, and the inherent variability of 
individuals, strength values of wood cannot be qiioied with any exactness. 

Relation of Physical Properties to Specific Gravity. As a rule, 
strength varies directly with the dry spodfio gravity. An approximate value 
5'of various strength functions is ^ven by tiie equation 5 = where g is 
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fomid. along onr coasU. It lives m-dwt.and turtid water but cannot^ liyo m watera 
with high'sewage contamination, and seldom to a d^th below 30 ft.. It works most 
rapidly in warm water. Ilnprotcolcd pine' jnlce’.wiU be destroyed in approximately 
the following 'times at Various points; Norfdk, Va;, 1 to 5 years; Penaaeola.Fia., Ito 3 
years; Galveston, Tex., 5 months to j'eais; Colon.'Panamn, 9 months to 1 year; Puget 
Sound points, 1 year; IQawak. Alaska, IH t® %'^vvn. ■ The litnnoTia requites pure salt 
water and cannot live in dir^ water. -.It occurs’ sparingly in Long Island Sound, is 
quite abundant along the coast of Masaadiusetla; and- docs great damage along tbp 
Gulf of Mexico and along the Noiiix Piuafic -Coast. All untreated woods grown in the 
TJnited. States used for piling ate aubieci to the attack of marine borersi A number of 
tropical woods are immune. For preventive m'^ures.'see Creosoting, p. 682. For 
description, see V. S. Forest Serrtee Circaliir 128, “Preservation of Piling against Marine 
Borers"; report on tiie San FraniaBco Bay Marine Piling Survey (Proc. Am. Premters, 
Assn., 1921, 1922, 1923, and 1927); report of National Researob Council Marine Piling 
Committee, " Marine Structures, Thmr Peterioration andPtcscrvation”by Atwood and 
Johnson,-1924| with bibliography. > 

Destruction of Woodby Insects. Termites, or white ants, destroy untreated wood. 
They live in the ground and enter buDdings and structures only from the ground. The 
mature irisecte, or “flying ants,” are harmless. The workers can dWolvE lime mortar; 
hence only cement mortar should be used for foundafions. ‘ Their entrance into buildings 
can beat be prevented by absoluidy scaling the foundation walls, both sides and topi 
with rich cement mixture and coal-tar pitch. Joints between concrete beams or floors 
should have a cosUar pitch seal. All wood, except cteosoted wood, should be kept away 
from ground connection. Creosoted wood is immune. Iii the tropics, several species of 
ants attack wood aboveground (such os telegraph and t<dcphone poles, cross arms, eto.) ; 
the use of creosoted wood is recommended in such regions (see Snyder, V, S. Hepf. Apr,, 
£aff. 94, K. 11,1915). ■ . . 

Timber Prosemtlon 

Seasoning of Timber. Timber can be seasoned either by air drying or 
by artificial means. In air drying,, excessive splitting may bo prevented 
either by painting tbe exposed ends of logs, timbcTs, or planks with common 
paint or preferably •with coal-tar ’creosote, or by driving in sharp-edged irons 
of wedge section, shaped in the form of the letter S, end usually called S irons. 
The base of the wedge section should be K in. thick.' Artificial drying is 
usually done in kilns (seeTiemann, “The Kiln Drying of Lumber”-). Conif- 
erous woods can be dried more rapidly than hardwoods and at higher tem- 
peratures, without affecting their strength. The latter should bs dried very 
slowly. Small pieces of wood can be dried so as to prevent checking, by 
soaking them from 1 to 7 days in s concentrated salt solution. The soaked 
pieces should then be piled in Iho air to diy. Another plan for drying small 
pieces is to pile them in bone charcoal. 

Timber Pieaervation. The pTevention of decay due to fungi and the 
protection of timber against' wood borers are accomplished by tiie injection 
of various chemicals. The principal requirements for successful ' chemical 
preservation are; as thorough impregnation of the •wood ns can be obtained; 
the injection of sufficiently large quantities of the preservative; tbe injection of 
efficient chemicals; and &e use of thoroughly sound and seasoned 'wood. 

The penetration obtained will vaty with . the preservative. iVater 
Bolutionfl, such as zinc chloride, will usually penetrate, clear through a stick. 
Coal-tar creosote -will penetrate sapwood only in coniferous woods (the heart- 
wood of_ pines is slightly penetrable in large pieces, wholly so in' small pieces 
like paving blocks), and in many hardwoods such-as gum, -white oak, hickory, 
and ash. • It will penetrate into the he^twoodof red oak, elm. arid sycamore 
into tho heartwood of small pieces of mno. 'spruce, etc., such as paving 
blocks. Individual pieces of timber abrorb different quflntiticB o'f preserva- 
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• the'BpeciSc'granty of oven^dry 'wood- and vi arid'W haVe'vahos which vaiy 
with the condition of the wood and'thfi kind of stress to which it is subjected. 
iThua for small clear apecimene, the modulus of rupture is obtained by putting 
ni = 25,530, and n = 1.20; whcm .the 'wood is- green, m = 19,140 and n = 
,1.27; for green iongleaf pine, m - 20,i^,_and » = 1.5. . (Betts, International 
Engineering Congress, 1915.) • See-dso Fig. 1. , The value of n varies with 
the strength function under conaderation- and ranges from unity for com- 
pression. parallel to the grain to 3 for ultimate rupture work. For shearing 
stress, nla approximately unity.-. 

The density and strength of SMmtncr wood of the pines are about twice as 
great as-in' the'.sprinff wood. The proportion of summer wood gives an 
excellent indication of strength. 

Moisture Content, Shrinkage, Specific. Gravity. The ' percentage 
of moisture in wood is based upon the oven-dry weight of the wood. Thus 
■wood-which -welgha 35 lb p« cu ft when oven-dry and contains 50 percent 
moisture -when green will then weigh 36 plus 17j^; or 52>^ lb per cu ft. In 
large beams, the cubic foot reckoned is not the shrunk cubic foot when oven- 
dry, but the cubic foot of volume occupied by the wood at the time of the test. 

The specific gravity as based on oven-dry volume may be obtained from 
the specific gravity as based on green volume by allowing for shrinkage. 

The volumetric shrinkage of wood' from the green to the oven-dry state, 
expressed in percentage of volume, is approximately 26.5 times the specific 
gravity as based on green volume. Thus, for white oak, shrinkage-® 0.00 X 
-26.5 '<>> 15t9 'percent, and consists almost entirely of lateral contraction. 

The specific ‘gravity of Vood-substance', of which 50 to 60 percent is 
'Cellulose, is very nearly 1.5. ' A solid cubic foot of wood-substance woUld 
.weighineorly 93.6 lb. 

; toughness and Strength. The order of technological values of 
■'various woods does not coincide with that indicated by the strength values. 
Toughness and strength'Combined indicate this value, which is shown by the 
work Ur required to break a beam. 'ViJues of Ur (in.-lb per cu in.) are given 
'in Table 1; for hickories and rock elm Ur varies from ii to 40; ashes and 
.elms, 14 to 24; oaks, black spruce and maple, 8 to 14; white spruce, firs, and 
other pines, below 8. This factor Ur does not vary directly with, specific 
gravity. For instance, eucalyptus, a strong and hea'vy wood, is comparatively 
brittle and ranks low in rupture work. 

; Tensile Strength; The tensile strength of wood parallel to the fibers 
(or grain) exceeds all other strength values. At 15 percent moisture, values 
of tensile strength (pounds per square inch) according to Johnson, are; elm, 
.29,000; hickory, 32,000; larch, 19,000; lon^eaf pine, 17,300. Bovey gives 
Tl,612 for Douglas fir, and Isaacs, 15,900.- Tensile strength parallel to 
fiber is not important, for otiier stresses, as shear, or tension perpendicular 
to fiber, bending, or bearing, govern design. Tensile strength perpendicular 
to the fibers may be taken at 900,1b per sq in. for hardwoods and 250 lb per 
'sq in. for conifers. ' - ■< . '! 

' Shearing Strength. The shearing strength parallel to the fibers cf 
small, clear, green specimens may be(takca os approximately 1,100 lb per sq 
in.'for hard woods and 600 lb per. ^ in. -for conifers except the following; 
C3T)reBa, Douglas fir, red pine, tamarack, 800; and Iongleaf pine, 1,000. 
The. values are increased from 60 to_100 pewent by careful seasoning. For 
shear in flexure, see. Table 2. '/ , ’ 
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The Lovry procees aims to secure a good pe&etiatioa with comparatively small 
quantities of creosote. Air-dry timber only ia treated. Creosote oil is forced into tie 
timber without a preliminary vacuum until a large quantity of creosote is absorbed, 
usually stated as " treatment to a refusal.” A quick final vacuum is then applied and a 
considerable amount of the injected oil is withdrawn. In standard railway-tie treat- 
ment, about 2}4 gal of creosote remain in a 6 in. X 8 in. X 8 ft tie and relatively more 
for larger sizes. 

The Riiplng process ia intended to secure a good penetration with comparatively 
small quantities of oil. Compressed mr is first forced into the wood up to a pressure 
of 75 lb per sq in;, after which creosote oil is forced in at a higher pressure until treat- 
ment to a refusal is obtained. A final vacuum aids the compressed air in driving out a 
considerable quantity of the injected oil. In standard practice, 1.8 to 2 gal arc left 
in a 6 in. X 8 in. X 8 ft railway tie. 

The boiling process is used chiefly for Dougins fir. The green timber is placed in 
tile creosoting cylinder, which is then filled with creosote and heated under vacuum to 
a point slightly above the boiling point of water. This heating b maintained until 
practically no water comes out of the condenser. Pressure is then applied and the 
preservative is forced into the timber to the requidte amount. 

In the Card process, tho preserving liquid ia mode up of 15 to 20 percent of creosote 
or water-gas distillate or water-gas-tar solution and tho remainder of a 3 to 5 percent 
Bolution of zme chloride. The creosote and zinc chloride arc mised in a centrifugal 
pump, and the emulsion thus produced k forced into the timber under pressure. 

The open-tank treatment includes a number of methode for treating timber, with- 
out pressure, with either zinc chloride or creosote. The timber is put in an open tank 
and heated in hot liquid for several hours. It b then quickly immersed in cold liquid. 
During the cooling process, n partial vacuum is product ia the wood and tho preserva- 
tive eaters uader atmospheric pressure. This process is adapted particularly to the 
treaimoat of small quantities of timber io localities where larger treating plants arc sot 
available (for details, see U, S. Forest SenictCtrculaTslOl, 101, 111, and 117). 

The length of Ufe obtained from treatment will vary with the presenativo used, 
the kind of matorial treated, the type of use and the region In which used. According 
to the A.R.E.A. reports (vol. 20, p. 150, 1919), cross tie streated with zinc chloride 
may be ospected to give double the length of We of untteated timber, regardless of 
where used. Creosoted ties may be expected to give 25 ycors or more service depending 
upon the kind of wood, the amount of mechanical protection given, and the traffic, 
Filmg when treated with sufficient creosote will give 15 years or more. Bridge timbers 
treated with sufficient creosote will givo 25 years or more. In all oases, the higher tho 
initial retention of creosote per cubic foot, the greater the probability of long lifo. 

Standard Grades and Sizes of Lumber 

By agreement of lumber manufacturers, users, and the U. S. Forest Service, 
and under the auspices of the U. S. Department of Commerce, all softwood 
lumber products have been standardized as to grades, sizes, and nomenclature. 
This agreement is known as the American Lumber Standards. (For 
details, see Revised Simplified Practice Recommendation, No. IG, July 1, 
1926, IJ. S. Dept, of Commerce. See also Mavml A.R.E.A,, and AjS.T.M. 
Standards, 1939, P't. II, pp. 494-612.) Lumber is classified into: yard 
lumber (less than 6 in. in tluckness) for general building purposes; struc- 
tural timbers (over 6 in. in thickness) for structural purposes; and factory 
or shop lumber intended to be ent up for use in further manufacture. 

Yard lumber is classified into grades, dtiier select (good appearance and 
finishing), or common (containing defects but of general utility). Select 
grades may bo grades A to D depending on defects and use for certain pur- 
poses. Common grades may be grades 1 to 6 depending on defects and use 
for specific purposes. 

The uiut of lumber measurement ia the board foot, a piece 12 X12 XI in. 
A standard commercially-dry yard board, surfaced smooth on one or 
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tension face of a beam Boriouely influence iU strength. Knots greater than 
1^ in. diam diminish compression Btrength from 16 to 20 percent. They 
do not influence stiffness or the elastic limit of beams. For beams the 
range of stress between the clastic limi t and modulus of rupture is seriously 
influenced by knots, crooked grain., and other defects. Checks and shakes 
both in green and seasoned timber bring about fmlure of beams by splitting at 
the ends under horizontal shear. When failure by shear occurs, however, the 
modulus of rupture is approximately equal to that of beams failing otherwise. 

Tests of large sizes in compression show the following general ranges of 
ultimate strength (Lanza) : white pine and spruce, 2,ODO to 3,000; yellow pine, 
3,500 to 5,600; white oak, 3,000 to 5,000. 

BEFxnENCEs: Talbot, Eng, Exp. Sta„ Unit, in, BuR. 41; McFarland, Bull. Am. Ey. 
Eng. A«!n., vol. 14, No. 14Q, SepL, 1912, For complete Ibt of full-aized tests, see Trans, 
Am, Ry. Eng. Assn., vol. 10, PartJ, 1909, 

Strength as Affected by Moisture Content. A comparison of the 
results of tests on air-scosonod material with those on green material shows 
that, in general, all the mechanical properties are improved by seasoning. 
Increase in strength is especially marked on Bmall pieces free from defects. 
Increase in strength of wood fiber due to drying is, in the case of large timbers, 


Table 3. Relation of Moisture 
Content to Compressive 
Strength 

(From Circular 108, U, 8. Forest Serv- 
ice Compression parallel to grain) 



largely offset by a weakening of tie timber due to the formation of checks. 
If the moisture content of a seasoned timber is increased, it loses strength 
rapidly, and if thoroughly soaked irith water will become slightly weaker 
than when green. On this account, it is not safe in practice to depend upon 
an increase in strength in timbers due to seasoning. When, however, large 
beams are seasoned with ordinary care, it is safe to assume that they will 
not at any time be weaker than th^ were when green. 
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■'is 4 in. wide. CjTre8V'8tiiiigie8^'.16'mi;I(^/aid!6 butts measu^ 2 in., in 
,tMckne8a.,;,'A thoiiBrnd^Blun^eB ’(4V,6.tMndlM) \nU cover’,1'00 to 160 BqJt 
of roof,.accordingMlfud;from 4lo6im Jqtte weatliM..:' Shingles are UBually 
, laid to' show, 4 in., of, their length, forming! with 16 ;in.. shingles a.quadrupla 
. layer on a roof. ' The higher tbe-grade-of the shingles, the larger the weather 
face permissible.' Cypress shinies are-the most ’durable, followed by 'red- 
wood, cedarj pine,', (and spruce - (poor), -.llcdwood • shingles are the least 
inflammable,-" The weight of.shii^ea (pounds per, 1,000 shingles) is approxi- 
mately as follows: cypress,; 300; wostem wlute pine, ;250: Washington cedar, 
-IGO to 220; redwood (6-X -16 in:, per bundle of 147), 42.6. • • 

Cordwood, Firewood, pulpwoodi and other email pieces 'of wood are usually.bouehfc 
and sold by the oprd. A cord is equal to. 128 on ft stacked wood. The standard 
cord ie a stack'of .wood cut in'to 4 ft lengths, t.e., 4 ft'high arid 8 ft, long. • A cord foot 
is one-oighth of a cord. ' Thb expressian ‘-'euriaee feet” means the numbet of square 
leet measured on-ilhe side of'the ataok, In countries iifiing the, metric system, wood is 
piled in cubic meters (1 cu m = 0.274 cord). The actual volume of solid wood in a 
cord will depend, among oilier factors, on the form and size of the sticks, the amount 
of bark, whether’ split, and 'on the meftod of staeking (see Table 3). Ordinary coni- 
fers produce a greater amoudt’of wood percordthan hardwoods, because of the smoother, 
Flraighter sticks.; Ono co/d of firsl-clasd split, wood tobtiflned from sound pieces 12 in, 
diam 'contains 102.4 cu ft of'solid wood. Composed of inferior pieces having a diam 
of 8tiii., a cord! contains 97 .cu It of solid wood. Wbilono absolute ratio can -be given 
of the r8latlon;hotwech cord meosure.and board mcootre. a fair average Is 6 board- 
feetlto each cubit footi ’ ' I , • 
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"WOOD, 


' The relation between tbc.g)edfic gravity (diy) and the modulus of rupture 
of both air-dry and green wood as.deter^ned by the U. S. Forest Service 
is shown in Fig. 1. (Nertiin, Am.iuinherman, Jan. 16,,1916.) ■ 

Determinataon o£ Working Stresses , ^ 

(From U. iS. Depf. .ijrr. Afisc. Pai. 185) ' 

Basic Stresses 

The values listed in Table 4 afford a basis for the computation of design 
stresses. They are basic stresses for daw material used under such condi- 
tions of exposure that deterioration ia not to be ejected — 'e.a., timbers that 
remain too dry to support the growth of decay. Except for stress in com- 
pression perpendicular to grain, they dso apply to timbers that will remain 
too' wet for 'decay to attack them. They are applicable to long-time loading 
and require modification (1) for the grade of timber used and (2) for the condi- 
tions of exposure to which it wDl be subjected in service. With certain 
exceptions, multiplication of thevalue8inTable4by the strength ratio corre- 
sponding to the grade gives the deagn stress for material that wiU remain 
either dry or saturated. 

Higher initial strength than would otherwise be required is desirable 
in timbers exposed to decay or other deterioration in order to offset the 
effects of deterioration. It may be provided by arbitrarily increasing the, 
size of the timbers or by uriog lower design stresses. Table 5 includes values 
for three types of exposures. 

Table 5. Average Eatioa among Stresses for Different Exposures 


Type of exposure, percent 


Kmd o! str^ 

Continu- 
oudy dry 
or continu- 
ously sub- 
merged 

Occasion- 
ally vret 
but quickly 
dried 

More or 
Use oontin- 
uously 
damp or 
wet 

Stress in extreme fiber in bending 

100 

85 

71 

Stress in comcression Dernondicular to crain. . . . 

100 

70 

55 

Stress in compression p&raQel to grain 

100 

92 

78 

Stress in horizontal shear 

100 

10D 

100 

Modulus oi elasticity 

100 

100 

100 


The “occasionally wet but quickly dried" classification applies to timbers 
in outside locations but not in contact with the soil as in open-deck structures 
ef railway trestles. In such instances, the material is subjected to wet or 
moist conditions at intervals but may be expected to dry quickly enough 
so that the decay hazard is only moderate. The “ more or less continuously 
damp. or wet” classification covers material, such as piling, sills, or dock 
timbers, where wet and drier conditions alternate, with the drjdng taking place 
fiJowly so that the average moSsture eondiHoa is more favorable to decay. 

No simple rule for modifying design stresses can cover all conditions of use. 
Factors to be considered include the extent to which the exposure favors 
decay, the expected life of the Etructure, the frequency and thoroughness of 
inspection, the oripnal ’cost 'and cost of replacements, and the' amount of 
sapwood permitted. If treated tunbers are used, the efficiency of the treat- 
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Table 1. Strength of Small Specimens of Green and Air-seaaoned 
Timber 


(ATerage physical and mechanical properties, based on tests of small clear specimens 
2X2 in. in cross section; bendinR span, 28 in. Mainly from Circular No. 213, 
U. S. Foreat Service) 







MISCELLANEOUS NOK-METALLIC MATERIALS 

BY 

E. C. CROCKER 

(With the Asslstanoe o( Various Members of the Staff of Arthur D. little Ino.) 


ABRASIVES 

IlZFEitENCEa: "Abrasives: ThrirHistoiy and Development," The Norton Co. Searle, 
"Manufacture and Use of AbrasiTe Materials," Pitman. Jacobs. "Abrasives Hand- 
book,” Fenton. "Boron Carbide," The Norton Co. "Abrasive, Materials,'’ Annual 
review in " Minerals Yearbook," U. 8. Buremi of Mines. 

Na.taral Abrasives 

Diamond of the bort variety, cruebed and graded into usable sizes and 
bonded with synthetio rerinous and metal powders, finds use in grinding 
tungsten- and tantalum-o^bide cutting tools. 

Corundum is a mineral composed essentially of crystallized alumina 
(93 to 97 percent AliOj) with a denrity of 3.8B to 3.94, average coefficient 
of expansion of about 0.0(X)0045 per deg F, and a hardness (Mohs scale) of 9. 
When of high purity, itis insoluble in acids and melts at close to 3700?. The 
present commercial source for corundum is South Africa (Northern Trans- 
veal). Although it has been largely replaced by manufactured abrasives, 
it is still used in the grinding of lenses and for certain types of rough grinding 
of steel. 

Emery, a cheap and impure form of coroadum which has been used for centuries 
as an abrasive, has been largely euperseded by nanufactuted oorundum for grinding. 
It is still used to some extent in tbe metal- and gUss-polishing trades. The prheipal 
deposita of commercial emery are located b Asia Miaor and on the island of Naxos. 

Garnet. Certain deposits of garnet bavbgshardoesB between Quarts and corundum 
arc used in tbe manufacture of abrasive paper. Quarts is also largely used for this 
purpose. In tbe electrical trades, quartz colored to imitate garnet is sometimes sub- 
stituted. Garnet costs about twice sa much as quarts and generally lasts propor- 
tionately longer. Silicon carbide is superior to garnet for leather working. 

Grindstones and pulpstones are quarried directly and ore generally made from 
eandstone. 

Buhrstones and millstones are generally made from cellular quart*. Chasers 
(or stones running on edge) arc also made from the same mineral. 

Oilatones. The great majority of (Atones are quarried in Arkansas and arc known 
as "Arkansas" and "Washita” stmies. The Arkansas stone is a true novaculite, 
homogeneous, gritty, and of a fine, siliceous comporitioiu The hard variety is used for 
sharpening tools requiring a very fine edge, such as those of surgeons, engravers, and 
dentists. The soft variety is more porous and coarser and is used for less careful work. 

Washita stone is less dense, more porous, and of the same general composition. 
The chief use is for whetstones and for coarser tools. 

Pumice, of volcanie origin, is extensivdy used in leather, felt, and woolen mdustriea 
and in the manufacture of polish for wood, metal, and atone. An artificial pumice is 
made from sand and clay in five grades of hudnesa, grain, and fineness. 

Infusorial oaxth. or trlpoU resembles chalk or day in physical properties. It can 
be distinguished by absence of effervescence with acid, is generally white or gray in 
color, but may be brown or even black. Orring to its porosity, it is very absorptive. 
It is used extensively in polishing powders, scouring soapa, etc., and, on account of 
its porous structure, in the manufacture of dynamite as a holder of nitroglycerin, also 
as a non-conductor for steam pipes and as a filtering medium. It la also known as 
kieselgulir, fossil flour, or dlatomaeootu earth. 

G94 
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The strength of large-sieed pieces of atmctural timber confining 
knots and other defects is usually not more than two-thirds, of. the values 
in Table 1. Table 2 {abstracted from publications of, P.oreat Service) gjves 
results of tests. The strength of sniall ^dmcns cut from the beams after 
test is included. ' The strength of tirabera of the same apparent grade varies 
greatly.: The average of the lowest 10 peiwnt group of a scries, of values 
will be from 60, to 70 percent of the generid average value for the group. 
The range of individual values, low to lugh, may bo from 60 to -150 percent 
of the average. Bulletin 108, Forest Service, U. S. Department of Agriculture 
(Cline and Heim), is an authoritative. discuBaion- of tests of large sizes of 
timber and the effects of defects upon strength, .feo also Newlin.and Jaha- 
gan, "Tests of Large Timber Columns," U. S. Dept. Agr. Bull. 167. 

Influence of llnota and Other Defects on Strength. , Forest Service 
tests indicate the following relations: Knots which interrupt the grain in the 
Table 2. ! Strength of Air-seasoned Timber, Structural' Sizes ^ 

(U. S. Forest Service) 



loogleaf pino; 
fitructural sizoe 39 
Small specimens .... 
Douglas Hr: 

Structural siiee . 28 
Small speeiroona .... 


15.4 3,691 5,749 1,705 272 3.4 
6.:5[) 11,520 1.740 


Small specimens .... 
Western larch: 
Structural sizes 29 
Small specimens, .... 
Loblolly pine; 
Structural sizes 32 
Small specimens .... 
Tamarack; 

Structural sizes 31 
Small specimens .... 
West, hemlock: 
Structural sizes 28 


13.1 4.563 6.372 1.549 221 3,2: 

6,686 10.378 1,695 3,» 

12.4 4,675 6,573 1,726 364 4,0 

7,780 12,120 1,792 ....- ; 

22.7 3,503 5,856 1,487 340 .... 

5,680 10,254 1,564 ...'. 


4,258 1,038 639 
•5,002 1,084 


ij 6,030 1,951 796 
■6,380 926 1,135 


6.3 3,504 6,118 1,4® 434 3,0 
5,170 9,400 1,467 


4,292 1,206 655 
5,547 


Btruciural sizes '22' 

Small specimens 

Norway, pine; ( ,, 
Structural sizes , 27 
Small specimens ; 


12.7 3,730 5,498 1,341 299 3,3 

7,63013,080 1,620 

17.7 4,398 6,420 1,737 307 4.8 

6,333 10,369 1,666 4.5 


20,1 3,442 3,891 890 

4,777 7,798 '1,146 

.10,0 4,069 6,IK4 L418 ' 276 

5.280 8,470 1.158 


8 5,814 2,140 473 
0 5,403 1,923 ...... 924 

. 4;276 '525 '' 

•. 5,119 ; 564 : 671, 

7 4,228 1.367,.', , ' 

.7,550,,.;;. 924 lil54- 


* Only those pieces which foiled first by borisontelahear ore included in ,thia column. 
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is not possible to obtain aB.-wide.airage of.gra^ as by the vitrified method, 
but the time required in manuiacture is reUtively short. The process is 
often used to facilitate quick' delivery,''and very large diameter wheels can'be 
made.-with fewer manufacturing baaards. ' Silicate ^hded wheels and shapes 
gi'fe best results on such wOTk as wert tool grinding, knife' shai^ening, and 
surface grinding. ' ' 7 ,,' ' ... 

• Organic Bonded Wheels, Organic bonds., can bc’used.for largo wheMs, 
and are equally well adapted to the manufacture of very, {Kin wheels because 
of the flexibility, of such wheds as compared with vitrified and silicate process 
wheels. - Organic bonded 'wheels poese^ high rwistance to centrifugd force 
and are operated at relativdy high speeds., There are three distinct types 
in the group. 

• The, shellac process conusts. of mixing abrasive grains with shellac, 
heating the mass .until, the shrilac is viscous, .stirring, cooling, crushing, 
forming in molds, and reheating sufficiently to permit the shellac to set 
firmly upon, cooling. Wheels made by this process are .popular for light 
grinding operations, such as saw gumming, roll grinding, race and cam 
grinding, and in the cutlery trade. 

.. '.In the rubber process the bond is hard rubber. The initial mixture 
of grain, rubber, and sulphur (and such specif ingredients as accelerators, 
fillers, and softeners) may be obtained by rolling or other methods. Having 
formed the .wheel, the desired hardness may then be developed by 'vuloaniza- 
tion. Wheels can be made in a wide variety of grain combinations and grades 
and have a high factor of safefy as regards resistance to breakage in seridee. 
Wheels made by tbo rubber process may be used for practically every class 
oi grinding irom gear teeth to the enagging o! large castings. 

The ' synthetic resinoid process is a relatively recent development 
which is finding an important application in grinding and is revolutionizing 
many of the older theories regarding grinding wheels and grinding practice. 
The general practice is to form the wheel by the cold*pres9 process using an 
especially prepared resinoid. After beating, the resultant bond is an insoluble 
infusible product of notable strength and resiliency. The resinoid bonded 
wheel gives promise of largely supplanting the other organic bonded wheels 
for light grinding. It is alro being adapted to the heavy snag^ag (or rough 
grinding) of castings and steel billets. 

Thfiordinitty ahtaaj.vawhflftl.iaa^^jiat.speadaqttflQ/ltAl.iifMsimi'mft, 
fpm. Abrasive wheels are toued up by a diamond set in the end of a soft 
metal rod and held against the face of the wheel while rcvol'viQg. 

The grain of a wheel is determined by tiie size or combination of sizes 
of tbo abrasive grain used. The Grinding Wheel Manufacturers Assoc, 
of the United States and Canada has standardized sizes under the arbitrarily 
assigned numbers 6, .8, 10,:12, 14, 16, 20, 2i, 30, 36, 46. 54, 60, 70, 80, 90, 100, 
120, 160, 180, 200, 220, and 240. ' The finer grades know as flour arc 
designated , as, 280, 320, 400, 500, 600, 800, 900. or as F, FF, FFF, and XF. 

The grade is, determined 1^^ toe 'hardness of the ■wheel. The wheel-from 
which the particles are easily broken, caudng it to wear away rapidly, is 
called soft, and one that is .able to retain its particlGs longer is called hard. 

The following table pyes’toe most generally used grade designations 
and letter for, abrasive whoela: 

Grade designation Very soft Srft Medium soft Medium 

. A,B,0, D,B.F,G ''.l.M.N.O 

Grade designation . ■ ' ' Medium hard ' ‘‘Hard'' 'Veryhard 

' p,q;e,s T, U,V, W'.-^X Y,Z I 
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Seasoned wood in email pieces is mueb stronger than green wood. The 
relation of strength to moisture content depenifa upon species, whether soft- 
wood or hardwood, and upon the kind of loading. 

Table 3 shows the reduction in compressive strength of several woods 
due to increasing the moisture content from 2 percent to the amount 
indicated. Thus, red spruce with 16 percent of moisture has but half (0.505) 
the strength it has with 2 percent of moisture. The latter moisture content 
could not be maintained in use. The table also serves to permit calculations 
of change in strength for other changea in mwsture content. See also Wilson, 
17. S. Dept. Agr. Bull. 282. 

Table 4. Basic Stresses for Clear Timber 

(All values are in pounds per square inch) 


Extreme 
fiber in 
bending 

Com- 
pression 
perpen- 
diouku' 
to grain 

Com- 
pression 
parallel 
to grain 
L/d " 10 

Maxi- 

hori- 

zontal 

shear 

Modulus 
of elas- 
ticity 

D 

B 

D 



1.466 

250 

1,066 

120 

1.200,000 

\m 

175 

733 

93 

800,000 

1.466 

250 

1,200 

120 

1.ZOO.DOO 

I.KI0 

200 

933 

106 


I.73J 

300 

1,466 

133 

1.200,000 

2,000 

325 

1.466 

120 

1,600,000 

2.133 

345 

1565 

120 

1,600.000 

1.466 

275 

1.056 

113 

1,200.000 

2.333 

380 

1.711 

140 

1.600.000 

1,466 

300 

933 

93 

1.100,000 

1,200 

150 

933 

93 


f.466 

300 

933 

93 

1,100.001) 

1.733 

300 

1,200 

100 

1.400,000 

1,200 

250 

1,000 

113 



300 

1,066 

113 


2dl00 

325 

1,466 

146 


2,333 

380 

1,711 

171 


1,600 

250 

1,333 

93 

1.200.000 

1.707 

267 

1,422 

93 


ijno 

175 

eOD 

93 


1.466 

250 

1,066 

113 


1,600 

300 

U33 

126 

1,300,000 

1,866 

500 

1,466 

167 


1335 

300 

866 

120 



500 

1.600 

167 



500 

1,600 

167 


1366 

300 

1.066 

120 


2,000 

500 

1.600 

167 



250 

L066 

133 


1.10b 

300 

1,066 

133 


2533 

600 

2,000 

187 


2J)00 

500 

1.600 

167 



500 

1.333 

167 


1.4M 

300 

1,066 

133 

U00,000 


Softwoods: 

Cedar, Alaska 

Cedar, northern and southern white 

Cedar, Port Orford 

Cedar, western red 

Cypress, southern 

Douglas fir, coast re©on 

Douglas Sr, coast region, close- 

grained 

Douglas fir, Rocky Mountain region 
Douglas fir, dense, all regions 

Fir, commerciai white 

Fir, balsam 

Hemlock, eastern 

Hemlock, western 

Pine, western white, northern white, 

sugar, and ponderosa 

Pine, Norway 

Pjne, southern yellow 

Pine, southern yellow, dense 

Redwood 

Redwood, close-grained 

Spruce, Engclmann 

Spruce, red, white, and Sitka 

Tamarack 

Hardwoods: 

^h, commerdal white 

Ash, black 

Beech !!!!!!* 

Birch, sweet and yellow 

Chestnut 

Elm, rock 

Elm, American and ^ppery 

uum, black and red 

Hickory, true and pecan 

Maple, sugar and black 

. Uak, commercial red and white. . . . 
lupelo 


■ timber and the condiUcm of exposure) 
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Fish glue is prepared by leaching heads, bones, and other fish scrap. It is sold 
in liquid form in various concentratjons for general gluing work. It is unusually 
hygroscopic and slow drying. Its Rreatest importance is in the engraving field. 

Casein is obtained by precipitation from cow's milk. It is sold in powdered form 
and can be brought into solution with ammoua or fixed alkali by heating to not over 
150 F, Recently it has become av^able in cold-water-soluble form. Its principal uses 
are in laying wood venaer, cwk floors, setting brt^h bristles, etc., ■where strength 
and moisture-resistance are desirable and strong alkalinity is no objection. Casein 
has a tendency to deteriorate unless stron^y preserved even after the film has dried 
cut thoroughly. Formaldehyde should be avoided as a preservative because it tends to 
dimimsh the solubiUty of cas^. 

Vegetable glue is a general clastification for all adhesives produced by treating 
starches or dextrins. The roost imporinat sources are wheat, com, tapioca, sago, 
and potato starch. These starches lend themselves to various treatments such as 
cooking with alkali and other chemicals to produce stable hquid solutions. Anothet 
method of converting starch into soluble adhenves is by the use of enzymes. In certain 
cases, an acid treatment is resorted to. Statcfaca can be treated by roasting to produce 
dextrins from which stable liqiud vegetable glues can be produced. 

Vegetable adhesives are increasing in use on account of tbeir low cost and convenience, 
and because they are used o^d. Principal uses ate in the manufacture of paper bags, 
paper boxes, envelopes, shoes, and sttnilat lines. The starches or dextrins can be pre- 
pared by the consumer. The principal sources of dcxtnns in the United States are 
corn, tapioca, and sago. Com dextrine arc not cold-water soluble whereas sago and 
tapioca are. 

Rubber cements arc available in two types, the latex or compounded-latex type 
and the solvent rubber-ccmcnt type. Owing to ita water-resistance and excellent 
flexibility, latex Is becoming more and more important ns an adhesive. Ammonia is 
used as a stabilizer to prevent coagolation, but deammoniated types have appeared 
without the objectionable ammonia odor. Latex can be compounded with some glues 
nnd pastes to lend them greater adberive powen. 

Eolveat rubber cements are produced by diasoltdng freshly-milled crepe rubber in 
napbtba with or without the addition of benzol or carbon tetrachloride. This produces a 
tacky very viscous adhesive which is unusually fast drying but not particularly strong. 
An objection to its industrial uso is ita infiamroability. 

natural gums are of two types, some being soluble in water, others insoluble. The 
most important soluble gum is gum arable, from which glue can he produced which la 
unusually light in color and clear. The insoluble gums, of which gum copal and gum 
damar are most generally used, ate brought into solution with solvents such as alcohol 
to produce waterproof adhesives. 

Silicate of soda, commonly known as water glm, is made by fuBing quartz s&nd 
with potash or sodium hydrate. It is a heavy oil-kke liquid cootaiaing 33 to 60 percent 
sodium silicate and must be protected from air to prevent drying out, or gcUation, It 
is produced in various strengths and used ns a cheap adhesive and also for fireproofing 
cloth and wood. It also finds a use as an ingredient in artificial atone cements. 

Miscellaneous. Ordinary putty is made from rdiiting and pure raw linaced oil. 
Glazier's putty generally contains some varnish in addition. Linseed-oil varnishes 
mixed with litharge or red lead and ocher are extensively used as a hard-drying putty. 
Mastic cement is composed cd powdered limestone, sand, and litharge, mixed with 
linseed-oil varnish. Litbaigo and ^ceiin produce a very hard-drying cement, 
resistant to alkalies, ocids, and petroleum solventa. Water glass and chalk produce fl 
bard waterproof mass, as do also wato-glassand Portland cement. Magnesia cement 
consists of calcined magneaia la a 30 poeent solution of chloride of magnesium and 
hardens to a stonelike mass. Marine glue is matte from pitch and oils. 

ALCOHOI. 

(See also p. 2%) 

Qrain alcohol (ethyl idcobol) is made by the distillation of fermented 
sugar solutions derived either from grtuo, molasses, or fruit simps, or by 
the treatment of wood with Bulphurotw add. It is sold in the United States 
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ment and .the loss;of,'strength.should‘be talceo into' Mcouiit.; ■ 

The Gradins of Steactural Timbers 

Because of variations in the quality of -.theimdd) the number and size of knots, the 
degree of cross grain, and the extent of shakes and cheeks, one timber of a species may 
be several' titaes as strong as another. ' "Without grading of timbers, working Stresses 
must be adapted to the strength of the poor» pieces of each species. "With grading, 
each piece can bo fully loaded and economy and dependability promoted. 

In the U. S. Dept. Agr. Mise. Pv.bl. 185, there aro'^ven proposed specification require- 
ments for grading which take account of the quality. of -tite wood, decay; slope of grain, 
size of knots in relation- to timber dimenunt, toeation of knots, sbe of shakes, and other' 
defects; Different speeificationfl are suggested. (1) fot. hcaniB, ' girders, stringers, etc.; 
(2) for joists, rafters, planks, flooring, 'etc.; and (3).for posts, columns, struts, caps, sills, 
etc. The infl.uenee of these various defects on the strength of the timber is pvea in the 
form of strength ratios which givc'thc ratio of strength to be anticipated ns a per- 
centage of the strength of clear green materia], 

. The major lumber associations have graded the structural lumber withwhieb they 
deal bn, the basis of tlie magnitude of the defects, uang such terms ns “ prime,"/' select," 
"heart," "merchantable," "common," ''No., I,” etc.,,to,indionte, the grades., They 
publish atrength-ratioa for these .various grades. A selection of their grades with corr(S 
aponding atrsngth-ratios.is' contained in the ilftse. Pub. W5 already teferted to.' Further 
information can be.obtoihed from'the California Redwood Association. San Francisco, 
Calif.; the Nofthem Hemlock and Hardwood; Manufacturers’ 'Association', Oshkosh,' 
Wis;; the'Southorti’Pino Associntidn, New Orleans, l>a.;'the Southern Cypress Manu- 
faoturerh'' Asaooiation, Jaakeonville, Flo.; the West Coast Lumbermen's Association, 
Seattle, Wash.; and other regional lumber associotione. See’also "Wood 'Structural 
DcMgii;Data," National Lumber, Manufacturers, Association, Washington. D. 0.; 

The ’worMog atfoaees as detetmined trom Tables 4 and 5 must be multlplied'by the 
strength ratios of the lumber associations in order to find the permissible working stresses 
for lumber, of anystated grade. , . ,, . i," 
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show no Cracking when bent around a 1 in. circular mandrel, grain side 
outside. Under the piping teat,' a inece of betting bent 180 deg around a 
3 in. mandrel with the grain surface in «haH ehow no signs of coarse wrinkling 
or piping on the grain surface. ‘ 

The United States Navy spedfications require oak-tanned leather.'cut 
entirely from the center or back of the hide and free from any loading. • Single 
belts must show an average tcndle strength, of 4,000 lb per sq in.; double 
belts a tensile strength of 3,600 lb. When subjected to a stress of 2,250 lb 
per sq in. for I hr, single belts should show not more than 13.5 percent 
elongation and double belts not more than 12.5 percent. The modulus of 
elasticity, in tendon varies from 17,800 lb per sq in. for new belts to 32,000 
!b for did. The proportional clastic limit is about 2,300 lb per sq in, The 
strength of chrome leather varies from 8,500 to 12,900 lb per sq in. 

Care of Leather Belting. A harsh dry belt should be dressed by first 
removing the surface dirt with a coarse cloth and then applying the dressing, 
a little on the pulley side and more on the outside. Only as much dressing 
as, the leather will readOy absorb should be used and preferably when tho 
belt is idle. Noatsfoot oil and castor oU make very good dressings. Sur- 
face dressings such as rosin should be avoided, except as first aid in an emer- 
gency, for they seriously shorten the life of the belt. 

. Commercial sizes of leather belting as adopted by the Leather Belting 
Asso. range from H to 72 in. in width, the width increasing by }i in. up to 
1 in., by in. up to 4 in., then by In. to 7 in., and above that by inches. 

Bubber belts are made by saturating a strong woven duck belt with 
rubber and subsequently vulcanizing. Their advantages over leather belts 
are claimed to be uniformity in width and thickness, durability when exposed 
to steam and dampness, great tenalc Strength, and grip on pulley. With 
proper weight of duck, a throe- or four-ply rubber belt is claimed to equal 
a single, and a five- or six-ply to a double leather belt. Rubber belts are 
cheaper than leather or other belts suitable for the same kind of work and 
are of particular value in damp locations or under unusual temperature 
conditions. 

Rubber belts should never bo treated with animal oils or greases, as these 
substances rapidly destroy their life. Good results are said to be obtained 
by painting with a mixture of equal parts of red lead, black lead, French 
yellow, and litharge mixed with boiled tinsoed oil and sufficient japan to 
cause quick drying. This produces a smooth polished surface and, if. the 
belt should slip, the side next the pulley can be elightly moistened with 
boiled linseed oil. Commercial sizes run from 1 to 60 in., increasing by 
H in. up to 2 in., by in. to 4 in., and then by inches. Special seamless 
and endless belts can be obtained. 

Cotton belts, when woven, have a teorile strength of about 6,000 Ib per 
sq in.; when sewed, from 6,500 to 7,500 lb, per sq in, 

/ BRICK 

Eeferenczb: "Brick Engineering," Tola I, II and III, Brick Manufacturers’ Asaoci 
of America; "Brick Structures,” Brick Manufacturers' Assoo. of America; Stang, 
Parsons, and MoBurney, “CompressiTe Strengtii of Clay Brick Walls,'’ B. of S. Research 
Paper 108. A.S.T.M, 8pecifioftti<®9. Covering Paving Brick, Building Brick, Sewer 
Brick and Fite Brick. , ‘ ' 

Building brick ore classified as mthw common brick or face brick depend? 
ing on whether or not they have-been artifidally colored or textured; . i 
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. Manufactured AbraaiTes 

Manufactured abrasives, although more expensive than the natural, have 
largely superseded them commercially, owing to a much closer control of 
chemical composition and .crystal structure, thus enabling the maintenance 
of uniform strength properties or "temper” in the manufactured abrasives. 

Crystalline alumina consists essentially of the same mineral as corundum, 
but the physical properties such as crystal structure, size, and shape of grain 
are so controlled as to produce the most desirable abrasives for specific types 
of grinding. The method of cooling the pig of oro' and the percentages of 
impurities present (TiOj, FeiOj, and SOi), although usually less tWn 6 
percent toW, greatly influence the propertiea of the product. Crystalline 
dumina has a conchoidal fracture, and the grains, when crushed or broken, 
possess sharp cutting points and edges. Manufactured corundum, particu- 
larly the fines, is also an excellent refractory material for electric-furnace 
parts, laboratory ware, and many special industrial installations. As an 
abrasive it is best adapted to the grinding of high-tensile-strength materials 
such as steel and annealed mallcablo iron. Manufactured corundum is 
available under several trade names such as Borolon (Abrasive Co.) , Aloxite 
(Carborundum Co.), Lionito (General Abrasive Co.), and Alundum 
(Norton Co.). A product made by fusing chemically purified alumina 
(AljOj) is not BO tough as the material of 95 percent purity but is better 
adapted to certain operations such as precision grinding of sensitivo steels. 

Silicon carbide (SiC) (see p. 730) corre^onding to the mineral moissanite 
has been found in meteors. The hardness is between that of corundum and 
diamond; the specific gravity is 3.2. It is insoluble in acid and. infusible. 
It decorapOEOs above 4050 F. It is manufactured by fusing together coke 
and sand in an electric furnace of the resistance type. Sawdust is used 
also in the batch and bums away leaving passages for the carbon monoxide 
to eBcape. The grains are charactcriz<^ by great brittleness, Abrasives 
of silicon carbide are best adapted to the grinding of low-tensile-strength 
materials such as cast iron, brass, bronze, marble, concrete, stone, and 
glass. It is available under several trade names such as Carborundum 
(Carborundum Co.), Carbolon (Exolon Co.), and Crystolon (Norton Co.). 

Boron, carbide (B^C), a recent addition to commercial manufactured 
abrasives, has a scratch hardness greater than that of silicon carbide. It is 
available under the trade name of Norbide (Norton Co.) and is being used 
in loose grain form for the lapping of tungsten- and tantalum-carbide-type 
tools. In the form of molded shapes, it is us^ for sandblast nozzles, wire- 
drawing dies, bearing surfaces for gt^s, etc. 

Grinding Wheels 

Vitrified Process. In wheels, segmenta, and other abrasive shapes of 
this type, the abrasive grains are bonded with a glass obtained by mixing 
the grains with such materials as days and feldspars in various proportions, 
forming the mass, drying, and subjecting to heat. It is possible to manu- 
facture wheels as largo as 60 in. diam by tins process, and even larger wheels 
may be obtained by building up witii segments. Most of tho grinding 
wheels and shapes (segmenta, cylindeiB, bricka, etc.) now manufactured are 
of the vitrified type and are quite satisfactory for general grinding operations. 

Silicate Process. Wheels and shapes of the aiicatc type are manufactured 
by mixing the grain with sodium rilicate (water ^ass) and fillers that aro more 
or Iras inert, forming the mass, and bitMng at a moderate temperature. It 
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The common requirements are as follcnwB:mee,8H X 2}^ X 4, 8^ X S X 3J^, 
X 3 X 4, with permissible Tariationa of H in either transverse dimen- 
sion, and H in. in length; loss in rattter tert, 22 to 26 percent of original 
weight. 

Although brick have aJways been used in constniction, their use has been 
limited, until recently, to rensting compreamve-type loadings.' By adding 
steel in the mortar joints to take me of tensile stresses, reinforced brick 
masonry extends the use of Imck masonry to additional typos of building 
construction euch as floor slabs. Reinfori^ brick masonry behaves like a 
homogeneous material within its appropriate range of application. 

Sand-lime brick are made from a mixture of sand and lime, molded under 
pressure and cured under steam at 200 F. They are usually a light gray 
in color and are used primarily for backing brick and for interior facing. 

Cement brick are made from amixture of cement and sand, manufactured 
in same manner as sand-lime brick. In addition to their use as backing 
brick, they are also used below grade for manholes and catch basins where 
there is no danger of attack from add or alkaline conditions. 

Firebrick. (See p. 728.) 

Measuring the amount of brick required ia done in one of two ways, depending 
on the types of brick to be used. Where a common brick is to be used throughout the 
wall, the superficial area in square feel is determined and multiplied by 6(12)[18] for a 
4(8)[12] in. 'wall; this is for masonry joinU }i in. thick. For thinner joints, a slightly 
larger number of brick are required. Where a face brick U being used with common 
brick for the backing of a wall, the total number of brick required is determined as 
above and then the number of face brick ia found and subtracted from the total to 
determine the number of backing brick. For common bond, using a row of headers for 
every sixth course, the number of face brick required per square foot of wall area is 7. 
To determine the face brick required for various bonds, increase the number per square 
foot of area over d as follows; for En^ish bond, 50; for Flemish bond, SSHl for 
Flemish cross bond, 16^; for garden wall bond. 25: for running header bond, 100; ^r 
common bond, 16^ percent. 

CELLULOID 

Gelltiloid (gylonite, pyralin) is a themoplasric mixture of nitrocellulose 
(pyroxylin) and camphor. This material, frith the addition of alcohol and 
pigments or dyes if desired, is pressed or bent into shape in a heated mold. 
Sp gr is approximately 1.35; earily defonnable when warm, but stiS when 
cold', and’ aSout' as strong as tfie solfer woods, fifodulus of elasticity varies 
from 200,000 to 600,000 lb per sq in. Chemically unstable at higher tem- 
peratures, but stabilized by various admixtures. Very inflammable unless 
fireprooflng agents or other materi:ds are added in large quantities. 

CLEANSING MATERIALS 

Soap is made by chemically comlnning fats 'with alkalies. Moat soaps 
are made by the use of caustic soda; only soft soaps, liquid soaps, and shaving 
soaps are made by replacing ca'ustic soda in whole or part by caustic potash. 
Cocoanut oil gives a hard but very soluble soap having a quick, abundant 
lather, and, therefore, soaps made from this mat^al alone arc advantageous 
for use with hard water. Soaps made from palm oil have a good lather and 
are readily soluble. Beef tallow is by far the most important material, and 
the usual soaps on the market contun more tallow than any other material. 
Olive oil produces a rather soft-bodied soap 'which becomes firm and hard on 
aging, of fair lathering properties, and ra&er slimy feel. Drying and semi- 
drying oils are usually used only in Bmdl amounts, since in neutral soaps 
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Abrasive Paper ' ' 

Flint, gemet, em^, corimdum, and ilic artificiBl abrasives are all 
used on paper, and clotli fastened by glue or some Bpecial adhesive. The 
abrasive papers are used chiefly for soft materials, such as vood, .and the 
abrasive cloths are used for metai'Work. 

Crushed steel is made' by heating high-grade crucible steel to nearly 
white heat and then quenching in a batii of cold "n'otcr. The fragments 
thus produced are crushed to particles varying from fine powder up to H a iu- 
di an i and are classified as diamond crushed steel, diamond steel, emery, and 
steclitc. Chief use in the atone, brick, ^ass, and metal trades. 

Rouge and crocus are finely powdered oxide of iron used for huffing and 
polishing. Rouge is the red oxide, crocus is purple, 

ADHESI7ES 

Befebbkces: J. A. Tageart, “The Glue Book,” Inland Printer Co, Bogue, “Cheia* 
istry end Technology oi Gelatine and Glue,” McGraw-Hill. Sherer, “Casein," Van 
Nostraad. Dulac, “Industrial Cold Adheavea," lippincott. Standish, "Cementfl, 
Pastes, Glues and Gums," Reinbold. 

Glue is generally divided into animal glue, fish glue, cassia, vcgctahlo 
glue, latex and rubber cements, natural gums, ulicate of soda, niiscellnncous. 

Animal glue is made by boiling out hides, skins, bones, and sinews of 
various animals, principally cattle and rabbits, and drying the resulting 
liquor. It is obtainable commercially in sheets, strips, flakes, ground, and 
powdered. 

The modern method for grading glue has been set up and is controlled by The 
Amerioaa Glue Mtnufacturcts Asc-oc. The irapoitant piopcctios ot slues arc vUcosily 
and jelly streogth. The viscosity is tested by riming the flow of a definite conoentrnttoa 
of glue in water at a set temperature through a pipette. The jelly strength represents 
the tenacity of a solutioa of glue that line been allowed to set by cooling to form a ioll; 
it is Tocasured aMording to the Bloom JoUometer and expressed in milUpoises. Prac- 
tically all animal glue bought today U bought in epcciGcaUons expressed in seconds of 
viscosity and millipoises of jelly strength. These two properties are most important in 
the use of the glues and bear a very definite relation to its quality. The higher tho 
jelly and viscority , the better the gr^e of glue. Bone gluca are usually low in viBooaity 
and idly strength as conap&red with hide glues and gelatines. 

Undissolved glues will retain thdr properties indefinitely and will not decay. 'When 
brought into solution with water they should be preserved with phenol or a similar 
powerful preservative. Formaldshyde must be avoided aa it tenda to reduce tUo solu- 
bility. Good animal glues arc neutral or only very slightly acid. The better grades 
when made up in sheet form will bend without breaking and when broken will show a 
splintery edge. A clean fracture indicates brittlo low-giade glue, 

la dissolving, glue should always be eoahed in cold water and then warmed. It ia 
of great importance to employ no more heat than necessary to assure complete solution. 
It should never be heated above 160 F; jacket heat or double boilers sliould he used 
but never live steam. Tho "Glue Book," by Taggart, gives the following valuablo 
suggestions regarding selection; 

Food joints; High-test Udo glues. Feneers; Moderately high-test mixtures of bone 
and sinew or, better, bone and bide. Sizing: Glue free from grease and foam, Paper 
boxes: Quick setting glues for setring up, low-test giues for' covering. Belling ond 
leather; High-test glues preferred. Boohbindiiig: For cavers, low-grade bone glue; for 
rounding and backing, high-grade hide ^ue. For emery 2>urpo5cs; 'Very high-grade 
and pure glue. 

■ From animal glues are; prepared (1) flexffHe plus consisting of a mixture of glue, 
glycerin, or other plaaUoizers and water and (2) Ugiud animal el««8'by treating the raw 
glue 'SO as to prevent it' from jelling, • Flexible glne k used 'principally in the paper- 
bos and bookbinding trade; liquid glues ore used for general gluing work. 
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fittings 'such' as 'wormlino';Vatime'a^’Bpaiiyafiii' alsb'marline and rouridlino 

used in serving rigging. , . > . , ^ 

' In TOaking' cordage; the ijpeii^,';im"into'a sliver (a'cdntinuous 

nbbon'of fiber'laying parklld k'nd.'in&but spun intb*-a yarn; formed 
into a’ strand; and laid iaio'a rbpd.' ’'Spinning ‘js 'iiinstin'g the fibers 'intd s 
continuous length'of ihe ’aze Tcq.i4red arid'wtb' tbd proper' nunibeir of twists 
to the 'foot. " Forihing la t-ivisting tHe'nuinbcr'of yarns required to make' the 
size of the strand,, the twist in thd stfand opponte tb the' tmst in the^yarn. 

Jtopes 'are plain laid or cabld'Ii^d. A plain-laid 'rop 0 'may'' 6 s made' of 
three, four, or'six strands' twi'sted'togfetKer in'the opposite direction' to, tho 
twist in'tho Btrandi'V CaSle-laid'br'watcr-laid’'ropc .consUts'bf three plain- 
laid thrbe^straadVopes'twisted togetlier in the opposite' directioh to’the twist 
in th'e'ro^e.' ^ Th’ej'(An life inhdo* four or ax'atrahd, hut such rope is seldom 
required. '.Suchjrqpes.have' approiiinately 65 pqrceiit of the .strenljth of a. 
plain-laid' ropq ’^bf' cortespohding'-Bize: TWsy have 'peater elasticity and 
present much greater reostaneb' to abrasive wear and wathr abaorption’ thah 
plain-laid rbpesi ' ' 

The term lay js used tb'dcsi^ate the length of one turn 'in the rope 'ine,^as> 
ured‘ parallel th'the axis and is ususUy expressed ’as bard, medium’ Wd, 
niediuiti soft, and soft lay. 'Examplce of special la^.ate yacht, rope, bolt rope, 
sail-’maket's'lay, coal falls, and ■transinission lay.' ‘A. yarn, stra'nd, or ropo 
has 8 ’(or left) '[twist if, when held in a vertical positida, the spirals conform 
in slope to the central portion of'the letter S, and 7t (or .right) twist'ff the spirals 
confdrm in slope to the central portion of the letter Z. ' ' ' 

A common-laid rope will have Uie strength required by the U. 8 . Goverit- 
ment Federal ,spocificatioDB (sbo below). A soft-laid ropo will have loss 
elongation; greater tensile strength,' and l^s resistance to abrasive woar 
than’k hard-laid ropei • . 

Hopes made of selected yarns or bolt-rope stock may be required for 
severe work. Such rope will exceed the tensile strength required by Federal 

Weight and Strength of Difierent Sizes of Manila Hope, 
Specification Values 

(From rr. S. Government SpecJGcation TIMOIA dated Nov. 26, 1935, and formulated 
jointly by cordage manufaoturers and Government lepreeentativcs} 


g s £■;. & s ^ ? 8 d 

b: 2 “2 Sg? egS a| 

m" 5=5 5 . 0 'e 5^. 

, < j O <4 A ■< 

Ms H 9.015 450 

a 0.020 600 i^s 

ffs I 0.029 1000 I 

H 1)^. 0.04! .1,350 IHc 

'Uc< IH 0.053 1,750 IHs 

' M"' !t5''b'.b75 ',2,650 ’ 1M 

m 0.104' '3,450 . IHs 

.iHt 2 0,133 r 4,400 

, M ■ . 2H' 0.167 , 5,400 156 


' The approximate length . of co3is.l,200ftfar^m and larger. " For smaller 
itislongerjup toS.OOOft'for ?f#in.<fism. ' ' ' < 
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by “degree proof” or "proof,” the figure rcpieaenlLng twice lie percentage of 
alcohol by volume; thus, 100 deg proof spirit at 60 F contains 60 percent of 
absolute alcohol. Common custom in the United States expresses the 
percentage of alcohol "by volume." Grain alcohol is miscible in ail propor- 
tions -with most liquids except fatty cdls, -which it dissolves very slightly. 

Methanol (methyl alcohol), formerly known ns wood alcohol, is now 
principally produced synthetically by pasring highly compressed hydrogen 
and carbon dioxide over catalysts, and condensing the reaction product. 
The material produced in this way is of extrenie purity and uniformity. It is 
waterwhite, and has only a feeUe odor. Its specific gravity is 0.7965 at 
60 F, and it boils at 152 F. It bums with n non-luminous flame, is miscible 
in all proportions with water, alcohol, ether, and glycerin, and is a good 
solvent for certain resinous materials including ahcUac. 

Some methanol is still being made from wood, principally to supply the 
denaturing trade, which demands certain types of raw materials. 

Denatured Alcohol. The object of denaturing alcohol is to permit the 
use of ethyl alcohol for purposes other than drinking free from the heavy 
ozeiae tax. The common denatured alcohol of commerce is made under 
Government regulation by adding a email quantity of wood alcohol and 
benzine to grain alcohol. Such a mixture is unfit for consumption as a 
beverage, but for moat induatrial purposes it servos equally as well as the 
pure product. For spocial industries where such a denaturing would bo 
objectionable, the Government has permitted the use of special denaturing 
materials, such as pyridine, nicotine, “aldchol,” sodium salicylate, diethyl 
phthalate, and a number of other materials. 

BEhTING 

Leather Belts. High-quality leather belting is made of leather cut from 
the part of the hide which is back of the ehouldcre and close to the backbone. 
This section varies from 24 to 32 in. in width and from 40 to 54 in. in length. 
Such leather is uniform and has minimum stretch and maximum elasticity 
and produces belts which -will run straight and quiet on the pulleys. Single 
belting can reguUriy be obtained up to about Ms VQ- thickness, double 
(two-ply) belting up to about % in. in thickness. Bolting of over t-wo plies 
ift maiiy made -to suit individviel ttraidiViona. Veiy wide heltruR may be 
made of two or more strips laterally. Extra long sections may include some 
inferior shoulder stock which is characterized by the coarse nook wrinkles 
in contrast to firm center stock which is smooth and without wrinkles. 

The quality of leather belting may be determined by the "piping" test 
which consists of taking a piece o5 belting and doubling it up gi'ain side in. 
If the wrinkles or piping appearing on the grain side are large and coarse, the 
leather is not of high quality. Fine, delicate wrinkles indicate firm, sound 
stock. 

The leather most generally used for belting is vegetable tanned, but chrome- 
tanned and combination-tanned leathers are also used. Leather bolting 
may he regularly obtained which has been made up with waterproof cement, 
rendering the belt substantially proof gainst dampness, steam, and water. 

The A.P.I. Tentative Specifications for Leather Belting (1926) 
require an elongation of not less than H percent nor more than 24 percent for 
a load of 700 (1,300) lb per in. of wid-th, on a single (double) belt. The 
ultimate strength shall be not loss than 700 lb per in. of width for single, 
and 1,300 Ih per in. of width for double belts. A sample of belting must 
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Bolmls; drying-oil varniahoa based on cashew-nut^ell liquid, eombined 
with resinB (Harvel varnishes). 

VarnishoB have changed greatly in the laat few years, since new oils have 
become available, and particularly since phenolic resins have been employed 
in their manufacture, The piesimco of plenty of linseed oil is no longer 
sufficient evidence of a good vamirfi, or the finding of rosin evidence of a 
poor one. Evaluation should be based on pcrfonnance tests. 

Impregnating Compounds, Bitumens and waxes are used to impreg- 
nate motor coils, the melted mk bang forced into tbo coil in a vacuum tank, 
forming a solid insulation when cooled. Brittle compounds, which gradually 
pulverise due to vibration in service, and soft compounds, which melt and 
run out under service temperatures, should be avoided as far ae possible. 
Impregnating matoriala for high-tension paper-imulated cables are usually 
a blend of petroleum products containing enon^ thickener to give the right 
degree of mechanical consisteni^. Chemical homogeneity of the materials 
is very important. 

Oil. Refined grades of petroleum oils arc ertensively used for the insula- 
tion of transformers, switches, and lightning arresters. The following 
specification covers the essential points: 

Specific gravity, 0.860; flash t^t, not less than 836 F; cold test, not more 
than UF; viscoaty (Saybolt) at lOOF, not more than 120 sec.; loss on 
evaporation (8 hr at 200 F), not more than 0.5 percent; dielectric strength, 
not less than 35,000 volts; freedom from water, acids, alkalies, saponifiable 
matter, mineral matter, or free sulphur. Moisture is particularly dangoroua 
in oil. Skinner claims that 0.06 percent HtO will reduce the dielectric 
strength approximately 50 percent. 

Paraffin la used to impregnate paper and doth. Specific inductive 
capacity, about 2; dielectric strength, 8,000 volte per mm; specific resistance, 
240,000,000 to 2,900,000,000 megohms per cu cm. 

Impregnated Fabrics. Fabrics serve ae a framework to hold a film of 
insulating material, and must therefore be of proper thickness, texture, and 
mechanical strength, and free from nap or acidity. Cambric, muslin, 
lonsdale, and batiste ate commonly used (see Ind, Eng. Chem., July, 1928, 
p. 698), 

Empire cloth is cambric treated with linseed oil by a special process. Similar 
products are oiled linee, oiled canvas, vanushed cambiie. 

Insulating tape, also knonn as friction tape or binding tape, consists of a fiat 
woven braid or tape impregnated with an adhesive and msulating compound adhering 
firmly to the braid, ^ in. tope should have a breaking strength of not less than 33 lb 
and run not less than 150 ft per lb; other widths in proportion. 

Cumar, or parscumaron resin, is a ^tbetic reatn made from low-boiling coal-tar 
distillates. It is made in different grades with melting points as low as 120 F and as 
high as 320 F. As an insulator, it has a diefectrio constant somewhat lower than paraffin, 
but it possesses high surface resistivity particularly when e-xposed to moist air. It is a 
neutral resin and unaffected by water, arids, alkaKes, and other reagents. It is used 
in molded insulation in combination vrith the usual fiHers such as asbestos, fiber, pulp, 
etc. Also used in paint and varnish, rabber compounds, printing inks, and aa a substi- 
tute for other resins. 

Thermosetting substances of the phenol-aldehyde type (Bakelite, 
Dures, Durite), and of the urca-formaldchyde type (Beetle) first soften 
and then undergo a chemical reaction wMch converts them quickly to a 
strong infusible product. The best all-Mound properties are available in 
the pheuoIicB where numerous spemal types have been developed for high 
heat resistance (Durez 34), low power factor (Durei 1601, Bakelite XM262). 
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Common brick are ^usually red in color due to the iron orido in the day. 
They -are'uBed iielowfgrade lor sewers, manholes,' catch.bss'ins, tunnels, foot- 
ings, fbmdotions,' and are used above grade for, the facing and bacldng,of 
exterior -walls and for interior partitions. ’ . 

.Face, brick may be red in color, but are also available, in grays and buffs 
where fiie-ciays are the basic materials .uaod iu their manufacture. , ,By Bash- 
ing .with cbeinical8,:Variou3 surface cdors such as green, blue, black, yellow, 
and 'orange are oMained,' Ceramic ^aaes on face brick aro obtainable in 
almost any color. , Various artificial textures lead to, such names as.-'tapes- 
tryi’’ "matVix,” Vyortical scored,” I'.horizontal scored,”, ‘‘oak bark,”, and 
“rug.”, Face brick are used primarily for the-facing of extorior-walls.r ■; 

Brick are manufactured by the- dry-press, .the stiff-mud, or the soft-mud 
process.- .The .dry-press brick is.made in molds under high .pressure and 
from relatively dry clay, mixes. 'Usually all, six surfaces are. smooth, and 
even, -wth sharp. arrises and, gconvctricnl urnformity. The fttiS-mud bric'k 
are made from mjxes of clay or shale with more moisture than in the dry-press 
process, but leas, moisture .than uscd.in.tho soft-mud .process. The clay 
is extruded from an auger machine in a ribboin and cut by wires into the 
required lengths. These brick may be side cut,, or imd'cut; depending, on 
the’^dross aeotion'of the ribbon and thblehgth of the section cutoff. The 'two 
faces ;c,uti:by wires .are tough in texture, _tbc other faces inay' be smooth or 
artificially textured. ■ The soft-'mud process uses o, wet mix of clay which is 
placed in moldsunder slight pressure.- .Where sand is used to prevent sdher- 
ence ol tlie clay-to tho molds, the result; is called a sand-struck biickj 
a water-struck brick is a soft-mud brick mode in molds' where water is 
used as 'the lubricant. • 'V ' 

; ‘ The.Various methods of burnirig.'cpmmbnly used . are’ described ns scove 
kilns, tunnel Hina,' round or downdraft'l^ns, continuous kilns, .and permanent 
kilns. ■ The products -of the scove kiln, are: light hard .brick, ,or tops, com- 
ing from the tops and aides of the kiln; body brick coming from the center 
of the kiln; and bench brick con^gfrom the arches or benches of the kiln, 
lu the round and the permanent Idlns and in the continuous Hina, a moro 
oven temperature over the entire body.,oi.brick allows' a jgreatef percentage 
of body brick. - The light'hard brick from tht^ Hin's come from'the-sides 
where the heat isllces intense. . There, are no arch brick or bench brick. - Tn 
t-unncl.HIns, -allbrlck are burned appfoxjmalely'the same.-, ‘-Placed on cars, 
the brick move 'islowly through the tuimel and into - gradually inotoasing 
temperatures, until tho maximum of'approximately 2000 F.is reached. ' ■ From 
there on,: they are gradually cooled. -si ' • ' - • ■; , - 

Brick are-highly resistant to ‘freeKUig and thawing, to attacks of acids and 
alkalies, and to fire. . They furnish good thermal insulation and good insula- 
tion against sound transference. -:- 

, The use of brick mMonry in b-ufl.ding.conatructionjB due primarOy..to the 
strength of brick in.compressioii. ..’This strength varies according to the 
hardness .to which the brick,iB burncjl, and according to. the, clay from which 
itiis. made. ,, Strengths of ,1,500 toi^/)06 lb p^er aqin. are available. The 
requirements for brick exposed to,-tbe.,weather are.as follow's; compreasiye 
strength, .,4,500. lb per sq in. min; moduluB of riipture, 600 Ib per^sq in. min' 
absorption, 6 to 12, percent; , ratio ofi2jl;br absorption to porosity as deter- 
mined by the .6 hr boil teat, ^perp^tmax (8eeA.’S.T.M. “Specification for 
'Building, Brick”).. , 7 - . 

.-.Paving brick are made of ctey ot shale usually ,by, the, stiff-mud or dry- 
press, process. Brick for,, use as paymgibri.^' are, burned to. -yitrification. 
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tensile strongtli, lb per Bq, in., l,800;-compresaivo strength lb per sq in., 
15,000; dielectric strength, volts per.oim, 16, 350., '' J. E. Boyd (A,S.M.E., 
Dec., 1915) ^yes tbe compressive strength of porcelain and high-grade stone- 
ware as '20,000 lb per sq m.; the tensile stren^h of porcelain > 3,000 lb per 
eqin., of stoneware 1,100 to 2,200 lb; tie modulus of elasticity in tension and 
compression of porcelain, 10,000,000 lb per sq in., of stoneware, 6,000,000 
to 9,000,000. ’ Much research work has, been done on tho improvement of 
porcelain, particularly for spark plugs, resulting in superior material. The 
pure poredain is called .mullite, or aOlimanite. Excellent types applied 
to electrical .uses are isolantite and alsimag. 

Glass finds many spedal applications in electrical insulation, particularly 
for iow-tension, small-power uses. A new dcvelopnicnt of''intere8t iB glass 
fiber for, the insulation of magnet wire for electrical machinery, 

EXPLOSIVES 

(Material Contributed by Hereulee Powder Co,) 

. Black Powder is a black granular alow-acting explosive, which does 
not detonate but biraa with explosive rapidity when ignited under confino- 
rnent. ' Gunpowder and “A" blasting powder are mode with potassium 
nitrate, sulphur, and charcoal. blasting powder is made with sodium 
nitrate, sulphur, and charcoal. Black powder is a mechanical mixture 
of ,the substances mentioned above, the nitrates furnishing oxygen for the 
combustion of the infiammablo charcoal and sulphur. 

. Tho B grade is ordinarily used for blasting. It is used for blasting in 
non-gassy and non-dusty coal mines and for blasting where a heaving action 
is desired. 

High' explosives contain certain chemical compounds which are them- 
selves explosives; they decompose with extreme rapidity. 

Kitroglyceria is formed by the action of concentrated nitric and sulphuric 
acids on glycerin. It is the base of all dynamitos. Commoicially it is used 
only for blasting oil wells. 

Straight nitroglycerin dynamite consists of nitroglycerin absorbed 
in a mixture of carbonaceous materials and oxidising ssdts. It is very 
sensitive and has a high rate of detonation in the higher strengths. It is 
need for demolition, mud capping, submarine blasting, and ditching by the 
propagated method. It is not recommended for other uses. 

Extra (ammonia) dynamite has the same strength, grade for grade, as 
nitroglycerin dynamite. Ammonium nitrate is aubstitutod in these grades 
for part of the nitroglycerin. Extra dynamite is less hazardous to handle 
and use than straight nitro^ycerin dynamite and has the advantage of lower 
cost. Rate of detonation is lower, grade for grade, than the straight nitro- 
glycerin dynamite. It is used for quarrying, stump and boulder blasting, 
and much general blasting. 

Eigh-ammouia dynamite contains ammonium nitrate as the principal 
explosive , ingredient, nitroglycerin boi^ present only in quantities sufficient 
to pve the desired sensitiveness and other properties. These cxplosivos are 
relatively insensitive ,to flame, Bbo<^, and friction. They are not recom- 
mended for wet .work, Hi^-anunoma dynamites are used for mining, 
quarrying; construction, agricultural blafiting, and 'general blasting work. • 

Blasting, gelatin' consists prindptdly of nitroglycerin which is gelatinized 
■with nitrocotton. , It, is a dense rubberlike explosive that is highly water- 
resistant and has approximatriy.tho same strength as nitroglycerin. 
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larger amounts of those materials would nffoot adversely the keeping qualities 
of the soap. 

For deaning paint and varnUh, use pure neutral soap and water; any free 
caustic or carbonated alkali will dam^ the paint. Tlnpainted floors are 
usually washed with soap powder containipg largo quantities of sodium car- 
bonate. Cleansers for cleaning pote and'pans, sinks, baths, etc., usually 
consist of finely pulverized pumice, quartz, volcanic ash, etc., with small 
percentages of soap and sodium carbonate. 

Soda ash, which is practically pure sodium carbonate, is extensively used 
for cleaning purposes, and, in solution, ns a lubricant for grinding steel dies 
and cutting steel and as a preventive of rust on steel tools. For the latter 
purpose, the strength of solution should bo kept low. Sal soda is a crystalline 
fonn.of sodiurn carbonate contmiiing about 63 percent of water by weight. 
Although extensively used, it can generally be replaced to advantage by soda 
ash — which should be at least 97 percent pure. Caustic soda (sodium 
hydrate) is extensively used in textile mills for scouring, deaning, etc., and 
for cleansing metals from oil and dirt. A good grade should contain not 
less than 94 percent of caustic soda. It is very hygroscopic. 

C&UBtic potash, used for cleansing, should contain not less than 88 percent 
of caustic potash; a crude variety, however, containing 65 percent together 
with considerable caustic soda, is frequently employed. Carbonate of 
potash should contain not less than 75 percent of potassium carbonate. 

Solvent naphtha and gasolines, the lighter distillates of coal tar, and 
petroleum are used to dissolve oil and grease in cleansing metal, fabrics, etc, 
Benzol, in combinatiou with acetone or alcohol ie the basis of most vaniish 
removers. Carbon tetrachloride is also used as a solvent for oils and 
grease; it is non-inflammable. Osalic acid is us^ in solution for the removal 
of ink and iron stains. Sodium hydrosulphite, a bleaching materia], is 
used to remove dye spots from white goods hy sprinkling a few dry crystals 
on the spot, and then directing steam from a amall j'et at the end of a glass 
tube onto the crystals. Ammonia, a mild alkali, is used to replace the 
stronger alkaliea in cases where damage might result from their use. Borax 
is also used as a mild alkali for cieamng purpos(». 

CORDAGE 

Sefehehces: Printed matter issued by Hyraoutb Cordage Co. 

The term cordage is applied to products mado by twisting together a 
number of vegetable fibers. Sisal and Manila (structural fibers) are 
classed as hard fibers. Eemp — ^American, Russian and Italian — (bast 
fibers) is classified as soft fiber. New Zealand flax, also known as New 
Zealand hemp, is generally included with the hard fii>ers (seep. 709). Manila 
(abaca) is the fiber best suited for marine purposes and general construction 
work. 

A Manila rope constructed from good fiber has strength, elasticity, resist- 
ance to deterioration and abrasive wetw, Mexican sisal has approximately 
65 percent of tho strength of Manila; it is used where a cheap fiber is required, 
also for harvest, twine. Java and African sisal have approximately 80 
percent of the strength of Manila and are commonly used in the manufacture 
of tying twines and cores for wire rope. Hemp rope is used where softness 
and pliability are required, such as hand ropes for elevators. Hemp is the 
best fiber for^aiaking .tarred cordage as it VfUl absorb tar readily and retain 
It; hence, its former use for standing rig^ and its present use for all tarred 
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Tsmie; and \aBCTdaT fibers. Cottoa aadTomie are nearly wbite; linen, grayisb 
bromi; jute and hemp have a dedded brown color. Those containing large 
proportions of cellulose are flexible and elastic, while those which are highly 
lignified or woody are stiff and brittle. The tensile strength varies con- 
siderably, but the relative strength of the fibers is in the following order: 
Hemp, jute, manila, linen, cotton, ranuc. Vegetable fibers are much less 
hygroscopic than wool or silk, the latter averagdag 12 to 16 percent of moisture 
normally, while cotton and linen average but 6 to 8 percent. 

Cotton fiber is obtained from the seed hair of the cotton plant, the seeds being sepa- 
rated from the fiber by a process known as "giniung.” llie small hairs left on the 
seed after the first ginning, known as “linteis,” are nsed in the manufacture of cotton 
batting, guncotton, etc, The best of cotton fiber is known as “Sea Island'' 

cotton, as it is raised on islands ofi the coast of Carolina. 

The natural spIral-Iike twist of the fiber makes it specially adapted to spinning. 
The spinning quality is also dependent upon the lengfli and fineness of the staple. 
Sea Island cotton is spun into very fine yarns, up to 300, t.c., 300 hanks of 840 yd each 
weigh 1 lb. The tensile strength 4^ cotton is between the tensile strength of silk and 
wool. 

Mercerized Cotton. iThen cotton is treated with strong caustic alkali and simul- 
taneously subjected to mechanical teosion to prevent contraction, the fiber is greatly 
changed, taking on a high luster and an increase in tensile strength of 30 to 50 percent. 
The meroensed fiber also has a greater power of absorption for dyestuffs. 

Linen is obtained from the flax plant by “rctUng." The linen fiber consists of 
nearly pure oclluloae. Natural linen varies from pale yellowish-white to gray. It 
may be bleached with chloride of lime, but the fiber suffers considerable deterioration. 
It is of pronounced luster, silky in appearance, stronger than cotton, and a batter con* 
ductor of beat. Its hygioscopio moisture is about the same as cotton, It does not 
withstand the action ^ boiling alkah'es, bleaching powders, and other oudizing agents 
as well as cotton, nor docs it dye so readily, linen can be mercarised in the samo 
manner os cotton. 

Jute is obtained from the stalks ot the jute plant by steeping in water. The fiber 
so obtained is free from woody fiber and generally haa a length of 4 to 7 ft. It is of 
pale yellowish.brown color, the best qualities showing a yclion'ish-white or silver-gray, 
and having considerable luster and tensile strength. The short fibers are employed 
as a raw material for papermaking. The fiber is amooth and lustrous and has no jointed 
ridges or transverse markings, such as in linen or other bast fibers. It cannot be readily 
bleached owing to the disintegration of the fiber. Its valuable qualities ate fineness, 
silklike luster, and adaptability for spinning. Its strength is less than that of most 
other bast fibers. Its chief defect is lack of dumbility, dampness causing rapid deterio- 
ration, and under ordinary conditions the fib_yr becomes brittle and weak. Bleached 
fiber is cspecislly unstable; its principal uses ore in the manufacture of coarse-woven 
fabrics such as gunny sacks, bagging, binding thread in carpets and rug.s. As a 
substitute for bemp, it 1ms been extensively med in the taanufacture of twine and small 
ropes, and, owing to its cheapness, is bigdy used to adulterate better fibers. 

Eamie and China gross are obtained from the bast of the sUngless nettle. They 
are two distinct fibers, but the names are generally used interchangeably. The fiber 
is the strongest and most durable of all vegetable fibos and the least affected by mois- 
ture. Ramie can be separated into fibos ti great fineness and possesses one-third 
the strength of hemp. It is white in color, resembling bleached cotton, and possesses 
a higher luster than flnen. It lacks the dostidty of wool and silk and the flexibility 
of cotton, and consequently produces ft harsher fabric in which the fine fibers do not 
adhere weJ to each other. 

Hemp is a name applied to a ntunber of bast fibers of similar appearance 
and properties, and is obtained from the plant by ''retting." Its composition 
is a mixture of cellulose and lignocellvdoee. It contejns more hygroscopic 
moisture than cotton or linen. It is printipally used for the manufacture 
of twine and cordage on account of its great strength and durability. It is 
not readily affected by water as contrasted with jute. It' is not much.used 
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specifications lO to ,15 percent. Coal f^s, generfllJs' used, M.a.BiQgle whip,, 
and rope used for the tranaraiaBion of are made from, selected yams, 
but -because of the hard lay arc not bo strong' as commondaid rope' made of 
hbet of the same grade. • 

■Drilling .cables are a cablcs-laid produ<^'', They are generally left laid.but 

can be made right laid and from selected yanw if required. 

ELECTEICAL INSULATING MATERIALS ‘ ' ' 

EEFERENCEi Murphy and Morgan, "The Dielectric Properties of Insulating'.Mate- 
rials," Belli iS!/8{m7’celi.Vour.,ie;OcL,I937,p.4d3. Taylor, ‘‘Evaluation of Pinslica,’' 
India fiubber TForW,'98j'May, 1938, p. 41. ' ' i i' ' 

The insulating properties of any material 'aro dependent upohi'dielectric 
strength or tho ’ ability to -witlistand high volta^s ' trithout breakdown; 
ohmic resistance or '.the ^ability to prevent leakage'of small currents; and 
power loss or .the iibsorptioh of dectrical 'energy, which is transformed into 
heat. Power loss depends upon a humber of influences, 'particularly tho 
molecular symmetry of the insulation and frequency of-tho' voltage, and 
is' the basia of power factor, an important conrideration whenever eEBcient 
handling of alternating- currents is concerned, 'and a dominating considera- 
tion when high {requenci^ arc used, as in'rai^o circuits, . iMateriala may 
liave oae'of these qualities' to a far greater extent than the other, for e-vample, 
air has a' very -high’specifle teastimee but very littls. dielectric strength 
aud'no power loaa'at any frequency;' glass has great, dielectric 'Strength 
yet'inuch lower resistance than air. The ideal insulator is ono-having the 
maximum dielectric stren^h and resistance and' also ■mechanical strength 
and chemical stability. Moisture is by far the greatest enemy of insulation, 
coDBsquently tho absence of hygroscopic quality iS'desirable. - 
The common insulating materials aro described below, i For their eleotrioal 
propartiesi seep. 1706.' ' ‘ • '■ 

Rubber. See Rubber, Gutta Pcrcha,' and Balata', p. 724’ ■ 

Mica'.and Mica Compounds. Mica is a 'natural mineral varying •vridely 
in color and composition, and occurs in' sheets which can be 'subdivided down 
to a thickness of |0.00625 in. 'Whitc'mica is best for 'electrical purposes. 
The green shades are tiio softest varieties^ and'tho white amber from Canada 
the most flexible. . Mica has high insulating qualities, the best gi'ades having 
a disruptive strength of 12,000 Tins volts per tenth of a^'millirneter. Its 
lack, of flexibility and-'non-uniformity and its surface leakage are disad- 
vantages. To offset these, . several Jnica: products' hiavd been developed, 
in which' small pieces of mica arc built up into finished shapes by moans of 
binders such as shellac,' guni; and Bakelite. : Mechanical strength: modulus 
of rupture , (beam tests) 50,0(W to 70,000;'modulu8 of elasticity 25,000,000 to 
30,000,000; shearing strength 18, OOO'to 38,000 lb per sq in.’ 

Mlcanite consistB of thin sheets of mica built ’into, finished' forms with' insulating 
cement. . ; Il.can be bent when hot and machined whb'n cold, and is obtainable in thick- 

pesses.of O.Ol to 0.12 in. Flexible raic^tepla^, cloth, and paper arc! also obtainable 
in various thicknesses, Mogobmit is Bimilai,td micamth except that it is claimed not 
to contain adhesive matter. It can be obl^cdia' plates, paper,'lincn, arid finished 
shapes.: MegotaJc, .built up from mics Bnd.shdlac,,ia similar, to 'tho above-named 
pioduets and obtainable in mmilar iorriis, ' ' . .. ... ' - 

; Insulating Varnishes. Throe g^cral^types' of insulating varnish^aro 
used; asphalt, bztumoa, or wax, in petroleum solvent,' drying-oil varnishes 
based'-on linseed; , chinawood, periila,''ot soybean oil,' ' compounded with 
reams from natural or synthetic 6oi^„tlii]med'prmcipally with petroleum 
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all; over tbe . receptacle. It aleo tends .to corrado.tneia'ls. , For freezing tem- 
peratures, see p. 1879. , ; . 

Calcium cUoride (CaQs) is a "wldte bdM substance "mdely used for 
preventing freezing of solutions and (owing to its great hygroscopic power) 
for keeping sizing materials, and oAer smilar substances moist. It does not 
“creep" as in the cue of salt. It does not rust metal but attacks solder.. 

Calcium chloride solutions are much less cotroavc on metal if made alkaline, 
by the use of a little lime, and also if a trace of sodium chromate is present. 
They are not suitable for use in automobile .radiators, because of corrosive 
action whilo hob, and because of;tciideiMy of any spray therefrom to min the 
insulation of spark plugs and hi^-tensiou cables. . For freezing temperatures 
seep.lS79. . 

Glycerin is a colorless, visdd liquor Trithout odor and miscible with water 
in all proportions. It should hav^ a specific gravity of approximately 1.25. 
It, has no effect' oh melals but disintegratis rubber and loosens up iron rust. 
■'Denatured alcohol is free from the A'sadvantages of caldum chloride, 
salt, and glycerin solutions, but is volatile from water mixtures which run 
hot. A solution containing 50 percent alcohol becomes inflammable, but it 
IB rarely necessary to use more than 30 percent. Cost, approximstely 50 
cents per gal. Seep. 693. 

'■'Met^l alcohol (Zerone), variouely trade named, is sold widely in 
automobile antifreeze. It is a desirable and effective antifreeze, but cafe 
must be taken not to breathe its fumes, which arc poisonous. 

Ethylene glycol (Prestone, Zerw) is used as a freezing preventive and 
also permits the use of high Jacket temperatures in aircraft and other engines. 
Sp gr I.I26 (I.09S) at 32 (77) F; boiling point, 387 F; speciSc heat, 0.57S 
(0.676) at 08(212) F,' Miscible wifi water in all proportions. 


Non-freesing Percentages by Volume in Solution 
Temp. d^F 20 10 Q 
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GLASS 

Referekces: Journal of the Society rf Glass Technologr. Sheffield, England. Hodkia 
and Cousen, “A Textbook of Glass Teebndogy," Van Noslrasd. Hovestadt, " Jeria 
Glass,” Macniillsin. Rosenhaia, “Glass MnaufactucC." Van Nostrand. Long, 
■'Proprietjs physiques et fnaon du verre,” Dunod. Dralie-Keppeler, “Die Glas- 
fabrikation,” vols. 1 trfld 2. Oldenboore. EStd-Pireni-Scheel, " Glastechnische Tabel- 
len,” Springer. Jehsen-Marwedd, “Glsstechiusche Fobiikationsfehlcr,” Springer. 

Glass is obtained by melting together silica, alkali, and stabilizing ingre- 
dients, such as'iirae, alumina, lead, and barium. . Bottle, plate, and 'window 
glass, usually Contain SiOr,' AI-Oj, FeiOj,'CaO, MgO, and Na;0. Small 
amounts of the oxides of manganese and seleniam are added to obtain color- 
less'glass. - ■ 

Special glasses, such as'tableware, laboratory ware, thwmoinetcr glass, and optical 
'glass, require different manuia'etdring oieihbds and differeat compositions. Tlie'/ol- 
losring oxides are either substituted in or added to the above base glass: B;Oj, ZnO, 
K 2 O, AssO:, PbO, MnO, etc., to secure tie requMte properties, Colored glasses are 
obtiuncd by adding the oxides ol irm, mangauesc/coppcr, cadmium, cerium, titanium, 

' Molten glass possesses the alrility to be fabricated in n variety of ways and to be 
cooled down to toom.tempo’ratutc rapidly cnou^ to prevent crystallization of the con- 
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arc resistance (Babeiite XMIOOO), and other specialized properties. Mate- 
rials are ayailablo for such Bpocialiaed applications as the molding of telephone 
handles (Durez 1543), radio-tube bases (Durez 2260T), and automotive 
ignition parts (Durez 2491). The urea plastics are lacking in beat resistance 
but are suitable for general-purpose molding and have fair arc resistance. 

Paper. The present tendency is to use paper only as a backing or framework for an 
insulating film or compound, owing to hygroscopic qualities. Manila and traft 
papers possess the best ^electric and mechanical alrcngth, nnd when coated with good 
insulating varniab are excellent insulatots, Japanese paper is extremely thin and 
strong, and is used in tubular insulation and also os a backing for mica paper. Various 
types of paper, paraffined, are used in condenaers. 

Vulcanized fiber, also known ae hard fiber, is prepared by treating 
paper pulp or.a textile material with a saturated solution of zinc chloride and 
afterward conaoUdating it under heavy pressure. Tho soluble materials are 
then carefully leached out by long soaking in water and the fiber dried out. 
Ithas a consistency like horn, bulis generally found, in commerce, treated with 
glycerin or glucose, which makes it very pliable. In the hard form, it can be 
planed, sawed, and worked like wood, and in the soft form can be readily 
molded It is claimed to be an efficient non-conductor of heat and an cxcel- 
loat insulator. The soft varieties are used in making artificial leather and 
rubber products. Its specific gravity is about 1.3; specific resistance, 53 
megohms per cu cm. Furnished in 42 X 66 in. sheets 0.010 to IH in. 
thick, and in tubes in. to 2H in* diaro by 22 to 36 in. long. It must 
be thoroughly seasoned, tough and flexible, and, when unbaked, must stand 
bending around a circle having a radius of 10 times its thickness without 
cracking or splitting. After 12 hours’ baking at 250 F, it must bond around 
a circle of radius 50 times its thickness. Tensile strength of sheets, Ib per sq 
in.: less than He in. in thickness and over H in., 5,000; He in. to K in., 
8,000; yi in. to in., 7,000 lb per sq in. Electrical strength: about 1,200 
volts per 0.01 in. of thickness. 

Presspahn or fuller board is a specially prepared paper board which, when impreg- 
nated with oil, is an excellent insulator. Insulator presspahn is very liyeroacopio. The 
material is mechanically strong but its dielectric strength is greatly injured by creasing. 
Pergamyn is cellulose beaten into fine fibrillae and consolidated under pressure with- 
out gelatinization or chemical treatment. Its uses are similar to those of vulcanized 
fiber. CuUnfith is produced by grinding wood pulp to a bomogeneoua mass and then 
drying. It is very hard, can be worked like wood, nnd is claimed, to be a substitute for 
horn or ebonite. laolit is a form of papier machd impregnated nnd covered with 
special insulating compound. Adit is a variety of isolit claimed to have great tensile 
strength and toughness and to ignite with difficulty. Litholite is n paper product 
used for insulation. It has high disruptive strength; good insulation resistance, and 
is stated to be inflarnmablo but tough. TsycbUind is u chemically treated paper pulp 
obtainable in sheets from Jfp in. to in. in thickness. ll is very strong and rigid, 
and stated to have high disruptive strength and ineulatioa resistance. 

Porcelain is made from the purest white clay agglutihized by some sub- 
Btance such as powdered feldspar which softens and fuses at the temperature 
at which the ware is fired, rendering the raws semitransparent. The material 
possesses great solidity, strength, and ability to resist sudden changes of 
temperature. It is used extentivdy for electrical purposes on account of its 
strength, durability, and electrical rcastance. External glaze is of importance 
in protecting porcelain. A simple test for quality consists in chipping off the 
glaze and noting whether ink produces a flowing stain, winch it will do on poor 
grades. Properties: The -Locke Insulator Mfg. Co. pves the following 
average values;' specific gravity, 2.427; specific inductive capacity, 44; 
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Luifer prisms are white glass jdatea sdiose interior side is provided vith parallel 
prismatic, transverse ridges. They are mounted vertually in front of nindows or as 
protecting roofs more or less obliqudy on the outside, and serve to diffuse the light 
passing through them into the darker portion of the apartment, They possess great 
strength and considerable resistance to fire. 

Fyrei glass is a low-e-vpanmon borosilicate gbaa contsining no metals of the mag* 
nesia-ltrae-smc group and no heavy metals. Physical properties: modulus of elasticity 
8,800,000 lb per sq in.; sp gr 2.25; refractive indes 1.4764; dispersion 0.00738; linear 
thermal expansion coefScient (65-660 0.0000032; specific heat 0.20; thermal con- 
ductivity 0,21 Btu per sq ft per in. per deg F pet hr; can be used without softening up 
to 1200-1300 r. Principal uses are chenucol ware, bakiiig ware, high-tension insulators, 
sight glasses for ehemical apparatus, boiler gage glasaea, glass pipe lines for chemical 
plants, railroad lantern globes and batlery jara. Owing to its low coefficient of expan- 
sion, Pyrex glass withstands sudden chaikges of temperature without breaking. Chemi- 
cal ware withstands the test of plunging from molten paraffin at 390 P into ice water. 

Fused quartz is made by melting rock crystal or purest quartz ssnd in the electric 
furnace. It is unaBected by changes of Umperatore, la fireproof arid acid-resistant, 
does not conduct electricity, aud has practicaUy no expacsion under heat. It is used 
considerably for high-temperatuie laboratoiy apparatus. (Paget, Jour, Royal Soeiety 
of Aria, Apr. 4, 1924.) 

GRAPHITE 

Refesekcm: "Graphite, Its Properties. Occurrence, Eefining and Uses," Depart- 
ment of Mines, Canada. "Mineral Resources of the United States," U. 6. B. of M. 
Acheson, "Seventeen Years of Experimental Research and Development," Am. Acad, 
of Arts and Sciences, 1903. "Mineral Industry." &to&, "Graphite snd Its Uses," 
Jour, See. Chm. Ind., 49, 1930. Vosburgh, "Electrodes— Carbon and Graphite," Flee, 
Fng„ 62, 1983. Szymowitz, "Cdloidal Graphite," Jour. Chtm. Eiac., 14, 1639. 

Graphite is an amorphous form of carbon, other forms being the diamond 
and lampblack. Three commercial varieties are obtainable — flake, amor- 
phous, and artifidal. Flake and amorphous graphite exist in nature and are 
separated from their accompanying rock me^anically. The latter is much 
more abundant but of less value commercially. The best flake graphite 
comes from Ceylon, although certain valuable varieties occur in the United 
States, particularly those in New York State controlled by tho Jos. Dixon 
Crucible Co. The specific gravity of commercial graphite ranges from 
2.015 to 2,583; for refined graphite it is 1.802. Its hardness on Mohs scale 
is between 1 and 2. The specific heat of natural graphite is 0.2019; of fur- 
nace graplute, 0.1970. The heat value of natur^ graphite is 14,033 Btu 
(Favre and Sberman), and of avtificial grapbile, 14,222 Btu (Berthriot 
and Petit) per lb. According to Fizeau, coefficient of linear expan- 
sion per deg F is 0.00000437 at 104 P, and the elongation of a unit 
length from 32 to 212 F is 0.00079G. Graphite conducts heat better than 
diamond and is also a good conductor of electricity. 

Specific electrical resistance: Nalnial, 14.20 ohma (Streintz), 12,20 ohms (Muraoka); 
graphitized electrode, 12 ohms; Cerion, 2 to 8 utmis (Zellner); Asheson electrode, 
12 ohms (Zellner). 

Flaie graphite is extensively used in the manufacture of crucibles and 
other refractories, owing to its reastance to heat and its ability to form a 
stiff mix with clay. It is also uacd in stove polish, foundry facings, paint and 
pencil manufacture, and as a lubricant. 

Amorphous graphite is oxtcnaively used in paints owing to its resistance 
to acids and alkalies and ability to form an Mastic film with oil; also for pack- 
ings, lubrication, electrodes, and pendls. For lubrication, it must be entirely 
free from grit; owing to its uoctnous nature, it is an excellent lubricant 
either alone or with oil. 
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Sttaight-gelatitt dynamites at^ madein' vailous BttWgfclis and arc donsft 
plastic water-resistant esplosivcs xrith fumi» 'thiit make' them^ suitable for 
iihdergroiiud use. The nitroglyc^b ^ed'ui ^latih dyiiainitcs is gelatinized 
rnth a small percentage of nitrocotton} which is responsible for' their consist- 
ency; ' These explosives have b’eeb alnitist' entirely replaced, by extra gelatins 

or ammonia gelatins; wMcb 'contain ammonium nitrate, I ' 

Semigelatins contain- a higher percentage 'pf amniohium nitrate than 
extra gelatins. -They' are more' economical and possess sufficieht plasticity 
and water-resistance to make ■them:8nitsble for much work formerly requiring 
griatin.' They are more economied than gclatinsi tmd thwr fumes are such 
that- they .are suitable for moat' underground work. ' , ' ' „ r 

The gelatins and semigelEtins am iised in'ininingt .quarrying, construction, 
tunnel driving, shaft sinking, 'and for other, iiB(» where their water-resistance, 
fumes, or plasticity make them specially adapted. , ' 

■ esw m^ploawca.tinular iu. aU teapecta tQ aamplea 

which have passed certain testa by -the U.'S.''Bureauiof Mine's and when 
Used in ac.cordancc with the directions prescribed by that Bureau. Ter- 
missible explosives are' used in wal mining and particularly 'recommended 
for use in gassy and duaty , mines. There are two 'general classes; hen- 
gelatinous pcrmissibles, which are uaed for most work; and gelatinous per- 
missiblosr which, are especially adapted for wet conditions. ; 

■■■ .FIBERS 

.BaFEnsHCES: Matthews, ‘'The Textile Tubers,” 'Wiley. Graft ^’Xolor Atlas for Tiber 
Identifleatioa," Inst, of Paper Chem., IMO. HanJich, '.‘Tcxlilo Fibers and Materials,” 
Skinner. Aatbury, VFuadamentala of Fiber Structure,” . Oxford. Hess, I'Tcxtile 
Fibers, and Their Use,", Lippincett. i •,■ ■■- '■ 

Fibers for industrial purposes are either rninoral, animal,' or vegetable. 
They, 'may be further classified' iw natural and synthetic.; the principal 
mineral fiber of importance is asbestos (sec p. 717). Finely’ spun glass, 'slag 
wool, and metal’ threads are also used.' .The animal fibers , of commercial 
importance are cither animal hairs or the rilk of the silkworm and' the larvae 
of other moths. . Sheep, goats, and camels supply, tho principal hair. fibers. 
Cotton, linen; jute, and hemp aro the 'principal vegetable fibers of natural 
origin, and rayon is the most important synthetic fiber; 

' Fibere may readily be distii^'iuabedluDder the microscope. Animal and vegotabie 
fibers may be diatingmahed by'theit odOt on burning, and by tho fact that vegetable 
fibers burn dS sharply while animal fibers fuse to a rounded beadlike ead. 

Animal Piters 

Silk fiber consists of a continuous thread spun by .tho mulboriy silkworm. 
Inferior ailka are obtained from other v&rieti^ of oatorpillatB and are known 
as "wild" silk, , , , , 

' 'Silk fiber possesses great tensile strragUi; the average breaking slrriigth being approxi- 
mately 64,000 lb per sq'in., and the 'elongation 15 to 20 p.eroent. ' . " , 

Wool. ^ The wool of tlie sheep is that prinupally .eiriployed.' The tensile etfength 
and elasticity of wool fibers vary widely; the average strength being about half that of 
cotton. The length of the fiber varies .beiweoi 1 and 8 in. and the diam between 0.0018 
and 0.004 in. Wool is graded according'td'the length 'of staple'into “tops'" and "noils." 
the formcr'being used^for worsted yams and 'the latter for' making woolen and' carded 
yams. ■ . ■ -i;! 

‘ -VegetaWe Fibers' ' '' '' ''' '' 

'con'rist mainly; of i^MdBe.'anS maylbe classified.aa' 
ioUowb: seed hairg, such as cotton; test fibers, kch ’as flax, hemp, jute, and 
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•wMch has the most complete and most finely divided cellular structure. The 
obstruction' to'heat flow is 'offered 1^ the surface resistances at the boundaries 
of the air space. Air itself is riot a good insulator. The material should not 
absorb moisture and should be free from rot, mold, or offensive odors. The 
principal materials used for this purposo are cork, asbestos, and mixtures 
of asbestos and 'magnesia and mineral wool. 

Cork is the outer bark' of the cork oak. It is highly compressible, possesses 
greatpermanent elaaticityi is an excellent nonconductor of heat, is waterproof, 
unaffected by moisture, and dow burning. The natural cork wood weighs 
10 to 12 lb per cu ft. Cork is used for bottle stoppers, life preservers, cold- 
storage insulation, carburetor floats, polishing wheels, washers and gaskets, 
cork paying brick, isolating 'pads for macluacry, and in the manufacture 
of linoleum and cork tile flooring. 

For cold-storage insulation, pure corkboard is mado in sheets 12 in. X 36 
3D. 'X thicknesses up to 6 in. No artificial binder is used, the natural gums 
and resins in the cork suflidng to hold the material together after' proper 
baking. , The U. S. Navy Departmentspecificationrequiresthatsuoh pure 
corkboard shall withstand boiling in water for 3 h^ without disintegration 
or more than 2 percent expansion in any direction. Granulated cork is 
likewise used for cold storage insulation as a filling material between con- 
fining walls. Granulated cork ordinarily refers to new corkwood finely 
divided, while the term r^anulated cork applies to the granulated materid 
which has been baked in making corkboard and which is a by-product of 
this material. Testa made at the Bureau of Standards give the following 
values of heat conductivity for cork products in Btu per sq ft per in. thick- 
ness per deg F per 24 hr: corkboard, no artificial binder, density 6.9. (9.9) 
[11.3] lb per cu ft, 6.5 (7.3) (7.4); corkboard with bituminous binder, density 
16 lb per cu ft, 8.4; ground cork, less than He in., density 9.4 lb per c,u ft, 
7.1; regranulated cork, about He in., density 8.1 lb per cu ft, 7.6. The 
pure corkboard used commercially weighs approximately lOH lb per cu ft 
(see also Tables 4 and 6, pp. 389. 390). 

Cork tile, made by essentially the same process as pure corkboard, is a 
quiet, non-slippery floor largely used for bank working spaces and in public 
libraries. 

Linoleum is a mixture of cork dust with linseed and other drying oils, 
reinforced on one side by buriap material. Machinery isolation is made 
from pure cork baked under pressure in tluckn^Bes up to 6 in. 

Balsa is the wood of a large tropical tree found in Latin America. It is 
the lightest wood known, commercial grades weighing 8 to 15 lb per cu ft. 
When properly prepared, over 90 percent of the volume of the wood consists 
of air spaces. ‘TJ. S; Bureau of Standards tests show conductivity of 7^5 
to 8.3 Btu per sq ft per in. thickness per deg F in 24 hr. Tests at tho Massa- 
chusetts Institute of Technology show about half the strength of spruce; 
weightl'kiln dry 7 to 11 Ib per cu ft; modulus of rupture 2,357 lb per sq in; 
maximum crushing strength in compression paraUel to grain 2,317' lb per sq 
in.; shearing strength parallel to grain 351 lb per sq in. Natural balsa is 
subject to decay. It can ^ made waterproof and non-absorbent to oil and 
gasoline. It can be sawed, planed, and worked like ordinary wood, and 
painted, stained, or varnished. Largest commemal size of balsa boards is 
4 in; X6 ih.,'X'6 'ft. Principal uses:' 'refrigerator lining, life preaervers, 
floats, and'otber purposes where lightness comlnDcd with strength ia desired. 

DiatonaaCeous silica is a mineral of low density consisting of the fossilized 
cellular skeletons of microseopic'organisms called diatoms.' Other riairiea for 
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lor woven textileB on account of its hardmea and stiffneBS and lack of plia- 
bOity and elasticity. The fiber ia of dark brown color and cannot be success- 
fully bleached vrithout injury. 

bemp is obtained from the leaf atolks of the Musa textHis. The 
fiber is white and lustrous, light and stiil, easily separated, very strong, 
and of great durability. The coarser fibers arc used for the manufacture of 
cordage on account of their great ala^ngth. Manila hemp ropes are stronger 
than cotton ropes. 

Sisal hemp is obtained from the leaves of a plant found in Central America, 
and to some extent in the West Indies and Florida. It is of light-yellowish 
color, straight and smooth. Its principal use is in cordage manufacture, its 
strength being second only to that of Manila hemp. It is also used for 
papermaking. 

Waste. The best wool waste consists of all-wool carpet yarn in threads 
not less than 3 in. long and comparatively free from moisture or dirt. Cotton 
waste should consist of equal parts of while and colored new cotton threads 
properly mixed and free from water and dirt. White cotton waste should bo 
made up entirely of new white cotton threads not less than 3 in. long and free 
from dirt or water. It is customary to purchase waste by sample. Inferior 
quality is indicated by the presence of fibers other than wool or cotton, by 
sweepings or dirt, or by evidence that the waste has been previously used. 

Synthetic Fibers 

Sayon of several types (nitroceUuJose, cuprammonium, viscose, cellulose 
acetate) is produced by the extrusion of a cellulose solution obtoined from 
cotton linters or purified wood pulp, dissolved in one of several cellulose sol- 
vents, through the fine holes of a spinneret into air or a hardening bath, to 
form a continuous filament. Several such filaments are twisted to form a 
thread. A wide range of filament diameters is possible from very coarse 
to finer than silk, and by a modification of the extrusion orifices, cellophane, 
hollow tubes, and artificial bristlee may be produced. Uayon thread is being 
used in tire fabric because of its cxceUent beat resistance. When wet, most 
rayon fibers lose strength. 

Glass wool, made from molten glass by methods similar to those used 
in the manufacture of slag wool from molten rock or slag, can be produced 
in a wide variety of filament diameters. The coarser material is extensively 
used in filters for air conditioning and ia widely used for thermal insulation. 
The finer fibers can bo woven into doth of unusual chemical inertness, 
Btrength, fireproofness, durability, and electrical resistance. Woven glass 
tape is used for electrical insulation, and glass cloth for filtration involving 
corrosive liquids. 

Casein wool, or prolon, made from milk casein, wood wool made from 
cellulose but permanently crimped in manufacture, and synthetic bristles 
made by the interaction of an organic add and an amine to produce an organic 
salt capable of being formed into filaments of varying thickness, are other 
synthetic fibers. Exton is comse fiber for bristles and nylon is finer fiber 
either for bristles or for yam. Vinyon is a vinyl acetate-vinyl chloride 
extruded fiber, used ior yam. 

FREEZING PREVENTIVES 

Common salt is sometimes used to prevent tbe freezing of water; it does 
not, however, lower the freezing point sufficiently to be of use in very cold 
weather, and in concentrated sdution tends to “creep" and to crystallize 
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Uineral wool end glUB vool ate fibers made by tie steam blorving of molten alas 
or glass. Bata of auhatannea should be of ^ fibroui structure and as free ae 
possible of lumps. . . 

Hair felt U made from lime-wasbed cattle hair formed into felts from K to 2 in. 
thick. It is used for the insulation lefiigcrator cars and for insulation of piping, 
fittings, and tanka at low temperatures. It is also furnished stitched between layers of 
waterproof paper for various low-temperature insulation purposes and between layers 
of asbestos paper for paasenger-car insiilalioiu 

Vegetable fiber insulations, in tbe form of boards Jii to M bi. thick, made from 
wood pulp or bagasse, are widdy used in frame-building oonstruetion. In addition 
to having considerable insulafing value, they possess sufficient struotural strength to 
replace wood dieatbiwg and planter lath. They are aUo used in the construetion of 
refrigerators, refrigerator care, etc. Findy divided wood or other vegetable fibers 
secured between layers of paper are used for frame building insulation, etc. 

For coihmercial insulating materials, see also pp. 389-391. For commercial pipe 
coverings, see also p. 953. , 


LACQUEES 

From 1926 until about 1937 practically aU automobilefi were finished with 
duco or other pyroxylin lacquers. Some cars still are finished with pyroxylin, 
hut the trend toward the use of baked enamels is very marked. Pyroxylin 
has tho advantages of requiring about oae>tenth the time necessary for paint 
and varnish and of better resistance to weather and usage. 

The foundation or film^matang material used in lacquers is nitrocellulose or 
pyroxylin, largely of so-called low-viscoeily typo. This is improved in 
flexibility and color dispersion by the uso of plasticizers, and improved in 
body, density, waterproofnees, adhesion, and gloss by the use of various 
resinous materials. All colors are obtained by pigments which must be of 
extreme fineness and well dispersed, and capable of withstanding indefinite 
exposnie to sunlight and rain without fathng. 

The liquid portion of lacquers consists of solvents and diluents which for 
spray application boil mostly between 212 and 280 F, but small amounts 
boiling lower or higher are permissible or desirable for certain purposes. 
In general, pyroxjdin lacquers dry by evaporation of the solvent, but several 
types depend upon the oxidation of eome drying oOs in addition to the first- 
set of tho pyroxylin by evaporation. 

Some use is made of lacquer for the inside finishing of houses, offices, and 
hotels, where speedy drying is essential. Lacquer is also being used on rail- 
road cars, but, so far, not exlcnsivefy for out-door rarge-scale painting. In 
general, pyrosylin lacquer has not body enough for satisfactory use on furni- 
ture or other woodwork, but is used on a few items, euch as radio cabinets. 

LEATEEB 

Belts. See Belting, p. 699. 

Rawhide is prepared by rubbing oil or fats into a strip of hide, twisting 
and stretching it until the moisture is removed and the skin thoroughly filled 
with oil. It is very strong, tough, mid waterproof, and is chiefly used for belt 
lacing and similar purposes. 

Leather substitutes generally conmst of refuse leather reduced to a 
pulp, molded, pressed, or wound into suitable shapes, and frequently water- 
proofed by a final treatment. He earlier of these preparations were com- 
posed of glue, starch, waxes, and adbesives and also included water-repellent 
ingredients. Of the leather-free artifid^ leathers, of which there are many 
types, the best known are leathorine, made by coating calico with rubber 
and rubber substitute; leather board, prepared by pulping fibrous materials 



s'tituente.' It is a'lisid mateiial at oi^iiukry tcmpcainrcs, but may be rcmelted and 
i^ded any number of limes' by thtfJOTlKatinn d heat. Ordinary glosa is melted at' 
about 2C00 T and mil aoften'enou^ to 1 <ot its shape at shout 1100 F. 

Properties of Glass. The Mowing data are Tor ordiimiy ^sss: epecific 
gravity, ,2.3 to 2.6; knsileBlmgtli, 10,0001b per sqm.; compressive strength, 
50,000 lb per eq in.,; modnius oi el^ely, 10,000,000 lb per.sq in.; coefTicient 
o/'ejpansif>n, 40 to 60 X.I0~^ per deg F; thermal conductivity, 0.4 to 0.6 
Btu per sq ft per in. per deg P per hr; spc^c ksat, 0.16 to 0.20. 

' Glass always breab under a tcnalo stfcss wlneh arises in_ tho syatem, even though 
it {ails under an applied ewnpresavo fttfce. The value (i)toined for crushing strenslh 
depends on thematericl of depletes used and upon Uicpteasioii of tho testing apparatus. 
Glass reasts atmospheric torrouoD. and is one of tbe best materials for resisting t!ia 
attach of water, bases, and acids, with the ecceptioa of hydrofluoric acid. 

Wadow glass is a soda-Krne^lioa eto, fabricated ifi continuous s!)sef6 up to a 
width of G ft. The sheets ate made in two thicknesaes, SS and D5, whicli are, rcspcc- 
yveiy, Ke s®*! 2®^ thicknesses are made in A, B, C, and D giadcs.' 

Plate glass is timilw in compewUon to window ^asa. It is fabricated in continuous 
sheets up to a width of 15 ft, and is polished on both asda. It mar be obtained in 
various thicknesaea and grades. 

SkyllghJi Glass. Tba wtaghl of fluted or roof plate eJass required, for one squoro 
of roof fno aiiowance being made for lap) is approxiraatel.v 3M Ib.for H giossj in 
proportion for other thielmcssoe. Asquarc of roof w Idftsquare,, , 

Sidoty glass ooneisU of two layers of plate glass flrraly held together by an iiiter> 
mediate layer of organic material, such as pyrotylin plastic or cellulose acetate, Tho 
eafetj' glass, which is sealed to prevent deterioratioa of the plastic layer, is onfionrily 
in. ihiok, but can be obtained in various tluekncsscs. This plate is sbatterproDf and 
is used for vindshiddsi bank cashier's windows, etc. 

Toughesed glass is made from sheet glass in iUckneases up to I in. , It possossos 
grist mechanical strength, wfuch is obtained by rapidly cte'fling the surfaces wMlo tho 
glass is still hot. This processectaup'abighcomprcsaoD on tho gloss surfaces, which 
have the capacity of wi^standbg very high tensile forces before failure occurs.’ 

Wire glass is a glass having an iron wire screen thoroughly embedded' in it, It 
offers about iH times the rcmstanco to bending that ptein glass do»; .very tUn sheets 
may bo walked oa. If property made, it doce not M apart when cracked by shocks or 
best, and Is consequently Areproof. It ie used for fioorbg, skyligbtsl flreproof doors, 
flrs walls, ate. It must be ordered metly to measure, as it 'canbot be ;»'dily cub 
Less light passes through it than throng plun glass. 

greased glass is made by iormingheatWtened glass In molds under pressure. Such 
atiides as cheap teblcware, issulatorsj and glass blocka are made by thls'proecss. 

< Glass insulators are pressed and arc mode In a variety' of shapes and siacs for both 
low and high voltages. Glass is n.good conductor in the molten ootidltioti, but is a good 
insulator at ordbnry temperatures. The diclectric oonstant and BpeciflO'resistanec of 
glass can bo varied witiun wide hiiute,,iDakiDe.iC an i^l material for many'eiestrical 
purposes. ' ■ ' , ' 

Glass blocks find wide appheniion' lew bml^ne pwpdses,' arid' arc made '3% in. 
thick b the following axes'; 5 X 8, 6 X 6, S X 8, 12 X 12 in. ITie thermal conductivity 
o{ a glass block panel, lot a thioloicas of 3% in., is 0.49 Btu per sq ft hr per deg F. The 
solar heat transmission can be varied within wide limits by using different colored 
glasses and by changing the Tsfleclion by means of Burfw* condgurnUons. The light 
transmission can be Ysried from 25 to 80 peremt by changiuE the surface configurations 
of the biocls. ’ ■ ' ' ' . ' ' ''' ' ' ' ■ ' 

Fiber glass b a term used to deagna'te nrticlea ttot consist of>a'multitu<ic of tiny 
glass filsaeats ranging in rise from 0.0001 to 0.01' in. ia'diam: .The larger fibers- are 
dsedmaii'filteTs;lhose0.0005in;Bidiam,forthennalinBulstioh’,andthoO.QMUo 0.0002 
in. dism fibers, /or.glass/sbries, irtKAorestMngBrfeaB'prdinarytertilflaoftiieaamesizc. 
insulating tapes made from glare tabrie hKyefoondwide application in clcctiicd equip- 
ment; such as motors and generatora. ,' L ■ ' ■ 

Vltrollte structural glass is used for maay'gtructuHJ p'urpMte, anch as store fronts 
and table tops, and is avaitahie inGaotneaaw of Kt «-nd Hi m.', and 12& X HI Ini’ ' ’ 
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Properties of Common Minerals* 


. ComposiUon 


mSSS, E-nvilj 


Amphibole. 

Andslusite 

Anhydride 

Apatite. 

Aragonite. 

B&rite 

Bauxite 

Biotite 

Borax 

Calcite 

ChryaoUte 

Corundum 

Cryolite 

Cuprite 

Epidote 

Garnet 

Graphite 

Gypaum 

Hematite 

Hyperethene 

Kaolisite 

LepidoUte 

Leucito 

Magnesite 

Magnetite 

Malachite 

Microdine , 

Nepheiits (Elaoollte). 

Orthadnae 

Fiagioeiase 

Pyrito 

Fyrolusite 

Pyroxene 

Pyirhotite 

Quarts 

Serpentine. 

SIdarite 

Tale 




AljSiO* 

CaSOi 

BaSOe 

AIiO(OH)4 

(HIO,<McFe)»AWSiO,)». 

NaiBiOT-lOHiO 

CaCO, 

'JJlgPe)»aO. 

AlNiPfc””.'.'.'.''.'''’.'.''..'.' 

CujO 

CaMg(C6»)i 

Cai(AlFo)i{A]OH){Si04)i 

(SiO,)> 

C 

CaSO«.2HtO 

FeiOt 

{MgFe)8iO,. 

H.AliSiiO. 

MgCOj 

Fe:Oi. 

Cui(pH)tCO» 

KAlcijOi- 

(NaE)i^J^tOM 

KAlSijOf 

nNaAlSijOt mCaAltSitOt.. 

FoSfc 

MnOj 

RSiOj 

feS 

SiO, 

HiMfiSijO*. 

FcCOj 

HiMgi(SiOi)( 


3.0 to 3.5 

5.0 

3.5 to 4.0 

2.5 to 3,5 

1.0 to 3.0 

2.5 to 3,0 

2.0 to 2.5 

3.0 

6.5 to 7.0 

8.5 to 9.0 
2.5 

3.5 to 4.0 

3.5 to 4.0 

6.0 to 7.0 

6.5 to 7.5 

1.0 to 2.0 

1.5 to 2.0 

5.5 to 6,5 

5.0 to 6,0 

2.0 to 2,5 

2.0 to 2,5 

5.5 to 6.0 

3.5 to 4.5 

5.5 to 6,5 

3.5 to 4.0 

6.0 to 6.5 

5.5 to 6.0 

6.0 to 6.5 

5.0 to 7.0 

6.0 to 6.5 
i.Oto 2.5 

5.0 to 6.0 

3.5 to 4.5 

7.0 

2.5 to 4.0 

3.5 to 4.0 

1.0 to i.5 


4.3 to 4.6 

2.4 to 2.5 

2.7 to 3.1 

1.7 

2.7 

3.3 to 3,6 
3,95to4.l 
2.9 to 3,0 

5.8 to 6.1 

2.8 to 2,9 
3.2 to 3.5 

3.1 to 4.3 

2.1 to 2.2 
2,3 

4.9 to 5.3 

3.4 to 3.5 

2.6 

2.8 to 3.2 

2.4 to 2,5 
3.0 to 3.12 

4.9 to 5,2 

3.9 to 4.0 

2.5 to 2.6 

2.5 to 2.6 

2.4 to 2.6 

2.6 to 2.7 

4.9 to 5.2 

4.7 to 4.S6 

3.2 to 3.6 

4.5 to 4.6 

2.6 

2.5 to 2.65 

3.8 to 3.9 
2.5 to 2.9 


* From “A Guide to the S^t Recoenitioa of 120 Common or Important Minerab,” 
by A. J. Moses in Farrell, ’‘Practjeal Field Geology,” MeGraw-Hill. 


Clay schist is composed cd hardened day and quartz, often with little lamellae of 
mica. It cleaves readily and is therefore suitable for roofing. See also Slate, p. 724. 

Lixaestone (carbonate of lime), if capable of taMag high polish, is called marble. 
The color varies with sraounts of iron oxide, copper oxide, etc. By ignition, it pro- 
duces caustic lime. Calcite is transparent and used as sculptor’s marble. Chalk, 
another form of limestone, is white and euthy. 

Marl is a dense, earthy or slaty rock, consisting of a mass of carbonate of lime mixed 
with day and siliceous sand. Certain species are well suited for the manufacture of 
cement. 

Dolomite, a magnesian carbonate of lime, is whitish-yellow or gray to brown in 
color, crystallized and dense. Cotmn dqiosits produce a hard durablo, building stone, 
well suited for road building. 

Gypsum, hydrated sulphate of lime, is generally white, but often yellowish to red- 
dish, or gray to blackish; it is not durable when e.xp03ed to weather. 

Sandstone consists of sand gcains made up into a more or less compact rock by a 
binder consisting generally ol nlicon, lime, or clay. It often contains calcite. nuoa, 
iron ore, and admixtures of red and green d^, Ircm pyrites has a diBinteerating effect; 
an abundance of mica is also unde^able. 
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Artificial graphite is made by the International Acheson Graphite 
Co., of Niagara Falls. Amorphous carbon is converted to graphite by 
subjecting carbonaceous material to a temperature in the electric furnace 
above the volatilization point of impuririos each as iron and silicon. It is 
possible to produce absolutely pure graphite in this manner. Its principal use 
at present is in the manufacture of electrodes. Large amounts are sold as a 
lubricant after a special treatment cdled "deflocculation,” which makes 
possible its colloidal suspension in water or oil. Aquadag and oildag 
arc products of this kind contmning deflocculated paphite in water and oil, 
respectively. 

Graphite for foundry use is often called plumbago, as it was ori^nally 
supposed that paphite was a form of black lead. The U. S. Navy specifies 
that plumbago shall be dry, free from coal dust or grit, and shall contain 
not less than 55 percent of graphite carbon. 

Graphite refractory brick are used for furnace linings on account of their 
great beab-resisting qualities. The product known as kryptol — composed of 
graphite, carborundum, and clay — is used for electric resistance furnaces 
aa its resistance is sufficient to localize a high degree of heat without the 
material itself being destroyed. 

HEAT INSULATORS 

RErSBENCEs: “Asbeatos, Its Origin and ProducUon," Chcmfcol n'orW, Jsa., 1913. 
Printed matter issuad by the H. W. Jobos-Manvillo Co., Armstrong Cork Co., Celite 
Froduote Co., and American Balsa Co. Symposium on Thermal Insulating hlaterials, 
A.S.T.M., 1939. Thomas, "Cork Insulation," Nickerson & Collins. Dalzell and. 
McKinney, “Air.oonditioDing lasulaUon," Am. Tech. Soo., 1037. 

Chemical composition is no index of insulating value. For example, 
the conductivity of solid graphite is more than two hundred times as pent 
aa that of the same material in finely powdered form. The composition 
of the material should be suited to the service required of it, but the insulating 
value is determined by the physical structure which should be such that 
the optimum number of surface resistances are interposed in the path of heat 
flow. 

Powdered or Fibrous Insulating Materials. Mineral wool, powdered 
gypsum, graphite, charcoal, shavings, sawdust, diatomaceous earth, basic 
niagrtesiam csrboaste, asbestos, cock-dtist, wool fiber. 

Molded Insulators. Powdered cork may be molded into corkboard by 
heat and pressure. Some powdered and fibrous insulating materials may be 
molded with water and afterward dried. In other cases, a binder must bo 
Used, such as waterglass, clay, or asphalt. The presence of even a small 
amount of binder decreases the insulating quality of the material very 
considerably. 

Flexible insulations are usually made by stitching fibrous material 
between layers of kraft paper. Common fillers are eel grass, wood fiber, 
flax tow, kapok, jute, and hair. 

Cast Insulations. Inaules and pyroccl are gypsum materials, cast in 
place, leaving a cellular structure. Porous concrete has also been made, 
Using crushed ice or cinders instead of gravel. > 

Sprayed Insulation. Spray-o-fiako is paper scrap mixed with water 
glass and asphalt. Thickness can be biiilt.up by 8 pra 3 dng to 2 in. 

Air. Commercial insulators owe their insulating value to the spaces or 
voids in their structure and not to the air itself. Tho best insulation is the one 
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J)e6Ditions of, Paper,” Lockwood. •■i“Dieti«Miaiy of Paper," Am. Paper & Pulp Asia., 
1940. Clspperton and .Henderson,, “Modem Fftpermsking,!,'. Blackwell. Jahani, 
"Paper Testing and Chemistry for Printers,” Pitman. , Sutenneiater, ‘'Chemistry of 
Pulp and Papermaking,” Wiley. , 

Paper is a matted or felted structure of fibrous material formed into a 
relatively thin shoot through the medium of a 'dilute suspension of pulp and 
water, and .composed eaaontially of cellulose fibers obtained from vegetable 
growths in a more 01 leas pure state. 

Pulp for papennaking is preptued grinding wood mechamci4ly,..by 
cooking chemically according to mther of the'fchree standard cooking proo^ 
esaea, i.e., aulphibo, kraft, or Boda,'and-Blao by chemically treating cotton; 
linen, and, hemp rags, wasto,,o^arto, straw, eto. So-called semichemical 
pulp processes, involving only partial di^tegradon of the wood structure, 
have been introduced lately. By these methods, wood wastes, such as eaw* 
mill refuse, which are usually burned- as fuel, can be worked into cheap 
boards. The uso of rags is at present confined to only the most particular 
grades of papers, as, for. example, the highest grades of bond and writing, 
condenser papers, etc.- _ , . . ^ 

The lower, grades of paper, such as newspaper, are made largely from, 
groundwood mixed with a certain percentage of chemically prepared pulpj 
Book paper is made from* a mixture of sulphite and soda pulp, with, the 
addition of varying amounts of fillers such as clay and talc. These are added 
to improve the surface and printing qualities so necessary in this grade. 
Insulating paper for use in cable winding, while formerly made from all 
high-grade manila stock, is at present being made almost entirely frpm kraft. 
Eraft is now used to make practically all twisting and wrapping papers.: , 

Bos boards, container boards, BriatoU, etc. are made from ground wood and 
chemically prepared pulp, such as sulphite or kraft, or mixtures of these, and waste 
papers. Thick, lightweight, insulating boards (or building construction are made from 
waste materials such as bagasse and newspapers, licorice root, groundwood, and sulphite 
screenings. , 

In testing papers, tensile strength (500 to 3,500 Ib per sq in.), stretch, and burst- 
ing are of Importance; tests should be made on special machines. Comparison of dif- 
ferent samples of the same grade of paper can be roughly made by tearing, crumpling 
and by visual examination for freedom of dirt and other indications of careless 
manufacture. 

ROOFING MATERIALS 

(Material Furnished by Bird & Son, East Walpole, Mass.} ' 

BEFERSNCMtAbraham, ‘'Asphnltsand Allied Substances," 'Van Nostrand. A.S.T.M, 
Tentstive Standards. Grondsl, "Certigndc Handbook of Red Cedar Shingles," 
Hed Cedar Shingle Bureau, Seattle, Wash. i 

Asphalt. Asphalts are tutumens, and the one most commonly seen in 
roofing and paving is obtained from petroleum TesiduaU. Lake asphalts 
such as Trinidad and Bermudez, are used primarily in paving. Natural 
asphalts such as Gilsonite and Elaterite are too hard and brittle for use 
in roofing or paving, but are used extensively in asphalt coating, paints, and 
varnishes. 

Petroleum residuals are obtained by the refining of petroleum. The 
qualities of asphalt are affected by the nature of the crude and the process of 
refining. Mid-Continent, Mexican, Veneauelaa, Texan; and certain Cali- 
fornian asphalts are very satisfactory. .When the flux asphalts obtained 
from the oil refineries are treated by blowing air through them while the 
asphalt is'inaihtained at a high temperature, a material is produced which is 
very stable and has good weathering properties. ' 
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-this type of.material are kieselgu^„-difttomaceou3 earth, infusorial 
«arth, .SiI-0-Cel, and celite.' • Material. from .the botter'depoaits is almost 
pure silica ■which fact accounts for its high heat resistance. ; .Where the 
materiaVhas heeii contaminated ’frith day, Kmo, 'sand, and other foreign 
•matter, the density is increased'and'the inhiildting value and heat resistance 
.are decreased. Insulatingbricks are sawed dkeetly from the material in the 
bettet deposits, for use at'teniperatWes up, to'.ldOOP. ' 

■ Uses. Calcined bricks ore made for temperatures as high as 2500 F.' '-The material 
is also used in'powdered form as an insulating fill and is mixed with'asbcstos fiber and 
bonding material for tie production of moulded blocla and' pipes insulation for use at 
tmpeiatuiea up to 1600 F. ' CaksMd granular material is used as an. inaulatmE fill at 
higher temperatures and is mixed with Portlond'ccment to ‘provide semirefractory 
insulating concrete ' for furnace doors, furnace foundations, ‘‘'the fireproofing of steel 
members, etc. ' '• 

Other uses of dmtomaeeous rilicn are in the mauufactuce of a clarifying agent for use 
in filtering, as an admixture to improve the workability of concrete, stucco, and mortar, 
as a lightweight mineral filler for usci in compounds such as polishes, paints, varnishes, 
.enamels, lacquers, inaecUoidea, matches, linoleum, catalysts, dynamite, etc. 

, Asbestos IS a heat-resisting fibrous nuDcral, the most important deposits 
of which are in Canada.' The chryeotile yariety, because of its fineness of 
fiber, tensile strength, elasticity, and 'flexibility,'- is commercially the most 
important and references to osbeetoa ■without other desi^ation'prcs’umnbly 
•indicate this variety. Other useful varieties are Amosi^' or -Ebodcsian asbes- 
tos and blue or Capo asbestos, both from South'Africa. The omphibole or 
hornblende variety Is of little commercial value becau^ of its brittleness and 
lack of fiber strength; 

Uses. High-quality asbestos because «t its incombustibility, its low beat and electri- 
cal conductivity, and iU tcsist'ance to the action.of mosi chemical agents has a wide 
variety of uses among which are heat and electrical insulniibns', 'packings hn'd gaskets 
for high-temperature'Sarviee, brake linings and/friction’iDnte'rials; cloth for theater 
curtains, and beat-protective clothing, roofings,' and building Tnateriols. It is spun 
and woven into yarn, rope, and clolb, is formed into asbestos felt, 'paper, roll hoard, ntid 
mill board for insulation., is nuxed with- Portland cement tb.niakc fireproof shingles 
and .asbestos wood, and it constitutes either the principal ingredient or the, essential 
reinforcing material for most insulations in the range of .temperatures from 150, to 1C, 00 F. 
Among the insulations consisting principally of .asbestos ^ are ^ Inminated-ielt types 
ef. tS thaai WAj.'.thw V/pea fiber' niii 

bondiiiB loaterial) and the air cell types inado up of successive layers of plain aiid 
.corrugated asbestos paper. ' ■’ ’ ' 

It, "has an approximate dielectric strorigth of -4,000 volts pier mm ‘and a specific 
resistance of 16 X 10'. ■ Good asbestos should not bum !or show any flarric under the 
blowpipe nor should it be affected by concentrated hydrochloric acid. Asbestos wood 
is obtainable in standard sheets 36 48 jihl'aiid in thicknesses from in. by in. 

to 1 in,, and then by ^ in. increases to 2 in. ,■ r . ...s’ 

The U. S. Navy specifications wU for asbestos' millboard la standard sheets 
-40 X 40 iri., the various tliicknesses te have th«' following weights: }{ \Ti.Vi5'to '29 Ih; 
H in. 2'1'to 24 lb; ^ in., 14 tclG lb; iii..ai to i2 lb;'^ in.; 7'to 81b;-Ho''in.,-'3}£ 
to d^.lb. 'Asbestos millboardris generally made hard, but, if desirodi'ean-be made 
■medium or soft. The material should slmd a dry heat of 400 F- ■withoutdnjury and 
■should not be. affectcd.by acids.. ■ ... 

, The IJ.-S. Navy specifies for asbestos pliHterfor.plpe covering's mixture of 6 por- 
cent of long asbestos, ‘fiber,' 65 percmt,<rf infusorial ^rth.fsee above)' and 30 pereoht 
■of fireproof binding material. .'Thematcrialmuatmii'wih -watbr to prop'erobnsiste'ncy, 
and, after drying; 'should .not bum'OTishow.any-flftliie.- 'It shodld’not baie hard'Ute a 
bnek but be'oapable of •compression. •' One b‘ag;’140 Ib'net weight,' should cover 40 so ft 
'0f8UTfacelin.thick.-:.-:,'..i - ' 
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Gulf States is preferable. Redwood shingles come butts to 3 in.; lesser 
thicknesses are more .liable to crack mid have shorter life. • Shingles 8 in. 
wide or over should be split before Dimension shingles of uniform 

width are obtainable. ; Dipping in or creosote .-adds to life.. Creosote 
stains are both preservative and decorative. Shingles . should be dipped 
before laying '>for best results. Wood shingles make a lasting roof, but 
materially increase the fire hazard. 

• Slate should be hard and ton^ and Iiave a well-defined vein that; is, not 
too coarse. If too soft, they will absorb water; if too brittle, they are easily 
broken on cutting and installing. The surface when freshly split should 
Lave a bright metallic luster, he free from loose flakes or dull surfaces, and be 
straight and true. Slate should give a clear metallic ring when struck. 
Color ia not an indication of quality. Black ribbon slate is cheaper than 
all-black slate and equally good if appearance is unimportant. The color 
of slate varies from dark blue, bluish black, and purple to gray and green. 
Stock sizes range from 7 X 9 in. to 14 X 24 in,; thickness, from to in., 
^6 in. being the usual thickness. Approximate weight varies from 650 to 
850 Ib per square. Slate roofs rank well in regard to fire hazard but are not 
SO good as tile on exposure to adjacent conflagrations. 

Metallic roofings are laid in large sheets without sheathing (often strength- 
ened by corrugating), sometimes cut into small sizes and laid as shingles, bent 
into interlocking shapes like tile, or soldered into a single structure as in tin 
roofing. Motal tile and motol shingles are usually made of copper, copper- 
bearing galvanized steel, tin plate, or zinc. Tbc lightest weight metal 
shingle is the one made from copper which weighs from 72 to 118 lb per square. 
The metal radiates the heat resulting in lower temperatures beneath these 
roofs than with most other types of uninsulated roofs. 

Tile. Hard-burned clay tiles with overlapping or interlocking edges 
cost about the same as slate. They should have a durable glaze and be well 
made. TJnvitrified tiles with slip glaze arc satisfactory in warm climates, 
but vitrified tiles only should be used in the North. Tile roofs weigh from 
750 to 1,200 lb per square. Properly made tile does not deteriorate, is a poor 
conductor of heat and cold, and is not so brittle as slate. 

Asbestos shingles and sidings are composed of Portland cement rein- 
forced with asbestos fiber and formed under great pressure. They resist the 
destructive effect of time, weather, and fire. Asbestos shingles — American 
method — weigh about 500 lb per square and carry Underwriter's Class A 
label. Dutch lap and hexagonal or French method asbestos shingles weigh 
250 to 300 lb per square and cany the Underwriter's B label. Asbestos 
shingles are made in a variety of colors and shapes. The asbestos roofing 
shingles have a smooth surface or a textured surface which represents wood 
graining. 

Asbestos siding is commonly made in 12 X 24 in. strips and applied with a 
lOM X 24 in. exposure. Such ading weighs about 200 lb per square and is 
produced lii white, gray, and colors. 

BUBBEB, 6UTTA PERCEA, AND BALATA 

IterEEENCEs: Bedford and Winkelinaa, “Survey of Rubber Chemistry," Reinhold. 
Davis and Blake, “ Chemistry and Technology of Rubber," Seinhold. Geer, "Rubber 
Compounding 1918-1938,” Chemical Industoioe.voL 12, p.6i0, 1938. Hauser, “Latei," 
Reinhold, Schidrowite, “Rubber,” Van Nostrand. "Whitby, "Plantation Rubber and 
the Testing of Rubber," Longmans. 

These three substances, which are frequently confused, are all produced 
by the coagulation of the latex from certain shrubs and trees and. are similar 
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oi TariouB BortB rendered ‘absorptive by^the addltion-of powdered challc or 
whiting and- after-being molded into-form covered-with.a-giazing solution 
composed of.Btarchi'gelatin and turpentine; and leatheroid, a cpmbinatiDn 
of chemically treated paper with rubber and sandarac, often used for trunks 
and suitcases.; - , 

. I.- ; ' .NATURAL STONES . 

^rERENCE: Baker, '.‘Misonry Construction;'’' ' i • , ''*< 

The important qualities in atone for -building construction. are cheapness, 
durability, and strength. Stones are Bcrioualy affected by weather, chemicals, 
gases, and' temperature. Resietance^tO'Weathering depends' Upon' both the 
hardness and the'abso'rbont properties of the atone. ■ Porosity, is an objection- 
able element. • ,If the^constitucuts differ greatly in characteristics, weathering 

is apt to be unequal, consequently starting di^togration. ' ' 

In general, crystalline structure is more durable than amorphous. .-Exami- 
nation of the condition' of the stonein tbe-quariy affords ‘Some idea^as to, its 
durability.- Further information can be'.obtaitied ,by artificial tests of weight, 
crushing length, absorption, and resistance to freezing, to acids, and to heat. 

The structure of the stone is of prime importance where heavy loads aro 
tobe carried. , 'All stones aro.classifiedbn'the basis of the mineral forming the 
chief constituent, tuz.,, siliceous stones, such ns granite,, syenite, gneiss, 
trap, and quartz; argUlaceous or daycy. stones, in which alumina is the 
predominating mineral, 6\ich aa slate; caicateous stones in which carbonate 
of'- lime predominates, such as. limestone, marble, and dolomite. From a 
practical standpoint, stones are also- divided into two classes — Stratified 
and 'unstratified— the lormer being 'repmonted by such stones'aB marble, 
slate, etc'., whereas the unstratified stones consist-of an aggregate of orys- 
talline 'grains such'asgranite, trap, and basalt lava. 'I ■ 

The table on p. 720 gives the composition and some of the properties of 

the more common minerals. 

Granite, composed of feldspar, quartsi and mica, Is 'the strongest 'and most durable 
of Btoaea in common use and is quarried into ehape with! focility.' !It'is extremely hard 
and tough and can bo wrought into clabdrato shapes only with great difficulty. The 
feldspar content determines the coloring, .while. the quartz determines essentially the 

hardness. ■ -- i 

Trap is a very strong and durable stone, but qudrri^'aad wrought with great diffi- 
culty. It is exceedingly tough and is widely used for roads and !rnilrond ballast. 

Syenite, composed of feldspar and hornblende, is crystalline, granular, and speckled 
black and white; it is hard, and takes a good poUsb. . Diorlte and diabase are similar 
stones and ate frequently known, as. greenstone., 

. ■ Serpentine is generally green in color and disintecrates in the open air. Soapstones 
and asbestos are related to it. • .1 

■ Trachytes are dense, frequently porous, feldspaUiio rocks with admirturcs of crystals 
of hornblende, biotifo, and magnetite. .• They ate gray in color. Pumice stone is a 
variety. ^ - . , • • , , 

Augitites. Basalt, a solidified product rf volcantc emission, is a common variety, 
and the most durable and pressure-resisting structurol stone; it is valuable for road- 
building and for bank and supporting walk. Basalt lava is very porous rock varying 
in color and hardness, used for stairs,- pavong blocks, and millstones, 

Gneiss, a schistose structure of granite, Is more subject to decomposition than 
Sranite, especially if rich in feldspar and miaal , , '• 

Quartzite (pure or almost pure quartz) is chmactorired by its vitreous, cryatalliza- 
tiQn. tVhen porous, it is used for mill^es; it is also used in the manufacture of glass, 
snd as broken stones or as gravel in road -building, -for preparing concrete, etc. ' ' 

' Mica schist consists of gray quartr between of .mica. It is used for roofing 
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' Td soften (for purpoaes of'manipulBtjott'or'for final-properties): .bituminous bodies 
such as the so-called “mineral rubbers." .coal tar, wood tar, and their products, various 
vegetable and miner^ oils, paraffin and petrolattum, sulphurized, and .sulphur chlorinated 

Vulcanization' accessories, di^ersioii aid tretdiig mediums, etc.: magnesium' oside, 
zinc oxide, litharge, lirnei stearic and oUter of^Dic acids, degras,' pine tars. 

.'Coloring pigmehts:,iroh' oxides, espeiaally-thcrcd grades, zinc '-oxide, -lithopone, 
titanium compoundsi -chromium oxide,' ultramarine blues, carbon and -lampblacks, 
antimony sulphides, etc.', and orgamo'ingraents of various shades..' I 

Specifications should slate the-percentoge and Knd of rubber desired, jthe, specific 
gravity of compoundi -acLd-suitable physical testa. Tensile strength and stretch testa 
are of importance,,but . vary, vrid^y with ^diBcr^t compounds.' A good, 30 percent para 
compound should have-a teksile strength of.at least 1,000 lb per sq in. and should 
stretch. to at least 5 tirnea its ength before breatring.' Apiece stretched to 3 rimes its 
length should' show a permanent elongation of not more than 20 percent, High-grade 
sheet-rubber' shows a tensile strength of 2,700 lb per sq in., on ultimate elongation of 
over 600 percent, 'and'a set ofiaboul'IO percent measured after' 300 percent elongation 
for 1 min with 1 min rest. Lower grades show lower strength and elongation but greater 
set. The treads of the better grades of tires have a tensile strength of about 4,000.1b 
pcr.sq;in. Rubber compounds with a strength of, even 5,000 lb per sq in. have been 
produced, Chemical analysis is of value id deteetiog rubber substitutes, reclaimed 
rubber, and foreign substances, but, generally speaking, does not serve to identify the 
grade of rubber. Rubbcr'for permanent use ^ould be slightly undervulcanized rather 
than overvulcBoized, ' Rubber compounds are cxlcDsivcIy used for electrics! insulation, 
hose, steam and water packing, bufiere, tiliog. and numerous other purposes where 
electried strength, resilience, and waterproofing qualities sic desired. 

Latex. The use of preserved latex has extended the use of rubber, improv- 
inB old products and permitting the production of valuable net? products. 
A striking norv product is valcanixed latex, the invention of Sohidrowitz. 
This latex retains its creamy fluidity and in spite of the fact that the particles 
of rubber are nilcanized, the liquid dries, by evaporation of the water, to 
give a strong, tough, and coherent film. Tbo uso of this latex permits the 
application of rubber to materials which are too sensitive to withstand the 
physical and chemical manipulation of the usual rubber factory. 

Hard rubber, also known as ebonite and vulcanite, is made by vul- 
canizing rubber with a large quantity of sulphur and for a considerable time. 
It can be softened by heat and then be shaped or molded as desired, is capable 
of being highly polished •when free from mineral admixtures, docs not oxidize 
readily, and is not affected by air and sunlight, is very impervious to electricity 
but becomes charged with static dectridty when rubbed. The substance is 
iliwir At dikui' saws' iXSWurihlHr dunr ur Dhy iia'^arAr AW <dv- 

Bolve raw rubber and partly dissolve vnlcanizcd rubber have no influence 
on hard rubber. It offers great resistance to nil acids. If exposed for a long 
time to temperatures above 400 P, it does not melt but carbonizes. It is 
extensively used for switch handles, for covering -tools for electrical purposes, 
insulating tubes for electrical conduits, fountain-pen handles, linings for 
acid vats, and numerous other purposes. Its use is being somewhat supor- 
Beded by synthetic resinous plastics. 

' A 'semihard rubber is also made by varying the degree of xmlcanization. 
This is more flexible and elastic than hard rubber and more durable than 
ordinary vulcanized rubber. 

Reclaimed rubber is chiefiy used as a cheap source of rubber hydrocarbon. A 
better product can bo mado at a low price by the use of reclaimed rubber than by tbe 
p-vcrloading of crude rubber -vrilb mineral fillers. In addition, reclaimed rubber is 
employed for its own specific properties. It is insoluble in tbe solvents of crude rubber, 
aud its use is thus indicated where rubber comes into contact with. oils, gasoline, etc. 
It may act as a dispersing medium, accelerates voleanization, and, of ten imparts maoipu- 
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'Conglomerates consist of-rounded pebble ‘eionea formed by Ibe aggregation of 
yarieiiS rooks, held together by o binder such as clay or marl. 

Gravel and sand consist of •smalt fragments of quartzy minerals, often mixed with 
lime, marl, and clay, from which tliey can he liberated by washing. Pit sand is ordi- 
narily, gritty but frequently more impure than river sand. 

- Clay is a hydrous silicate of.aiuminum; as ft occurs in nature it is frequently n mixture 
of clay with sand, limeatone, and oxide, of mm produced by the erosion of rocks con- 
Uiniag feldspar minerals. The purest variety, kaolin, is used for the produotion of 
chinawarc, and as a papermnking material., Hastic varieties are used for pipe clays, 
fireproof clays, and potter's clays. ‘''Clay'shnnis iii drying and subsequently in burn- 
ing uithout losing its form as a whole, and becomfp ejctrcmely hard. ■ Certain varieties 
kaoTfn as fuller’s earth, ate hety absorbent of oils or dyes. Sec also Brick, p. 700. 

For'strene;tb a'tid'other-physiqal properties of natural stones, see Table- 3, 
p, 416. ' 

PAINT on. 

■ (See also p. 674) 

China wood oil (tung’oO), expressed from the tung nut, is being increas- 
ingly used as a substitute for linseed oil in paints 'and varnishes. It 
has a peculiar rancid odo'r and . yellow color, usually ' darker than that of lin- 
seed oil. It has the unique property of 'apparently ' drying throughout at 
a 'uniiorm rate when spread in a film itistead of forming a sWn by surface 
drying as does linseed oil. It dries ''I3at”’iltftead of glossy, with an opaqiie, 
white film, “When heated to about 400 P, it le -converted irito a icllyliko 
mass insoluble in ordinary solvents. Specific gravity,- from 0;03(5 to 0.944: 
its other constants are very similar to' those of linseed oil. , 'It can be mixed 
with lead and hanganesc driers. Its peculiar drying properties'nnd resistaheo 
to 'water when dry have been successfully utilized in varnish making. 
It costs more than linseed oil. . 

Linseed oil is a brownish-yellowvegctablo oil with a specific gravdty between 
0.931 and' 0.937. It possesses the property of -absorbing oxygen and con- 
eequently drying to a greater extent than moat other oils; hence largely used 
for paints and varnishes. It is frequently adulterated with cottonseed, rosin, 
fish, mineral, and soybean oils. Adulteratiori ban Bometimos be detected 
by odor, color, or gravity, but chemical analysis ia usually necessary. Mix- 
tures of China wood, soybean, and linseed oile can be made which aro 
extremely difficult to detect." Adulteration with mineral or rosin oil can fre- 
quently be detected by a green or blue fluorescence which appears when the oil 
IB •viewed on a black background with the back to the light. • 

As raw oil dries very slowly; it is frequently Used ae.''bollDd oil.” The name was 
derived from the original practice of boiling tie ia'opcn kettles at'a temperature of 
300 to^ 5QQ F and incorpotaUng oxidca.of lead, and manganeBe, this process greatly 
increasing the, drying properties. Little if any bnled oil m now mndE in' this way, as 
the original process was expensive and darken^ the oil greatly Sc^called ‘'boiled oil” 
is now made by heating a small qnanti;^ of oH'vnth l«ad and manganese oxides and 
subs^uentiy adding this drier to" the raw tab _ K third 'class, known as bungholo 
hil, is made by adding driers dissolved ia benzine'or turpentine to the raw oil If 
properly made the quicker processes produce satisfactory oil. Boiled oil should have a 
similar odor and taste to raw oil; speMfic'grairity; between 0.931 and 0.950. 

Perilla oil; treated fish oil, soybean rfl, wid oitlcica oil are prominent among 
the newer .oils used in paints and varnishes, generally in conjunction with some synthetic 
resins. ' ' . 

1 _ ■ 'p^er/,, 

EBraRENCEa:'‘'ManufactuTe of Pulp and. •Paper,” 'Volsv III, ,IV,.V, McGraw-Hill. 
Griffin and Little, ‘‘ The Chemistry of Paper-matog'," Lockwood. ■ ‘ Classi6oatioa and 
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RKreMSCEs: Buell, "Tlifi Open-teartL Fnmaee," 3 toIs,, Benton. Bulletin S-2-E 
Babcock and Wilcox Co. " Modem Befractoty Practice/' by Harbjoon Walker Hefrac- 
tories Co. Norton, “lUfractoriee/' McGraw-ITilL A.S.T.M. Standards on Heftae- 
tory Materials (Comm, C-8). Trinks, "Induatrial FurnacEB,'’ voL L Wiley. Sebolea, 
"Modern Glass Practice,” iiduatrial Publications, Inc. 

Types of Refractories 

Fire-clay Refractories. Fire-day brick are made from fire clays, which 
comprise all refractory clays that are not wtute burning. Fire clays can he 
divided into plastic clays ami hard flint clays; they may also be claesified 
08 to alumina content. 

Firebricks arc usually made of a blended mixture of flint clays and plastic 
clays which is then formed, after mixing with water, to the required shape. 
Some or all of the flint clay may be replaced by highly burned or calcined clay, 
called grog. A large proportion of the modem bricks is molded by the 
diy-proBs or power-press process where the forming is carried out under high 
pressure and with a low water content Extruded and hand-molded brick 
arc still made in large quantities. 

The dried bricks ace burned either in periodic or tunnel kilns at tempera- 
tures varying between 2200 and 2600 F. Tunnel kilns give continuous 
production and a uniform temperature of burning. 

Fire-clay bricks arc divided into grades according to the A.S.T.M. designa- 
tion: Loii-hcal^uly brick, fusion point above 2770 F (cone 19). ilfciderafs- 
heat’duty brick, fusion point above 200fi F (cone 26). Iniemediale-htai-duiv 
brick, fusion point above 2940 F (cono 28). H^gh^heat^4^tiv Jn'efc, fusion point 
above 3055 F (cone 31). Superdvly fire-day hrick, fusion point above 3171 F 
(cone 83). 

Fire-clay bricks are used for boiler settings, kilns, maileable-iron furnaces, 
incinerators, and many portions of steel and non-ferrous metal furnaces. 
They are resistant to spalling and stand up well under many slag conditions, 
but are not generally suitable for use with high-lime slags, fluid-coal-ash 
slags, or under severe load conditions. 

High-alumina brick are manufactured from raw materials rich in 
alumina, such as diaspore. They ore graded into groups with 50, 60, 70, 80, 
and 90 percent alumina content. When well fired, these brick contain a 
largo amount of mullite and less of the glaasy phase than is present in the 
firebricks. Corundum is also present in many of these bricks. High- 
alumina brick are generally used for unusually severe temperature or load 
conditions. They are employed extenrively in limekilns and rotary cement 
kilns, the ports and regenerators of riass tanks and for slag resistance in some 
metallurgical furnaces; their price is hi^er than firebrick. 

Silica brick arc manufactured from crushed ganister rock containing about 
97 to 98 percent silica. A bond conasting of 2 percent limo is used, and the 
bricks are fired in periodic kilns at temperatures of 2700 to 2800 P for several 
days until a stable volume is obtmned. They are especiaUy valuable where a 
good strength is required at high temperatures. 

Silica brick are used extenavely in coko ovens, tho roofs and walls of open- 
hearth furnaces, in' the roofs and ride wtdls of ^ass tanks, and as linings of 
728 
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Coal Tat. Coal tar ie more ausoBpU'blo to temperature change than 
asphalt,' and therefore for wofing purposes its use is usually confined to flat 
decks. Goal'tir built-up roofs are used eitensively. 

Asphalt prepared roofing is manufMturod by impregnating a dry roofing 
felt ■with a hot asphaltic saturani " A coaling conristing of a- harder asphalt 
compounded with a fine mineral filler ie applied to the weather side of the 
saturated felt. Into this coating is emb^ded mineral surfacing such as 
mineral granules, powdered talc, nuca, or soapstonb. The Teverse side of 
the roofing'has a very thin' coating of the aame'^halt which is usually covered 
with powdered talc or^mica to prevent-the roofing from sticking in'the 
package. ' The surfacing used 'on- stnobth-aurfaced roll roofing is usually 
powdered talc or mica. The surfacing used on mineral or slate-surfaced 
roll roofing is roofing granules ih-eithcr natural colors prepared from slate 
or 'artificial colors usually made by applying a coating'to a rock granule base. 
Asphalt shingles usually have a granular surfacing. They are. made in 
strips and as individual shinglea. The difforont shapes and sizes of these 
shingles provide single, double, and triple coverage of the reof deck. , 
Materials Used In Asphalt Prepared B(M>flng. The felt is usually compoaed of a 
continuous sheet of felted vegetable and animal fibers. Bish-grade roofing felts contain 
usually about 60 to 70 percent cotton', 10 to 20 percent wool, and 6 to 20 percent jute, 
aacila, and wood fibers. Tha cooeUtucata can be varied to give felts with varying 
absorptive capacities. ' • . ' • 

The most satisfactory roefing asphalts are obtained by ,air blowing a steam' or 
vacuum'refined petroleum residual. Saturating nspbalta must possess a low viscosity 
la otd« {« the ielt to bacorae thorcttiWy ImpregtAted. . CoaticR tsphalte muat have 
good weather-resisting qualities arid possese a Ugh fusion temperature in order that 
there will be no flowing of the asphalt after the application to the roof. The coating 
asphalt is blown for a much longer Ume ^an is the saturating aspbalt. It has been 
found that the addition of ^0 to 40 percent of afinely ground mineral filler to the coating 
asphalt greatly improves its weathering qualities. ' , , , 

The fine mloeral surfacings used on smootb-surfaced roll roofings are inica, talc, 
or soapstone. The coarse grade of mineral surfacing which is used on slate-surfaced 
toll roofing and asphalt shingles is either a crushed slate or rock. ' The coarse rnlnerol 
granules are often colored artificially by coating them with pigihected silicate, cement, 
or a ceramic glaze and firing the granules to such a temperature that the coatings are 
permanent. 

Asphalt huilt-up roofing usually consUfa' of sevetal layeta of aaphilt 
saturated felt with a continuous layer of hot mopped asphalt between the 
layers of felt. The top layer of such a roof may cohsist of a hot mopping'of 
asphalt .with alag or gravel embedd^ theroia or a slate-surf acM cap sheet. 
Asphalt builfrup roofs are never applied to'au absolutely flat 'or dead level 
deck; the pitch must be from to 6 in. per ft. ' i ' ' 

Coal-tar built-up roofs are mmaar in cohatruction to the aSphalt built-up 
roofs.. Several layers of tar saturated fdt have a continuous layer of hot 
mopped pitch between each layK of.fdW The .'tar built-up’ roofs usually 
have a top 'surfacing of slag or pavcl. As coal' Ur is more euacepUble to 
temperature change than asphalt, it is need only when the pitch is less than 
2 in. per ft. Asphalt or asphalt-saturated felts should not be applied on the 
same deck with pitch or tar-saturated felts. , , 

Wood Shingles.' > Wood shingles are usu^ly manufactured' in three 
mfforent lengths: 16 , '18, and 24 in. -There are three' grftdes'in each length; 
the No. 1 grade being the host and ihe'-No. 3 grade being intended for pur- 
poses where the presence of defects will not be'objectiohable.' 'See p.'684. 

Clear white-pine shingles are the best. • fied-cedar shingles of good quality 
are obtainable from the Pacific Coast,' In the Sbuth; red cypress from the 
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of eerere temperature and hea^y load, or serere apalliog contoionB. as in tie case of 
Uel-tempctature oil-fired pnler settineB, or piers under eaamelingfumaces. This type 
of back has also been found of considerable Talne in the upper structure of glass tanks 
and checkers. Another brick the same uses is a high-fired bnek of Misjoun alumi- 

"''Tbete^are a number of bricks cm the maitel made from electricaUy fused materials,; 
such as fused muUite, fused aloinizia, and fused magJJBSiW. These bncks although 
high in cost are particularly suHable for certain seretc conditions. 

Bricks of silicon carbWe (see p. 695), nther recrystall'red or clay bonded, lave a 
high thermal conductivity and find use in muffle walb ond as a elag-re^^g material. 

' Other types of refractory’ fil'd certm limited use are lors^nte, Jirconia, and 
Slrcon. Acid-resisting brick con^ting of a dense body like stoneware are used for 
lining tanks and conduits in the chemical indastr]*- 
Natural stones such as sandstone or mica schist are used as refractories inmetallurgicsl 
furnaces such aa the linings of Bessemer conyertera. Soapstone is used in soda and 
sulphate recovery furnacee, but is being replaced to acme extent by chrome. 

The chemical compositioa of some of the refractories is given in Table 1. 
The ptyafcal properties are given in Table 2. Reference should be made to 
A..a'.T.M. Btendards ior details of standard testa. 

Table 1. Chemical Composition of Typical Refractories'’ 


Alunias (fused) 
Chrome , 
Chrome (unbum* 

, ed) f 

Fire day (high*! 

. heat duty) I 
iFire clay (aupe> 
duty) 
iForstonts 
lEish-slumina 
iRsolin 
IMagncsite 
Magnesite (un- 
‘ burned) 
Magnesite 
(fused) 

Refractory pD> 
cdsin. 

Silica 
Silicon carbide 
_(^day bonded) ' 
Siilimauite (inul- 
hte 

Insulating fire- 
■ brick (2600 F) 


1-1.5 '1 Vr. 
15‘ 

12 ‘ 


• Much of this data has beM taken from a table prepared by L. J. Trostel, Chm. UtL 
Bnp.p Nov., 1928. • ' ' 

, ‘ As FeO. . ' . 

' Includes lime and inagne.iia. 

^ Escelient if left above J200F. 

..•Ojidizingjitniosphere. ; 

B. Excellent. G, Good. F- F. Poor. 
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in' many respects. The essential-difference between gutta percha and rubber 
is that the former becomes markedly soft and plastic on immersion in hot 
water, retaining any shape then pven to it on cooling, 'whereupon it becomes 
hard but not brittle like other gums. Rubber' or caoutchouc, on the other 
hand, does not soften materially in hot 'water and retains its ori^nid elasticity 
and strength almost unimpaired. Balata behaves on heating very much the 
same as gutta percha bub possesses very little elasticity. It can be vulcanized, 
but without improved properties, whereas rubber and gutta percha are readily 
vulcanized and possess different properties after vulcanization. 

Rubber is obtained principally from the far East — from the cultivated 
jlantatione of Ceylon, the Malay -Peiuiiaula, the Straits Settlement, Java, 
Sumatra, etc. In addition, about 5 percent of the world’s supply is obtained 
as wild rubber, the- best of which is the well-known fine para from Brazil. 
The tropical seotions of South America and Africa produce various grades of 
rubber which are of declining importance. The cultivated Guayule of Mexico 
and New Mexico furnishes excellent rubber, which may, in time, compete to 
some extent with Hevea rubber. 

High-grade rubber will stretch to approximately 10 times its length and 
at this point 'will bear a load of lO tons per sq in. It can be compressed to 
one-third its thickness thousands of times without injury. -When vulcanized 
for elasticity, it behaves in some respects like other engineering materials up 
to a loiul of 30 pQtceat of the breaking load and at an extension of one-half 
the maximum. From this point on, however, the resistance inoreaBos in 
greater proportion than the extension, and finally assumes a comparatively 
high value. Even when stretched almost to tbo ]x>mt of rupture, it restores 
itscU very nearly to its original dimensions on being released, and gradually 
recovers a part of the residual loss of form. 

The dielectric constant at 1,000 cycles is 2.37 for purified rubber, 2.68 
for soft vulcanized, and 2.82 for hard rubber. The specific gravities, aro 
0.906, 0.923, and 1.173, respectively. The color of vulcanized ruljber 
containing only rubber and sulphur ia yellow to brown; minoral and other 
additions may vary the color nearly to black. 

Freshly cut or torn ra'w rubber possesses the power of self-adhesion 
which practically disappears in vulcanized rubber. Cold water indefinitely 
preserves rubber, but if exposed to the air, and particularly to the sun, all 
rubber goods tend to become hard and heittic. , Dry beat up to lid F shnuld 
have little deteriorating effect, but at tempeintureB of ,300 to 400 F rubber 
Isegins to melt, loses its olastici^, and becomes sticky; at higher temperaturca, 
it becomes entirely carbonized. Un-vulcanized rubber is soluble in carbon 
bisulphide, benzine, petroleum ether, and turpentine, but only readily so 
directly after milling. 

Rubber is seldom used alone industrially except for surgical tape, rubber 
cements, and other minor purposes. Most rubber is vulcanized, i.e., made 
to combine with sulphur, or in the case of some thin goods, sulphur chloride. 
Vulcanization if properly carried out improves the tensile properties, elimi- 
nates tackiness, renders the rubber less susceptiblo to temperature changes, 
and makes it insoluble in all known solvents. It is impossible to dissolve 
vulcanized rubber unless It is first decomposed. Other ingredients are added 
for general effects as follo'ws: 

To increase tensile strength and reastance to abration: carbon black, zinc oxide, 
magnesium carbonate, glue, certain clays, aa well fta most of the organic vulcanization 
aeedeiatoTa 

_ To chtapen and stiffen: whiting, batytea, soapsteae, silica and silicates, stale flour, 
infiKonal earth, clays, fibrous matetialB. 



Ths variation of the spedfic heat of icfractories with temperature is indi- 
osted in Table 3 which gives data noni Bradshaw and Emerv (rrc.ir. 
Ccvcrj'- Soc. (EnglaEd), IS, S4-92, 1919-’20.) 

Table 2. Specific Heat of Eefractories 


Teaperatcre, 

<^F 

1 Mes=s?er££cj;eat,77 to idsgF 

E3ia.l 

S3iss2 

Ffaskr 

Zircen 

ni2 

0.225 

0.23 


0.137 

IEj2 

0.255 

0JS2 


0.137 

2192 

0.^ 

0.2S5 

0 2y 

0,Ie7 

2552 

0.25 

0.^ 

0.^ 

0.173' 


Heya ionic- 3fc:?ric!praiur,5scrif, Jahrg. 32, 1214 p. 1S5) ^ves the 
following dam on the spetdfic heat of magnesite bricks: 

Tenp.JdesF 200 405 6M St» JOM 1500 2&DQ 25K) 

Men spedns heat between <i 

andJdesF 0.219 0.235 0.244 0.232 0,257 0,270 0.2S2 0.294 

"Wiison, Holdcroft, and Mellor (Trerw. Cron. 5«. (En^aad), 12, 1912- 
1913. p. 279) give the foUowiiig fonnulfl for the specific heat of fireclay 
bricks: 

Mean speciSc heat *> 0.192 -r 0.000033J, where ( is in deg F. 

Standard aad Special Shapes 

There are a large number of standard relractory shapes carried in stock 
by most manufacturers. The manufacturers' catalogue? should be consulted 
in selecting these shapes, but the more common ones are shown in Table 4. 
These shapes have bek rtaadardired 'oy the Imericaa Eeiraetories Institute 
and by the Bureau of Simplification of the U.S. Department of Commerce- 

Special shapes are mere eipeaave than the standard refractories, and. 
ss they are usuall}' hand molded, will no; be so dense or unifona ia struemre 
as the regular bricL THien spedal shapes are necessary', they should be laid 
ont as simply as posable and the masimam are should I» kept down below 
SO in. if posable. It is also dearable to make sil special shapes with the 
vertical dimetiaon as an even multiple of in. plus one joint so that they 
■will ban/i in. wi/i. th/i rest. o£ tin hwtksntk. 

Mortars, Coarings, Plastics, Castables, and Esmming Slixtures 

Practically all brickwork is laid up with some type of mortar to dve a 
more stable structure and to seal the joints. This mortar may be ground 
fire day or a sperialiy prepared mortar contusing grog to reduce the shrinkage. 
The bonding mortars may be divided into three general classes. The first 
are air-settieg mortars whidt often contain silicate of soda to give a strong 
bond when d.ried or fired at comparatirdy low temperatures. Many of the 
air-setting mortars should not be med at eitremely hi^ temperatures because 
the finring action of the air-setting ingredient reduces the fuEon point. The 
second dass is called beat-settillg mortar and requires temperatures of 
over 2000 F to produce a good bond. These mortars varv in vitrifying 
point, some producing a strong bond in the lower temperature ranges, and the 
others requiring very hi^ temperatcres to ^ve good strengtL The third 
dassification comprises special-base mortars such as rilica, msgnesite. 
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lative properties which are difficult to.ob^ whea, crude rubber is the sole source of 
the rubber hydrocarbon. ' i—JK. 

Rubber Substitutes. Tliis name has been applied to sulphurired or subhur- 
ohlorinatedioils which are compounding ingrediento and in no, way .true substitutes for 
rubber., I,. I, , r. , ,t’ i ■' .t ' ■ ' ' '-i- ' 

SyuthetiCirubbers'arS'now.avulablo of _MTeraI chemical, types. , Neoprene is'a 
polymens^ chloroprene ahH differi from jjibl^ fltructurally in that.oblbiind’ieplafc'M 
the methyl grdup' m the molecule. ' Buna'S, and Buna'. N'arc butadiene rubbers,', 
combined with Styrene and aciylimitrile, respectiyoly. Butyl rubber is a synthetic 
product (1940) m^e principally (roni_the,olefincs from.the cracking of petroleum, but 
containing a small proportion' df’'&ol&es;- 'TWo'fcbl is a rubberlike polymerized 
ethylene, sulfide. -r’lEaoh;of..'the8e syntbetio types offers one-orfiDore.advsntfigos.orer 
natural rubber,, such as.reaistance to.'oiI,-to.(«idationt or to, heat,, or light, ;and some, of 
them' arc ci'greatBtrength or.reaietaaoe toj-TOar,, • '.i'.,-', 

Gutta Percha. Pure gutta percha is colorless, and, -'when; cut thin, 
transparent. 'It-isjtastolesSinilodorouBjfloftens.'at.PD F,;a.nd can be molded 
readily 'at 195F.-'rIf heated above 265 -it melta, to.. a colorless oil; it is not 
affebted'by cold;end;i8 'very-MsiBtanttto-'water.,, 'Wheniexposcd .to air„aEd 
sunlight,' it rapidly'detonorates. i It ipossesaes. excellent ■.heatresistance, and. 
thegreatest electrical resistance df-n'by-plasliomaterial.^ij,-, , . , . 

■' Giitta'percbait in'stiluble in most reagents. Is eligblly soluble in pure alceholond partly, 
dissolved by turpentine, dive oil, and benzine. The best solvents arcicerben bisulphide 
sad chloroform. , :It is .very little affected by n«de.or.alkalie8..,TpE account ,of -its great 
eleotrioal.resistamcei waterproof; .q'ttlitice,- .and peroaficncy under, water,, it was.Ia'rgely, 
used iti tie first transatlantic calil<^ .It « IftU^Ve^ today cwcptlor .tho.maaufactiirB' 
of, golf balls, and mi^or uses. _ -i ,. 

. Balata.' jRaiv;bckta is grey, br4imi,.or n’bitish.red.'and'pojsMscs'.littlb'eliisticrity, 
It is softer than gutta perc^ 'under erdinft^'ithmperntbres.'deeV het'b'eEhiiife'Bo'firm 
when cooled, ’.jesolublo'in turpentine,'beWcne,-and,carbW'bisulpMde,-b'ut'reBi8tantt6' 
acidandalkalies.' 'it caiib'd'rcadily molded’ atT'25F.‘ 'On'aeob'unl’of ita'greatltough'nesai 
and resistance to'moiature aind Mr, it'Wu foiineHy used for th'o manufacture :ol rubber; 
belts. Its present chief uses are for tbe covers of golf balls and as a bQ[it*p)astio.adicsiyp. 
foricombining fabrics and mending tissue.,., . -...I.,,-; • ,.( i, | ..1 i. ., .■ | 
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■ The most commonly, used shellac' for p-attern, find, varniBm, work i'sHho 'P. 1^. 
grad^ wiici umaWy contains abcuJ 3.p<^t^t.,^.FO3!pf,,['A',^ad0'cs}l^ 
Garnet laci, sells at abopt, the same prij» ,aa.T.,N. aad-'is frce,ifom r^sin'or 
lac-wax." i;; • . ,|, y,. : ,,,, j',,. ‘ 

Shellac is soluble in alcohol, hot' aguec^' solutions .of sodium ;and .potassium car-, 
hofiates, caustic. alkalies’,;borax,', and ateticncid. .Ite jspeciflc' resistance .is, apprpxi-. 
mately 9 X 10*. megohms per cu cm; spedfle Inductive ;Cap‘acit 7 ,' about "2.7 4'. ' It' 
is slightly hygroscopic but, not sufficiently sb.tq.impair fts'vnlue'as 'ah'eleb’trical insulntorl'' 
Shellac softens at 18.1 F,. flows readily, at 230'‘lo‘248F,.'hoTdehs''aEBin at 356 to 381'P- 
arid begins to wbbnize at 446 F, ’’ •:o; -,;t; ■ ij ■•/'’'•f.- '< 

Shellac is used cilenBivcly a8'ii‘'8tickd”and mrolator-in the manufacture of electrical' 
apparatus, for bonding-abrasive wheels, 'ahd'bs 'a bond forla yoriety of molded goods. 
The most common-adulterant is rosin,! whioh, makes tiie;Bhellac brittle,: .A common 
test is to heat a piocei of shellac ,with a-lighted^matcb untU one corner is meltedi'th'en 
blow outtheflsmeand attach- the match ta^^pimbf ehellacand let the iotter drop to' 
the .floor. ,If the, shellac is pf good.qu^tyud .ordinarily, free from adulteration, it will* 
string out in a’ thin flKible' thread from the'Wgh’t.'bf a man’s 'hantl -held as highlas' 
possible from the floor. It has bem'f6uiid‘tUat 'the' additidh’bf '5 pebent of rosin 
increases the' adhesiveness; Bleached shelUtf is' UBed''very 'largely -in 'lacquers' and 
has lea adhesive 's'trengtK 'than 'orange slioHac.''; It is not completely soluble in afeohof; 
and nearly always contains some chlQrine.'':iThe orffinary spirit varnlBh is made by' 
dissolving from 4^ to 01b of shellac in a gallon of nlcohd. lb per gal makes 1}^ gal 
of varnish and 9 lb per gal makes 2 gal trf -vamidi. 
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TablQ '5. Additional :Arch,- Wedgeii and Tier Bricks 


Name of shape 


h 




Name of shape _ 


'6 


Large 9 in. No. 1 

, , 

i 




13H in. No. I wedge.. 


6 

bit 

wedge 

V..9 

m 

.la- 

-2J4:, 






Large 9 in. No. 1 






13H in: No. 2 wedge . . 

1314 


214t 






m 





No. i fiat-back 





1314 

4 . 

■2t 





iSH ■ 






No. 2 flatrbaok 






No. 102 angle bung. ... 

1214* 

414 












9 X Bin. No.lkcv 

9 

h 


2Mt 



n . , 

414 

21 it 

9 X;6'in,No.2key 

9 

6 

4>9{« 







13Ji-in. No. 1 key 

I31i 

i 

5 

2}4t 



12 %* 

414 

24fit 










m 

13M in. No. 2 key 

m 

V 

4?4 

2J5t 

::V 


n 

I 



*«'•= 1156'. ;t ='2>Vor5:' t =3. - 


Table 6. Circle Bricks and Blocks 


The dimensions (a X 6 X «) of circle bricka ate 9 X 4H X 2>4; of rotary kiln blocks 
9 X 9-X 4; of 6 in. cupola block, 9 X C X 4; of'9 In. cupoU bl,ock ^ 9, in/ 


1 ; 
i; 

Dialn> 

etc4 

of ciWe 

1 


; Diara- 
'cter 
of circle 

•g 

i. 

-i- 

‘A- 

0 

0* 

a. 


Binm*'. 
eter ' 
of circle 

Vi’ 

•g 

u 

Name of brick 

.•i) 

”0 

1 

0 

■' r 

0 

e 

"S 

i 

Name of brick 

■■ ; 

■S 

's- 

0- 

■0 

1 

Namepfbriolc 

3 

•s 

'El 

b‘ 

1- 

5 

e 

jo’ 

Z 

24 in. Circle 
brick 

33 

24 

12 

?-?0 Rotary* 

loe 

90 

38 

No. 90 6 in. 



•36- 

'k' 

26 In. Circle 
brick 

45 

36 

16 

9-96 Rotary 

114 

96 


No. 06 6 in. 



48 in. Circle 
brick 

57 

48 

20 

9-102 6 in. 

120 

102 

42 

No. 102 6 in. 




OK jn. Uirrle 
brick 

69 

60 

24 

No. 30 6 in. 

42 

30 

IV 

No. m6m. 



'.tei 

72 in. Circle 
brick 

81 

72 

28 

No. 6 jn. 

48.' 

36 

1?' 

No. A 9 in. 

25' 


'9', 

84 in. ■ Circle 
brick 

93 

34 

‘32' 

No. 42 6, in. | 
Cupola block 

54' 

42 

19 

No. B 9 in. ' ^ 

30' 


11,' 

9-48 Eotary 
kiln block 

66' 

48 

23 

No. 4$ 6 in. . 
Cnpoln block 

60 

48 

21 

No. C 9 in. • 

36 

27 

13 

9-54 ..-Rotary 
kiln.block 

72 


25 

No. 54 6 in. - 
Cupola block 

66 

54 

23 

No.D-9 in. 



.14 

9-60 Rotary 
kiln' block 

78 

60 : 

27 

Cupola block 

72 

60' 

25 

No. E 9 in.' " 

49' 


■17' 

9-66 Rotary 
kiln block . 

84: 

66. 

29, 

No. 66 6 in, 
•Cup(^ block 

76 

66: 

27 

No. F 9 in, 



21 

9-72 ■ Rotary 
kiln block 

90 

72' 

31 

No. 72 6 in.. 

, Cupola , block 

M 

n 

29 

No. G 9 in,/' 

69 


'24' 

9-78 . Rotary 
kiIn‘block ' 
9-84 Rotarv 

'96 

78 

33 

No.- 76 6 in. 
Cupola blo^ 

90 

Vb, 

•31' 

No. H 9 in. , 
Cupola block' 


73, 

‘29' 

: .kiln block- 

102 

•M 

36' 

. Cupeda Uock 

% 


•» 


'j'l 
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acid electric steel furnaces. Althougli silica brick Is readily spalled; (cracked 
by a temperature change) beloTr red heat, it ia very stable if the temperature 
is kept above this range, and for this reason stands up. well in regenerative 
furnaces. ' Any structure of silica brick should be heated up slowly to the 
workiiig temperature; a large structure often requires two weeks or more to 
bring up. 

Magnesite brick are made from crushed magnesium oxide which is 
produced by calcining raw magnesite' rock to high-temperatures. A rock 
coataining several percent of iron oxide is preferable as this permits the rock 
to be fired at a lower temperature than if pure materials were used. Mag- 
nesite brick are generally fired at a comparatively high temperature in periodic 
or tunnei kilns, though large tonnages of unburned brick are now produced. 
The latter are made with special grtun sizing and hydraulically pressed,- 
Mapeate brick are basic and are used wherever it is necessary to resist 
high-lime slags such as in the baric open-hearth furnace. - They also find use 
in furnaces for the lead and copper refining industrs'.. The hydraulically- 
pressed unburned brick find extensive use as linings for cement Hina. Mag- 
nesite brick are not so resistant to spalUng ns fire-clay brick. 

Chrome brick are manufactured in much the safne way as magnesite 
brick, but are made from natural chromite ore. Commercial ores always 
contain magnesia and aluouaa. Unburned hydraulically-pressed chrome 
brick are also made. 

Chrome bricks are very resistant to all types of slag. They are used as 
Boparators between acid and baric refractories, also in soaking pits and fioora 
of forging (urnaccri The unburned hydraulically-prcsscd brick now find 
eitensive use in the walls of the open-hearth furnace. Chrome bricks are 
used in aulphite-iecovery furnaces and to some extent in the refining of non- 
ferrous metals. - • ‘ • 

The insulating refractory is' a dass of recently developed bricks which 
conaUt of a highly porous fire clay or kaolin. They ate light in weight 
(about H to that of fireclay), low in thermal conductivity, and yet suffi- 
ciently resistant to temperature to be used successfully on the hot aide of the 
furnace wall, thus permitting thin walls of low thermal conductivity and low 
heat content. The low heat content is particularly ^'aluablc in saring fuel 
and time on heating Up, allows rapid changes in temperature to be made, and 
permits rapid cooling. These bricks are made in a variety of ways, such as 
mixing organic matter with the day and later burning it out to form pores; 

a bubble structure can bo incorporated in the clay-water mixture which is 
later preserved in the fired brick. The insulating refractories are, classified 
into several groups according to the maiiraum temperature that they can 
withstand on the hot face; the ranges are, up to 1550, 1960, 2250, 2550, and 
above 2750 Ffor-2 percent linear shrinkage. ' 

Insulating refractories are used mainly in the heat-treating industry for 
furnaces of the periodic type; the low heat content permits 'noteworthy fuel 
eamgs as compared with fitebrick. They are also used extensively in stress- 
relieving furnaces, chemical-process furnaces, oil stills or heaters, and in the 
combustion chambers of domestic-oil-bumcr furnaces; they usually have a 
life equal to the heavy brick that they replace. They, are paTticuiariy 
suitable for constructing experimental or laboratory furnaces because they 
MU be cut or machined readily to any drape. They are not resistant to 
fluid slag. 

piere are a uumbw of types of spedal brick, obtainable from individual manu- 
Hrturere. ffigb-bumed kaolin refractories m pniticulariy valuable under conditions 
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Solid walla built with, standard 9 in. brich are ihada up in various ways; 
§ in. waila with altaTOato haadsit wnd sts«(ebar eowtsea; in. wa& with 
alternate header and stretcher courses, -or with four stretcher courses to one 
header course on the hot face, br with four, header courses to one stretcher 
course on the hot face; 18 in. walls with ^temate header and stretcher courses. 

Table 7. Transmitted Heat Losses and Heat-storage Capacities 
of Wall Structures under Equilibrium Conditions 
(Based on still air at 80 F) 

Condensed from '* B & W InsulatinB Firebrick" Bulletin of the Babeock and Wilcox Co. 


Thickness, in. 

Hot face temperature, deg F - 


1 Of insulating 

1 ]200 

1600 

2W)0 

2400 

2800 


drebnek | 


HS 

HL 

HS 1 

EL^ 

1®1 

he! 

1 HS 

HL 

SS 


4M 20 


1,600 

837 

7,301) 

788' 







4H2a 

441 

•/WO 

688 

31MI 


4.0U0 



. 18R8 

5,900 

414 FB 

h.180 

8.4UU 

1.870 

11.700 

2.(^0 

14,800 

3,600 

18,100 

4,6411 

21.600 

7 

414 2H214 20 

761 

34MI 

40ft 

4900 

567 

6 800 

78|! 

8,100 

971) 

9.800 


414 FB 

423 

l22i(IU 

660 

17.700 

917 

23.«W 

1.248' 

28.200 



9 

414 2H414 20 

2fl1 

4,100 

311 

8900 

43? 

7,WI 

573 

9,900 

738 

12.200 


414 FB -I- 414 20 

7H1 

13700 

437 

19700 

618 

74,ft()|l 






9 20 

181 

3,I(NI 

m 

43INI 

•395 

8 800 






9 28 

741 

4,100 

348 

8Win 

4ft(] 

V,SIHi 

64? 

9300 

A11I 

Il.lOO 


9 FB 

6S8 

i64IIW 

I.UI5 

21.600 

1.430 

27.600 

1,900 

34,000 

2.4ii0 

40,300 

IIH 

9 28 + 214 20 

169 

8,70(1 

260 

ftflOO 

364 

10,500 

484 

13,100 

623 

15,800 


9 PS +214 20 

Mi 

273(10 

814 

31 4W 

m 

«im 



1 m 

60,300 


9 28 + 414 20 

143 

6800 

717 

9,3(«l 

•31)8 

12,300 



514 

16.700 


1 9 FB + 4>4 20 

241 

24.1(4) 

367 

HMK)' 

5)6 

44^ 

tiio' 

55,100 



m\ 

9 20 + 414 FB 

168 

8300 

788 

7300 

34« 

0900 






1 9 2S‘i-4^FB 

20i: 

69011 

30? 

9.7ni 

41V 

itm 

556 

15700 

710 

19.100 


1314 

442 

22.300 

700 

31.000 

980 

39.90(1 

1.310 

49.100 

1.683 

58.300 

16 

1314 FB + 214 20 

275 

31.200 

423 

43300 

566 

56SOO 

780 

70,000 

994 

84,200 

18 

9 20 + 9 FB 

147 

0800 

225 

11,900 

319 

18,700 






9 28 + 9 FB 

l/l 

1(1 m 

266 

15.100 

378 

19, /(III 

493 


638 

29.800 


1314 FB + 416 20 



318 

4H 4(1(1 

440 

62 61111 



751 

92,600 


18 FB 


28J«)0 

532 

40S0Q 

745 

52.200 

1 .000 

64,200 

1.283 

76,500 

2016 

18 FB + 214 20 

234 

39S00 

356 

55,400 

500 

72,000 

665 

89,200 

647 

107,000 

22H 

18FB + 414 20 

182 

43.200 

281 

61,000 

397 

79 200 

819 


667 

117,600 


2214 FB 

2S7|36.0DO| 

435 

49,500 

612 

64,100 

814 

78.800 

1 

1.040 

1 

93,400 


SL Voss va Btvi per «; (t pet hr. HS Hw-t atarasa •lapwitv in Eta pti w\ it. 
20 “ 2000 F insulating refractory. 28 = 2800 F inaulatiac refractory. FB Fire-clay 
brick. 


Many modern furnaces are constructed rrith airTCooled walls, with refrac- 
tory blocks held in place against a ca^g by alloy steel holders. Sectional 
walls made up with steel panels having lightweight insulating refractories 
attached to the inner surface are also used and are especially valuable for 
use in the upper parts of large boiler fnmacea, oil stills, and similar types of 
construction. The sections can be made up at the plant and shipped ns a 
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Table 2. Physical Properties of Typical Eefractories" 

(Refractory numbers refer to Table 1) 



Fusion point 



Reheat shririkaKe 

Wt. of 

■frac- 

tory 

No. 

j DegF 

Pyro- • 
metric 
cone 

load, percent 
at deg F (md 
lb per aq in. 

SpaRtng 

resistance 

after 5 hr 
percent at 
[deg FI .1 

straight 

9 in. 
brick, lb 

1 

3390+ 

,'!9+ : 

1 at 2730 and 50 

Good 

r +0.5 (2910) 

9-10.6 

2 

i 3580+ 

41+ 


Poor ' 

1 ^0.5tol.0 (3000) : 


3 

.3580+ 1 

41+ ! 

Shears 2955 and 28| 

Fair 

! -0.5 to f.0(3(KW) 1 

li.3 

4 

3060-3170 

31-33- j 

2.5-10 at 2460 and 

Good 

±0 to 1.5 (2550) 

7.5 

s' 

^3'l70-3200| 

33-34 1 

2-4 at 2QiO and 25, 

Excellent 

1 ±0 to 1.5 (2910) 

8,5 

■ 6 

3430 ! 

- 40 ■ 

10at2960~ 

Pair 


9.0 

7-.. 

3290 

36 ■" 1 

Wat 2640 and 25 

ExccHcnt 

i -Ho^u^ioj '• 

7.5 

8 

1 3200 , 

34 


Excellent 

1 T0.7to 1,0 (2910) 
-1 to 2 (3000) 

-0.5 to 1.5 (3000) ! 

7.7 

o 

3580+ ! 

41+ 


Poor 

10.0 

no 

3580+ ' 

41+ 

Shears 2040 and 28 

Fair 

10,7 

11 

12 

, 3580+ 
2640-3000 

lilo 

Shears 2900 and 25 

Foir 

Good ‘ 

,-H):5 toO'.e (2640) 

10.5 

n 

3060-3090 

31-32 

Poor* 

6.5 

'.14'' 

3390 

1 39 



+2« (2910) 

8-9.3 

15 

33iM340 

' 37-38 

' 0-0.5 at '2640 and 
25 

0.3 at 2200 and 10 

Excellent 

-0 to 0,8 (2910) 

8.5 ; 

16 

2980-3000 

j 29-30 

Good 

-0.2 (2600) 

2.25 


Refrac- 

tory 

No. 


Porosity 


Mean coeffi- 
cient of thermal 
expaneiou from 
60 F to ebrink- 
age point X I0‘ 


Mean thermal 'conductivity, Btu per 
sq ft per hr per deg F per in. tliicknesg , 


Mean temperatures between the hot 
, and cold face, deg F 


1200 ICOO 2000 1 2400 


20-K 
.20-26 
10-12 
15-25 
12-15 
. 23-26 
28-36 
18 

20-26 

10-12, 

20-30 


1H8 

20-25 

75 


0;20 
0,20 
0,21 ’ 
0,23 
0,23 
0,25 
0,23 
' 0;22 
0,27, 
!.0,26., 
0.27' 
'0:23 
0,23 , 
. 0,20 
0.23', 
0,22 


0,4} 

0.56 


0.24 

V 0.2} • 

iJ.0.56-0.85: 

'' O.'^.M ' 
■ o;3o- ■ ' 
. ■ >: 0.464 • 

. > .0.24 - 
0.30 ■ 

.'-0.25 ' 


20 22 : 

8. 9., 10 


^‘^Much onhis data has been taken btim' a table pi^parc'd by L; J. Trostel, Chem. 

.‘Excellent if left above 1200 F. ... ‘ ‘ ' 

■ ‘OxidizmK atmosphere.' ■ . ' 

* Up to ;56 at red heat. ' ■- •' " 
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tho Bhut^down period'of the ftintaoe. ’ Where slag or abrasion is severe, brick 
vrith a dense structure is durable. If spalling conditions are important, a 
brick Trith a more flexible 'structure is'better, although there are cases ^here a 
very dense structure ^veh beaten spdliug resistance /than 'a more open one'. 
• ■ High-lime slag can be taken ciot of-with' magnesite, chrome, or high ’alumina 
brick;- but if severe temperature flucUuttiouB are encountered also, mo brick 
will give long life. For coal-asb-slag, dense fire-clay bricks ©ve iairly good 
service if the temperature is not hi^. - At the higher temperatures.^ chrome- 
plastic’’dr’ silicon-carbide 'refractory often '-proves successful. When 'the 
conditions are unusually severe, or water-cooled walls must be resorted to; 
the water-cooled stud-tube wrdl has been very successful in boiler furnaces. 

With a general freedom from slag, it is often rnost^ economical _to use an 
insulating refractory. Althou^ this brick may cost more per unit, 'it allows 
thinner 'w^ls, so thatifhe, total cdnstructibri cost may be - no greater than the 
regular brick. • The subsututidn’of inhaling refracfory for heavy brick in 
periodic furnaces has sometimes halved the fuel consumption. 

The stability of a refractory installation depends largely on the bricklaying. 
The total cost, in addition to the, bricks, of laying brick varies ■with the type 
of construction, locality, and rofractotyi but a figure' of ^SlOdjier thousand is 
a fair allowance on small jobs; on a large structure, such as an open-hearth 
furnace, where approximately 1,000,000 brick would .be laid, the total cost 
in addition to the bricks might bo somewhat less than $50 per thousand. 

. Table 8. Betractory Prices 

' . ' (Per thousand, carload lots at destination) 

Approxiraate poetein 1939 ' 

Fire-elay brick $48.00F.W. 

Superduty fire clay brick $61.00 F.W, 

ffigh-alumlna brick (50%. 185) (60%; $105) (70%, $130) F.W. 

Kaolin brick $240 (with mortar) F.W, 

MulUte brick $500 F.W. 

Magnesite brick $335 F.W. 

Chteme brici: $270 F.W. 

Clay-bpodcdsilieon-carbidebtick... $1,050F.F. 

Pused-magnesite brick. ‘ $1,500 P.F. ' ' 

Fiised-alumina brick. $1,140 F.F. ’ 

‘Insulating fire brick (1960 F. $78)' (2250 F, $102) (2650 F, $124) D.P. 

Finely-ground fire clay for laying ■ • i . 

.high-heat duty fire clay brick, in < . , 

> sacks $11.35 N.T. 

Superduty fire clay, in sacks. $22.30 N.T. 

Bigh-ahmina fire day, in saets $47.50 N.T. 

Silica, fire, clay (for lajing eilies 

■ brick)', in sacks $12.80 NiT. 

Silica-base high-temperature bond- 

' -iri'g-mortar, carload lots (bidrilms) $66.00 -N.T. ' ■ 

•Chrome-base high-temperatore-bond- ‘ ■ . t- 

I . 'ing-mortar, carload lots (in drums) $75.00 N.T. 

.. F.W. ,= F.O.B. works. F.F. F.O.B. • ladory. D.P, " delivered in Pittsburgh; 
N.T.onettoa. .' V ' ' 
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or chrome, which are specially blended for'use with their, respective bricka. 
The chrome-base mortar may be satisfactorily used with fire-clay bricks in 
many cases. j ' ' i j • 

The refractory bonding mortars should preferably be selectea on the advice 
of the manufacturer of the refraotoiy to obtain good service, although there 


Table 4. Sises and Shapes of Firebrick 
(Afi dimeiutons to to.) 



Mraighf ,Afch Wedge ’ Ke^ ' FcfliherEdge 



Edge Skew Neck demh EndSkeiv S'ldeSkeiV 



AngleBung ArchAngleBimg Circle Rcdary Kiln Blccks OjpcIaBlocks 


Name of brioke 

Straight bricks - | | 

Straight bricks 

i 

Length 

a 

Width 

t> 

Name of bricks 

neee 
' c 

lungth Width 
a 1> 1 

Thiok- 

nesa 

9 in. straight 

1 f 


2K 9 X 4H X 3 in. 

' , ! 





straight ' 

9 444 

3 

Small 9 in 

9 

m 

2)4 9XGX3in. 






etrught 

9 6 1 

3 

Soap 

9 

?M 

214 1314 in. etraight, . 

1345 , 6 

244 

Checker... 

9 


214 Bridge block. ..... 

ISIS 6 

3 

Split brick 

9 

4W 


18 9 

444 

2 in. brick 

9 

414 

2 ' SquaiO'C^e tile , . 

M 11 . 

3 

Large 9 in ... 

9 

t)« 

2)4 No. lOl aquare bung 

13 444 ' 

3 

Elat back straight 

9 

6 

2)4 Open-hearth 






checker 

1044 <44 

4, 


Eegenerator tile sizes, 0 X 6 X enre; 18 X 6 or 9 X 3; 18 X 0 or 12 X 4;22H X C 
or 9 X 3; 22K X 9 or 12 X 4; 2T X 9 X 3; 2T X 9 or 12 -X 4; 31^ X 12 X 4; 36 X 
12 X 4. 


'The Mowing arcb, wedge, and key bricks have maximum dimensions, o'X b X e 
of 9 X 4K X 2}i in. The minimum dimenaiona a', b\ c' are as noted: No. 1 arch, 
c' “ 2J^; No. 2 arch, o' = No. 3arch,c' = Ij'No. 1 wedge, c' = 1>^; No. 2 wedge, 
c' = IHiNo. S wedgc.e' = 2; No. 1 key, 1/ = 4; No.' 2 key, t' = 3J^; No. Skey.l' ='3; 
No. 4 key, b' = 2 Edge skew, S' ^ IH; Feather-edge, s', = Ki No, I neck, a' = 3)1, 
e' = No.2neck, o' = 2^,e = fjf; No. 3 neck, o' « Ole's* End skew, o' = 

Side skew, t'l** 2J<; Jamb brick, 9 X 2Hi Bung arch, e' = 2J{. 
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S.A.E. 

■viscosity 

number 

Saybolt viscosity : 
range, eec 
at 130F . 

8.A.E. 

viseo^y 

number 

Saybolt viscosity 
range, sec 
at 210 F 

10 

1 90-120 ; 


1 <80 

20 

' 120-155 1 



30 

183-255 


105-125 

40 

>255 

70 

■ 125-150 


la the case of prediluted oils, S,A.E. Viacosity Numbers by 'which the oils are classified 

shall be determined by the viseosi^ of the uawuted c^. 



-50 0 20 40 60 80 100 CO 140 160 ISO 200 220 240 260 260 300 

Tempera4ore,F 

1. — Variation of Viscosity with Temperatuf® (A.S.T.M, D341-S9 
Viscosity Chart). 


' The S.A.E. viscosity numbers for transmission and rear axle lubricants 
constitute a classification, in terras of yiscosif^ and also of consistency at 
low temperatures. They are as follows: 


■S.A.E. ■viscosity • 
number 

Viscosity range, 

‘ Saybolt Universal 

Consistency, Must not 
channel in service 
at deg F 

-80 

100,000 ece at 0 F, mas. : 

Minus 20 


800 to 1800 see at lOOF 

Zero 


120to2D0seeiii210F 

Plus 35 


200 sec at 210 F, min. 
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ftta 'a Qonsiderable : number of independent ihaoufacturerB-.of mortara who 
■iijpply^an excell'eift product. rVomi300.to-400ab' of'dry niortar per thousand 
•bricklfl required'for thin joinfsi'whicharederirable in moat fumacb conetruc- 
tionV'- Foi-thickcr trowel jointaiiupito fiOO-lb .per .thouaand brick ia.required. 
•In the' case of chrome-base inortafs,>600-l&per(thou8and/bnck' should be 
allowed, and,formagne3ite..cement 800 lb., , ,, 

The'Vorkini'prbpCTtieB' of-the bondteg’niortaT aTe'impdTtant'. -MbitaTB 
for insulating refra'ctories 'should be carefully' Mlected’aa many of the com- 
mercial, products do-npt retain .their^watet,pufficientty-,long|to enable a good 
joint -to- be -made.- -There are- speraal-mortoM-ibr.. tins purpose .which. are 
entirely.satisfactpry.,, .-i,';' 

Coatings are used to protect lib hot surface of the refrabtorieB, especially 
when they are" exposed to dusWaderi gafefl dr slags',’ These coatings ’usually 
cohsis't of' ground grog*'arid firo Qhy of' a wmewhat coarser texture* than 
•the mortar. There ate also chromc-baee coating which are quite resistant 
to slagsrand'in adew .cases natural days cpntajiung silica'and feldspar are 
satisfactory. ■ ' i ‘ ; 

The coatings .can be applied to the antfacc of the brickwork with a';btuBh 
in thin layers about Kc in. thick, or. they may be sprayed on with a cCment 
guni the, latter .‘metho'd .generally; giving- the boat results. Some types' of 
coating can be put on in much thicker layers, but care should bo taken to 
'sstore that.tho'coatihg selected'will fit the paHicular brick used, otherwise 
it is apt to pool off 'in service. ; The coating seals the pores and openings in 
theibrickwork and presents a more continuous and impervious service ^o the 
action of the furnace gases and slag; it is not a cure-alJ for refractory troubles. , 

Plastics and ramming mixtures are'geoerolly a mixture of fire clay and ' 
icoarse grog of somewhat the same composition as the original fire-clay brick. 
They are used in repairing furnace, walls which have been damaged by spalling 
or slag ectosiott, and alto for making complete futnece walls in certain instolla- 
rtiohs toch'as small boiler furnaces. - They- are also used to form special 
or irregular shapes, in tempdraiy wooden forms, in the actual furnace 
construction. i ' , , 

I Somo of the plastics 'and ramming mixtures contain silicate of soda add are 
■'air setting, so that a'strong efaucturo is produced as soon as the material is 
dry. Others have as a base chrome oro or silicon carbide, which make a 
mixture having a high thermal conductivity and a good 'resistance to slag 
.erosion. These, mixtures afo often U 0 od"in the water walls of large boiler 
furnaces; they- are ramihed around the lubes and held in place by Ismail 
■studs welded to the tiibe waUs.^, The-chrom'o plastic has been used with good 
success for heating-furnace fipors and eubhearths of open-hearth furnaces. 

■Castable mixes'are a refractory concrete usually containing high-alumina 
cement to give the setting properties. • These find considerable use in forming 
intricate furnace parts in wooden mblda; largo Btructurea have 'been satis- 
factorily cast by this method. This' type of mixture is much used for baffles 
in boilers where' it can be cast in place around the tubes. Lightweight 
castables'with good insulating properties are used to line furnace doors. , 

Turnaco Walls., 

■ ' -The modern, tendency in furnace construction is to make a comparatively 
thin wall, well supported byrironwoA. . The wall may be made of heavy 
refractories backed up with insiaatdng material, or of insulating refractory. 
Table 7 gives heat losses arid heat contents of a number of wall combinations 
and may enable the designer to-pickmut a wall, section to suit his purpose. 



742 


, LVBmCJtNTS I ; 


•''Average values -of 'VI for othfflf'crudoBiand'theirl derivatives are’abbut 
as follows: Mid-Gohtinciit,'70; East Texan, 6O;'Colombian,.40; Peru'vian,' 20; 
'■'By the''use'of''addition‘compcnind8,:'sucih- as paiatone and :acrylic ester; 
lubricating bils are raised' to a hi^cr-''moomfy index-than normally obtained. 
Solvent refining- alsb'raises tW 'viscosity index but' lias disadvantages that 
the oils arc corroHve'and-are lo'wer in lubricating value;':-' ' i' 

When lubricating oils are subjected to' high-pressure, 'thbro-is a marked 
increase in viscosity. Paraffinic oils of high viscosity index vary loss with 
pressure than do naphthenic oils, and fixed mis vary least. 

Lubricants 'with good ■temperatbie-viscosity curves (high 'viscosity index) 
are desirable. In cold starting, the flatter the temperature-viscosity curve, 
the less the energy'reqiiircd and better the fluidity., In normal operation 
and at. high -temperatures and at high pressures, tie flatter temperature- 
■viscosity curve'oils have less friction and higher load-carrying capacity. 

Cloiid andPour Points. Petroleum oils, when cooled, may become plastic 
solids as'a result either of partial separation of wax or of congoaling of the 
hydrocarbons composing tie oil. With some oils, the separation of wax 
becomes 'visible at temperatures sUghtly above the solidification point, and 
when that temperature is reached under prescribed conditions, it is known 
as the cloud point (A.S.T.M. D07-39). With oils in which wax does not 
separate prior to solidification, or in which the separation is invisible, the cloud 
point cannot be determined. That temperature ot ■which the oil will just 
flow under prescribed conditions is known as the pour point (A.S.T.M. 
D97-89).' 

iTbe pour point indicates the lowest temperature at which an oil will flow to 
the- pump, bearings, or cylinder waUs. It is psrtloulariy important for 
immediate oO circulation in connection with cold startiDg of engines, or with 
gravity lubricating systems, as the fluidity ie a factor of pour point and 
viscosity of the cold oil. Pour^point depressants may be added to wax- 
containing oils to lower the pour points instead of dewaxing the oils. 

Gravity. Lubricating-oil gravities are expressed either in specific gravity 
or A.P.L gravity (see p. 85). Low-viscosity oils have higher A.P.I. gravities 
than the higher viscosity oils of the same crude-oil series. Paraffinic oils 
are the lightest or highest A.P.I. gravities, naphthenic are intermediate, and 
animal and vegetable oils are the heaviest or low A.P.I. gravity. The value 
of the sp gr ai, at a temperature fi F, of a petroleum oil 'which has the sp gr 
s at 60 F is given approximately by the equation 
, ti = 9 —k(ti — 60) 

where fe has the following approximate valuea 

s = 1 0.9 0.85 0.8 0.75 0.7 

h = 0.00035 0.00035 0.00037 0.00040 0.00043 0.00048 

, The gravity of lubricating oils is of no value in predicting quality although 
it ^ves a due to the source of tiie crude-oil base. 

Flash and Fire Points. The flash point of an oil is tho temperature to 
which an oil has to bo heated until sufficient inflammable vapor is driven 
off to flash when brought into contact with a flame. The Are point is the 
higher temperature at which the oil vapors will continue to burn when ignited. 
The A.S.T.M. D92-33 standard method for flash and fire points by means of 
open cup 'tester is used for lubricating oils. In general, the open flash point 
is 30 F higher than the closed fladi, end the fire point is some 50 to 70 F above 
this flash point. ' 
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unit. They have the!advantage;of low-coflb"becali6e of , the light. irou'work 
required to support.them. 1 - • ", 

• Many failures in I'iurnace: constxuction result froal .-improper expaneion 
jointa.' ■ Expansion jouita should usually be . installed, at least evorylO it, 
although in some low-temperature abTictures theispacing may be greater. 
For high-temperature construction", the expansion joint allowance per foot 
ininches should be 'as follows: fire clay, Jfo-ta JSsJ-high alumina,, 5<;2 to;H; 
silica,. to 5 { 6 :;magnes'ite; H', chrome, -Jia; forsterite, Figure 1 shows 
some, typical examples of expansion jointL- Corrugated- cardboard is often 
usedin.the jointSi 

, large ^’’dfaighi ' 
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with 90 ml of petroleum naphtha as spedfied and centrifuged under prescribed condi- 
tione. The volume of sediment at the bottom of the centrifuge tube is reported as the 
A.S.T.M. precipitation number. 

Corrosion and Neutralisation Number. The'usual method of checking lubri> 
eating oils for acidity is by determimog the A.S.T.M. (DI88-27T) neutraliiation number. 
Ibe tests are derigned to indicate, in petroleum lubricants and compounded products, 
the presence of organic conatituenta having acid characteristics and the contamination 
by alkalies and mineral acids. The neutralization number is tbs weight in milligrams 
of potassium hydroride required to fientrulize one gram of oil. 

The neutralization number of used in no way indicates the corrorive action of the 
used oil in service. In some eases, a neutralization number of 1.0 may not attack the 
bearing metals; yet in other service testa of a different oil, 0.2 number will show high 
corrosive tendencies in short periods of operation. 

Crude oils contain a natural inhibitor which is removed by the mors drastic typa of 
refining such as solvent extraction. Certain phosphite and sulphite additives have 
been used to check corrosion in lubricating oils. The use of oiliness additives in some 
inatancea may result in hearing comsLoa especially where ca dmium and certain lead* 
base bearings are used. 

The Underwood hcaring-corromon teat machine baa been useful in the study of the 
corrosive resistance of lubricating oils. The bearing metals met with in service are 
used in the test so that their relationship to the <n! in question is checked. In the Under- 
wood tests, 0.01 percent of FeiOi is added, in the form of iron naphthenato, to accelerate 
the corrosion. 

Products, such as slushing oils and greases, which are used to protect metal surfaces 
from corrosion are generally required to pass spemal tests. The t^te measure the degree 
of protection afforded by the product under specified conditions such as salt spray or 
immersion in water. 

Oilinesg. Tho property of lubrication known as oiliness is of considerable 
Importance. It la a phenomenon that becomes strongly evident only when 
the oil dim separating rubbing surfaces is exceedingly thin. In films of molec- 
ular dimensions, viscosity effects are negligible nlthough oiliness has a marked 
bearing. Oiliness depends on both the lubricant and the surface to which 
it is attached. Oiliness is the properly that causes a difierenco in the friction 
when lubricants of the same viscority at the same temperature and pressure 
of the film are used with different bearings. 

Extreme-pressure Lubricants. The high tooth pressures nnd high 
rubbing velocities often encountered in hypoid and Bpu>type gearing have 
developed a class of lubricants called extreme-pressure or hypoid-gear 
lubricants. When mineral oils alone are used, metal to metal contact occurs 
which results in scoring, galling, and local s^uro of the gear teeth. Most 
extreme-pressure lubricants are mineral oils containing loosely held sulphur 
or chlorine or some highly reactive material. The important characteristics 
of extreme-pressure lubricants are: ability to prevent gaCing or scoring; 
tendency to corrode; chemical stability; ability to reduce wear; ability to give 
low friction; and freedom from abrnave materials. 

The S.A.E. film-strength testing machine is used for checking extreme- 
pressure and hypoid lubricants. This machine consists of a regular Timken 
bearing cup which rotates in contact with a second bearing cup at various 
speeds and rates of slippage. The hypoid-gear lubricants have higher load- 
carrying capacity at speeds above 750 rpm on the S.A.E. machine. 

Properties of Various Lubricating Fats and Fatty Oils. Animal and 
vegetable fats and fatty oils are distinguished from mineral oils by being 
saponifiable with caustic alkalies. These organic oils oxidize, becoming 
rancid and setting free fatty adds. Oxidation also causes gumming particu- 
larly with cottonseed and com dL Subjected to high temperatures they tend 
to decompose to corrosive adds. 
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References: A.S.T.M., Committee D - i , “Standards on Petroleum Products and 
Lubrioarita,” ' “Symposium on Motor Lubricanta,”' “Symposium^ on Lubricants.'’ 
Arobbutt and Deolcy , ".LubrieaUon and Lubricants, i' Bacon and Hamor , “ 'The 
American Petroleum Industry," McGisw-HilL • Battle, "Industrial'Oil Engineering,’,' 
Lippincott. Burwell, "Oilinesa,” Aloi Chemical Corp. Corse, "Bearing Metals and 
Bearings,’’ Reinhold. Dunstan, “The Science o! Petroloum," Osford. Gill, “Short 
Handbook on Oil Annlysia,’' LippincotL Hersey, “Theory , of 'Lubrication,’’ Wiley. 
“Lubrication and Lubricante,” A.S.M.E. Kalichevsky, “ Modem-Methods of ReSning 
Lubricating Oil,” Reinhold. Klemgard, Lubricaring Greases, Their Manufacture and 
Use,” Reinhold. Lewkouitaeh, “Analyaia .of Pats, Oils and Waxes,” Macmillan. 
Na^ and Bowen, " Prinolples and Practice of Lubrication, ” Chapman & Hall. Thom- 
sen, " Practice of Lubrication,'* McGraw-BilL 
Type and Properties. The correct type and properties of a lubricant are 
con^olled by tbo applicatiotj. The lubricant is manufactured to meet the 
service requirements of minimum- coefficient of friction; maximum'adheBion 
to the suifacee to be lubricated; maximum film etTcagtb; physical stability 
with regard to temperatures and pressure; chemical stability against oxida- 
tion; freedom from corrosive acids; resistance to emulsion; non-volatility; 
proper fluidity at low temperatures; minimum consistency; and purity control 
of abrasives, fillers, soaps, or addition agents. - ‘ 

Liquid-petroleum lubricants are generally used because of their suitability 
to modern engineering design. Greases, which are. a mixture., of mineral 
oil and soap, are recommended only where leakage is too high to retain liquid 
lubricants. 

Petroleum Mineral Oils 

The petroleum mineral oils are manufactured by fractionation of crude oils 
and are refined by adds or solvents and clay. Lubricating': crude oils are 
mainly from the Pennsylvania, Mid-Continent, Gulf Coast, or California 
fields. 

Physical tests of lubilcnnts are widely used since their utility depends to a 
large exfAutupQ'athftu: physical chasactwiaUca. The uauait^sts are 'viscosity, 
pour, gravity, flash and fire, dcmulsibility, and color; chemical tests comprise 
carbon readue, oxidation, ewroaon, acidity, oiliness, extreme pressures, 
sulphur, and a^. 

Viscosity. fSe'e p. 244.) The Saybolt Universal ■vdscometer (p. 244) is 
the standard instrument for testing petroleum products and lubricants; 
iOQ, 130, and 210 F are the tempeiatMiw specified (A.S.T.M. designation 
D88.38). ' ' ' ; , 

The variation of viscosity with ^mporature of .petroleum oils 
may be determined -with considerable accuracy when the viscosities are known 
at any two temperatures. The A.S.T.M. publishes charts for that purpose 
covering both Saybolt Universal •riscoBity and kinematic viscotity. ' If the 
two known points are plotted on the chart and are joined by a straight line, 
viscosities at other temperatures can be read off from that line. .Figure 1 
shows such a chart. The lines drawn on it are typical lines for the grades 
indicated. , 

S.A.E. Viscosity -Ffumber. ' 'The-BA;E, viscosity numbers for crankcase 
Oils constitute a classification in terms of Tiscosity only. ' They are as follows; 
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Table 1. Properties of Animal and Vegetable Oils 


oa 

Spedfie 

gravity 

ateOF 

Saponifi- 

catiott 

nninbeT 

Cold 
test, 
deg F 

Flash 

deg F 

Viscosity 
Saybolt, 
sec at 
100 F 

Price. 

cents 

per 

gal 

Blown raneseed 

0.968 

198-215 

40 

460 

600-900 

65 

Castor oil 

tlM 


14 

505 

H85 

83 

Colza or rape 

0.916 

170-179 

30 

455 

215-270 

51 

Corn 

0.922 


14 

480 

1B0-I9D 

60 


0.922 


40 

580 

180-195 

70 

Degras, commercial 

0.951 

110-210 

65 

520 

165-180* 

60 

Lard, prime 

0.915 


35 

565 

210-215 

70 

Lard No. 1 

0.915 

19J-198 


550 


55 


e.ftf 





SS 

Porpoise jaw 

0.925 

269-273 

0 

415 

100-105 

850 

Hosin 

0.%1 


25 

257 

220-23D 

35 

Sperm 

0 880 

120-140 

45 

455 

115-120 

60 

Tallow, ccidlcss 

0.927 


m 

575 

220-230 

60 

Whale (blubber) 

0.927 

185-193 

60 

515 

75-80 

40 

25 deg paraffin 

0.900 

0.20 

15 

410 

180 

26 


* At 210 F; is semisolid et 100 P. 


soap stock. Vnicn the soap base has been prepared, mineral oil is added 
in small quantities and the mising continued, heat having been supplied all 
the T7hilo by means of a steam coil. As the percentage of mineral oil is 
increased, the grease becomes softer. Soda greases are dehydrated (loss 
than percent moisture), whereas lime soap greases contain 1 to 2 percent 
moisture. ' 

The A.8.T.M. dropping point of grease is the temperature at which it 
changes from a semisolid to a liquid state when the determination is made 
according to the prescribed A.S.T.M. D566-40T. Calcium- or lime-soap 
greases have melting points below 200 F ; for dropping-pointa of 300 F or higher 
soda-soap greases are used. 

The A.S.T.M. Method (D217>38T) is used in messurinc the worked or the un worked 
consistency of lubrieatine greases which have a work^ consistency less than 400, In 
this test, a standardized double-i^tch cone is allowed to drop in the product at a definite 
temperature. The depth of penetration is measured. The unworked (original) con- 
sistency of lubricating greases is affected by the soap content, the kind of fat used, the 
HAtbwl vx'as.'iSM.bKt, tke Sasl «.*.« craatect, tl>.e ttif; and 

metallic constituent of the soap. It is impractical to control the consistency of a grease 
to narrow limits. Any working or remclUng of a grewo after it is in the container will 
change the consistency. Although manj' tests are based on the unworked consistency, 
this property bears no definite relationship to worked values. Final tests are usually 
based on worked consistency (A.S.T.hl.) where possible although hard railroad greases 
and soda-soap greases are tested for unworked conastency. 

. The texture of a grease refers to its structure such as smooth, fibrous, spongy, or 
rubbery. Cslcium-base greases are smooth, soda-soap greases are fibrous or spongy, 
and almninum-sosp greases are stringy or rubberj'. 

, .The A.S.T.M, methods, (DI28-10) of analyus permit determination of the con- 
stituents of grease likely to be covered by specifications. Such constituents are soap 
base and content, fat, water, fillers, ash, excess alkali or acid, InBaponifiablo matter, and 
lubricsting-oil content. Two greases showing the same analysis may show marked 
differences in lubricating performance and atorago-stability properties. The soda-soap 
greases arc more stable over much longer periods of service than lime-base greases. 

Miscellaneous Oils aiid'Lubricants 

Air-compressor.oils- sre reSaed miaeal oik of S.A.E. £0 or S£ 

viscosity' ^numbers. -..AutomobUe .lutd .gasoline-engine oils are, well- 
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. In the case of fluid grease, made by adding soap or other thickening 
ingredients to oU, the'viscosity number by which the lubricant is classified 
ia determined by the 713005117 of the ml before the addition of the soap or 
other thickening ingredients. The 8 .A.E. viscosity numbers listed above 
arc in general use for the description of lubricants for ell uses. 

The recommended ri^iTiirmiTn visooaities at operating temperatures for 
straight mineral oils are as follows: 


Viscosity, 
Saybolt sec 

WeE-dcsigncd high-speed hearings (turbines) 40 

Automobile bearings (circulated oil) 45 

Heavy-duty automotive enrines (circulated ml) 70 

Aircraft enginea (circulated oil) 110 

Reduction gears and speed reducers 200- 600 

Transmiaeiona and rea^aIle gears 400- 1,000 

Espoaed gears 10,000-30,000 


Viscosity index (VI) is an arbitrary method of stating the rnte of change 
of viscosity of an oil with change of temperature. Tennsylvania crude oils, 
refined by conventional methods, suffer comparatively little change in 
viscosity with temperature; Gulf 
Coastal crudes change consider- 
ably. These two crudes and 
their fractions have been as- 
signed viscosity index numbers 
of 100 and 0, respectively. The 
average viscosity characteristics 
of these two standardised oils 
have been obtained by Dean and 
Davis [Chem. Md. Eng-, 36, 

1929, p. 618). The procedure 
in finding tbo VI of an oil is to 
determine ita viscosity (Saybolt 
Universal) at 210 and at 100 F. 

The viscosities at 100 F of oils 
that have the same viscosity at 
210 F, but are of VI 100 and 0, 
arc then found from A.S.T.M. 

D5G7-40T. The VI of the ofl 
under consideration is then 
found, by simple ratio, by com- 
parison of its increase in vis- 
cosity from 210 to 100 F with 
the corresponding increases in 
the two standardized oils. 

Since the viscosity at 210 F is taken at the same value for all three oils, the 
VI of the oil under investigation 'can be written 



Davis Scale). 


where U, H, andL are the viscosities at 100 F. of the oil under test, of tho 
VI = 100 oil, and of the VI ® Q oil, tespectivoly. Values of tho VI may be 
obtained from Fig. 2. As shown by the broken lines the VI of an. oil with 
Sy of 55 at 210 F and 400 at 100 F is 80. It should bo noted that values of 
VI may be negative or may exceed 100. 
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MEGE&KISM 


3’ ‘E.’ THOBOGOOD 

Eefebences: Eeuleaus, ''Eiii,cmaiac9 .of iiacWnery,”. Maemil!&n... .TJnwin, ‘‘Eljs 
merits of Machine Design, '’''lioii^aiiB.''^*Schw»mb and Merrill, '''Elements of-Mechti' 
nism,” Wiley. • . i. i i' 

- ''De^ition. ■ A nieoiianism is'that'ipart'of-a machine which-' cohtains'Wb 
or moro pieces so arranged tiiat the"moUoQ'or-ohe 'compels' the motion of 
thei,other8;acco,rdiiig,,tp a ,deMte,la'ytdepending , upon -the, nature of, -the 

combination, j i.-'. ' '{/n ’ y 

Li^^eS; . j ,( . 

Links may bemf any form.BO lq.ng,aa thcy.do not, interfere ^thithe^desired 
.motion. ^The simplestiorm is tihalof four. bars, 4r -S, C, J), f^tened together 
at their' ends by cylindrical pius,.and which .are'all'inovsble in parallerplaties. 
If the links are of diCerent lengths ah'deacb'is fixed'in turn, there will be four 
possible combinations! but‘aS two'of'tficsc arc eiriiilar theTe-will'Tie'pro'duced 
three mechanisms having distinctly-.diffcrent motions. Thus, in kg. 1, if 



D is fixed A can rotate and C oscillate, gitring the beam-and-crank mecha-; 
nis'm,- as used on aide-wheel 'steamers. If B is fixed the -same motion will 
result; but if A is fixed {Kg. 2) links 5 and D can rotate, giving the drag- 
link mechanism used to feather the floats on paddle wheels. Fixing link C 
(Fig. 3), D and B can only osnllato, imd aiocker mechanism sometimes utod 
in straight-line motions is 'produced. It is.nastomary to call a rotating link a 
crank; an oscillating link a lever, or beam; and tho connecting link a con- 
necting rod. The fixed link is often enlarged and used as the supporting 
frame. ; -i . /• . • 

;. .If in the linkage (Kg. 1) the pin joint F is replaced by a slotted piece E 
(Fig. 4) no change will be prodUced’ih the resultoig motion, and if the length 
of links C and B is made infinite .the-slotted picco E .will become straight and 
the motion, of tho slide will be tiiat of pure triuislatibn, thus obtaining the 
en^nc, or sliding-block, Imkage>(Fig. 5). 

If imthe'sliding-block linkager{Fig.j5) the long'.link '£ is fixed (Kg. 8), A 
will rotate and E will osciUate and the mfinite links C and D may be indicated 
□8 shown. ■ This gives the swMgl^-block.linkage. 'When used as a quick- 
Ktiim' motiqh the dotted .piece<ahd<Btido,are usually interchanged ,(Kg., 7) 
which in.no 'way .Changes the resultii^ motion. If the short link A is fixed 
(Kg. 8) B and E can both rotate, .wd the keohanism known as {h'o'tuxning- 
block linkage is obte’ined. This is, better known under the name Of ''the 
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Saponification Numbor. Tho saponificataon number (A.S.T.M.' D94-39T) of 
animal and vegetable oils and of compounded lubricants i® the number of milligrams of 
potassium hydroxide reuuired to saponify 1 g of It m a measure of both free and 
combined fatty acids. When the sample conbuns appreciable amounts of sulphur and 
sulphurized oils, the saponification number obt»ned will be greater for the amount 
of fatty matter actually present, The percentage of fatty oil (or fat) in a compounded 
petroleum product can he calcubitcd from the aaponification number when the fatty 
oil is known (see Table 1). Unless the saponification number is known, commercial 
practice uses a value 195 for calculation. 

The saponification nutuher ia the beat obtainable index of the percentage of fat or 
fatty oil in a given lubricant. 

Animal Oils. Animal oils are commonly obtained by rendering the fatty 
parts of the different aniraals, usually -with high-pressure steam. Extraction 
with solvents is seldom practiced. As a result of the rendering operation, a 
more or less solid fat is obtained, as beef tallow, mutton tallow, or lard. 
When this is chilled and pressed, the corresponding oil and stearin result. 
Tallow should be "acidless,” ».c., Iree from sulphuric acid and contain 
only the smallest possible quantity of free fatty acid. It is hard and does not 
turn rancid easily. It forms a constituent of belt dressings, cylinder oils, 
and lubricating greases. Tallow oil is obtained by chilling and pressing 
tallow; it is a light-yellow bland oil need for mining with steam cylinder 
oils. Lard oil is prepared similarly to tallow oil and appears in the market 
in five or six different varieties including Prime, Pure, No. 1, and No. 2, 
which are graded according to color, the first being very light straw-yellow 
and the last dark brown and ill-smelling: it is used in thread-cutting oils. 
Neatsfoot oil is obtained by boiling the bones of the feet of horned cattle 
with water and running off the oil. It is often adulterated with' sheep and 
horse-foot and bide oil, as well as rape, cottonseed, and mineral oils. It is 
light yellow and bland, with little tendency to turn rancid. It is used 
similarly to lard oil and particularly for eoitcnlng leather. Whale oil is 
made by rendering tho blubber of various species of whales, and consequently 
is of very variable composition. It is used as a leather dressing and to mix 
with other oils as a lubricant. Sperm oil comes from the great cavity in 
the head of the spetni whale and also from its blubber. It is a limpid, palo 
yellow oil adapted for fine machinery. Degras is tho grease obtained in 
scouring wool. It usually contains sulphuric acid, except when made by 
the naphtha-extraction process. It possesses the property of emulslfjnng 
with water to a marked degree and finds use as a leather dressing and in 
cylinder oils. 

Vegetable Oils. Vegetable mis are usually prepared by pressing the 
crushed cooked seed or by extraction with benzine or carbon bisulphide. 
The chief vegetable oils arc castor, com, cottonseed, and rape. Castor oil, 
obtained from the castor bean, is a very vIbcoub oil which gums on standing 
and does not naturally mix wcU with mineral oils. To render this possible, 
it is heated to 212 F and a current of air forced through, whereby it becomes 
more viscous and is known ag "blown oil." Cottonseed oil is a pale'oi 
deep yeEow oil of slight drying pioi»rfaea, chiefly used as an adulterant for 
other oils and, as well as rapesced and castor, for the manufacture of blown 
oils. Corn (or maize) oil is a somewhat viscous oil 'with some drying proper- 
ties. It ia used with cottonseed oil for tho piopaTatibn of soft soaps for 
lubricating greases. Eapeseed ofl should he clear, i.e., free from gelatinous 
matter. Blown rapeseed is compounded with mineral oils for marine steam- 
enanc oils. 

Creases. Grease is a mineral cril'that has been thickened by compounding 
with soap. An alkali, usually hme or soda, is mixed with a fafto form the 
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represeating the velocities of &ny number of points oa the link will be en a 
straight line (Fig. 12):'ahe = a strmght line. To find the velocity of any 
point when the velocity and direction of any two 
other points are known, condition (2) may be Iiutoni 

used,' or a combination of (1) and (3). The. ■ [e 

linear velocity ratio of any two points on a 
linkage may be found by dctcrmiiung the die- {f 
tances e and/ to the instant center (Fig. 13); 
then VJYh ~ elj. This may often.be simplified 
by noting that a line drawn parallel to e and 
cutting B produced, forms two dmilar triangles 
efB and tAy, which gives VtIVt, = elf = t/A. 

The angular velocity ratio for any portion of 
two oscillating or rotating links A‘ and C (Pig. 1), con- 
nected by a movable link B, may be determined by scal- 
ing the length of the perpendiedars M and N from the Mwp-i . 
axes of rotation to the center line of the movable link, 

The' angular velocity ratio is inversely proportional 
these perpendiculars, or Oc/Oa = MfN. This method 
may be applied directly to a linkage having a sliding pair 
if the two infinite links are redrawn perpendicular to the 
sliding pair, as indicated in Fig. 14. and N are also 
shown in Figs. 1, 2. 3, 5, 6, 8. In Fig. 5 one of the axes is 
at infimty, therefore N is infinite, or the slide has pure 
translation. 

Forces. A mechanism must deliver os much 
work as it receives, neglecting friction, therefore the 
force at any point F multiplied by the velocity 7/ , 
in the direction of the force at that point must equ^ ' 
the force at some other pointP multiplied by the 
velocity 7? at that point; or the forces ere inversely 
as their velocities andF/P » 7p/7f. Itisattimes 
more convenient to equate the moments of the 
forces acting around each axis of rotation (some- 
times using the instant center) to determine the force acting at some other 
point. , Applying this to Fig. 15, (F X o X c)/(5 X d) = P. 



Fia, U. 
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Ctims 

Cam Diagrams. A cam is usually a plate or cylinder which communicates 
motion to a follower by means of ite 
edge or a groove cut in its surface. 

In the practical design of cams the 
angular velocity ratio is not directly 
involved, but the follower must assume 
a definite series of positions while the 
driver occupies a corresponding series 
of positions. The relationship of driv- 
er to follower may be represented by a Fiq. jg. Fio. 17. 

diagram in which the ordinates repre- 
sent the rise or fall of the follower and the abscissas the angular motion 
of the cam. ■ ■ ' ; 

The three most common forms of motion used are uniform motion (Fig. 16), 
harmonic motion (Fig. 17)i and uniformly accelerated and retarded motion 


AnawWMir,tntcfCam AiguleirllovepenfofCflni 
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refined itraight mineral oils wife low carbon residue, Jowpour points, and free 
from corroBivo acids. Belt dresainjB are (1) mixtures of solid fata, waxes, 
degras, or tallow with castor or fatty o0a; (2) viilcaniied corn or cottonseed 
oil thinned mth naphtha; (3) preparations containing rosin which is unde- 
sirable (see also p. 700) : (4) neats foot oil. Black oils (summer and winter) 
or well oils are reduced crude oil from which the naphtha, iliuminating, and 
gas oUs have been removed by distillation. The summer oils have higher 
viscosity and the winter oils zero pour points. Car or journal-box oils 
(summer and winter) are usually mado from a light subzero pour oil blended 
to suitable viscosities with heavy (^nder or residuum oils to meet climatic 
conditions. The minimum of winter grade is 40 sec SayboU at 210 F. The 
summer grade is about 60 sec at 210 F. Car or journal-box oils arc more 
highly refined than black or well oils. Chassis grease or pressure-gun 
grease are lime or lime soda greases, using at least an S.A.E. 30 grade oil; 
they hare the proper consistency to feed through pressure guns and yet do 
not drip from the shackles or bearings. Crankcase oils are filtered straight 
mineral oils and are usually turbine oils which do not emulsify with 
water. Cylinder or valve oils are miiturcB of S.A.E. 60 or 70 mineral oils 
and 3 to 10 percent animal oiU, the percentage of compound decreasing 
with increasing dryness of steam. When straight mineral, they are prefixed 
mineral. Superheat valve oOs have high flash and fire and are 180 sec or 
higher Saybolt viscosity at 210 F. Cutting oils are S.A.E. 10 or 20 petro- 
leum oils, usually engine oils, compounded with 10 to 30 percent lard oil or 
S.A.E. 1() or SO oils blended with sulphurued-lard or sulphur-chloride-lard 
base. Diesel-engine oils are highly filtered straight mineral ofis, usually 
of S.A.E. 10, 20, 30, or 40 Wscosity numbers. The four-cycle engiaes work 
well on Gulf Coast oils whereas for the two-cycle, Pennsylvania oils are 
recommended. Dynamo or olectric-motor oils are well-rcfined straight 
mineral oils, 8.A.E. 10 or 20 grades. Where low temperatures arc encoun- 
tered, zero pour or lower is required. Engine and machine oils are straight 
mineral oils of S.A.B. 10 or 20 grades, either red or pole color. The degree 
of refinement depends on whether moiature comes in contact and if oil is 
reclaimed. Graphite or plumbago (see p. 714) should bo finely ground 
and low in ash or abrasives. When mixed with grensa in proportions of 2 to 
18 percent, the result is graplute grease. OUdag, aquadag, and gredag arc 
colloidal suspensions of artificiBl deflocculated graphite in oil, water and 
grease, respectively (see p. 715). Marine-engine oils are petroleum oils 
of S.A.E. 20 or 40 grades, compounded vnth lard oil or blown rapeseed. 
They should emulsify with water. Non-fluid oils are light pale petroleum 
oils with small percentages of lime soap or aluminum oleate. , Pinion or 
gear greases arc either 'straight petroleum producte of SOO to 5,000 see Say- 
bolt viscosity at 210 F or heavy mineral cylinder oils with rosin, talc, graphite, 
or asbestos. Soluble oils are pale mineral oils, light S.A.E. 10 grade with 
soap or water-saponifiable oil. When added to water, they saponify immedi- 
ately into a milky oily cutting or grinding solution. Spindle oils (textile) 
are highly refined pale or lily-white oils of li^t S.A.B. 10 body. For a stain- 
less spindle oil, the lily-wlfite-color oil is compounded with prime lard oil. 
Transformer oils are highly refined filtered li^t-petroleum oils, water free, 
BO as to have high dielectric strength. Turbine oils are highly refined 
filtered pale oils with high demulribility. They are S.A.E. 10 grade except 
for geared turbines where S.A.E. 20 or 30 body is used or S.A.E. 30 or 70 
viBcosity number for ring-oiled turbine gradra. Watch oil is obtained from 
the porpoise, dolphin, or blackfidi where it exists in the cavities in the jaw 
and in the brain or “melon” of the fiab , 
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Ctlindbicaii Cam (Fig. 22). la this type of cam more than one complet 
turn may.be obtained, provided-that in aU cases the follower. returns to it 
starting point. , Draw rectangle vayt (Fig. 22) representing the developmefi 
of cylindrical surface of the cam. 'Subdivide the desired motion of . the fol 
lower 6c horizontally in the manner indicated in Figs. .16; 17, and 18, and plo 
the corresponding angular displacements 1', 2', 3', etc.,' of the cam vertically 
then through the intersection of lines from'these points draw a smooth curve 
This may best be shown by an example, 'assuming the following data for thi 
diagram in Fig. 22: Total motion-of follower = 6c; circumference of cam = 
2tt. Follower to move .rrith .harmonic motion 4 unite to the right in ,0.6 turn 
then rest (or “dwell") 0.4 turn, and finish with uniform motion 6. units to thi 
right and 10 units to the left in two turns. 



Fiq. 22. Fig, 23. 


Cam Design', In the practical design of corns the following pointi 
must be noted.' If only a small force ie to be transmitted, sliding con 
tact may bo used, otherwise ratling contact. For the latter the pitch lini 
must be corrected in order to get the true slope of the com. An spprozimati 
construction (Fig. 23) may be employed by using the pitch line as the cents 
of a series of arcs the radii of which are equal to that of the follower roU to bi 
used; then a smooth curve drawn tangent to the arcs will 'give the slopi 
desired for a roll working on the periphery of the cam (Fig. 2Sa) or in a groovi 
(Fig. 236). For plate cams the roll should be a small cylinder, as in Fig 
24a. . In cylindrical cams it is usually sufficiently accurate to make thi 



Fig. 24. Fig. 25, Fig. 26.. 


roll conical, as in Fig. 246, in which case the taper of the roll produce< 
should intersect the axis of the cam. 'If the pitch line a6c is made to( 
sharp (Fig. 25) the follower will not rise the full amount. In order t( 
prevent dMs loss of' rise the pitdi liife should have a radius of curvatun 
at all parts of not'less than the roll’s dimnetcr plus H in. For the sami 
rise of follower, o,' and angular motion of- the cam, O. 'the slope, of the can 
changes considerably, as indicated by the heavy lines A,- B, and C (Fig. 26) 
Carershould be taken, to keep a mod^te slope and thereby ikeep down thi 
side thrust ondhe follower, but this should not be carried too far, as th 0 ;Can 
would become too large, and the'friction increase. - ■ -.i,': ,■ 
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£ind D will have rotated the amount indicated in the tabulation. Thoa the algebraic 
sum will give the relative turns each gear. That is, in Fig. 31, for one turn of the arm. 
B does not move and C turns in the sarae direction 3H re^i ^ iii tte opposite 
direction H rev; whereas in Fig. 32, for one turn of the arm, B does not turn, but C and 
D turn in the same direction ea tiie arm respeotirely 2]^ and 1 rev. (Note: The arm 
in the above case was turned +1 for CDnvenience, but any other value might be used.) 



Bevel epicyclic trains are cpicyclic traina containing bevel gears and 
may be calculated by the preceding method, but it ie usually simpler to use 
tbe general formula which applies to all coses of epicyclic trains; 

Turns of 0 relative to arm Absolute turns of C - turns of arm 


Turns of fl relative to arm Absolute turns of S - turns of orm 



The left-hand term gives the value of the tnun and can always be expressed 
in terms of the number of teeth (T) on Uxe gears; care must be used, however, 
to express it as' either plus (+) or minus (— ), depending upon whether 
the gears turn in the same or opposite directions. 


Relative turns of C C — A 
Relative turns of B B — A ' 


-1, in Rg. 33; = -i- ^ X ^ in Fig. 31. 
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Whitworth qxiick-rotum motion, i andiia generaliyi co'natructed as in • Fig. 
g. / The ratio.otitimejoiiadvancertb time of-'return H/iK of the’two 
quick-return motions (Figs. T/jindi9)- mayibe found by'lobating, in'the' case 
of the swinging block (Fig. 7); aic.twO’'tan^rit point 8 '(t)'aiid''mea 8 Uring'th 0 
angles;]?, aiid-X-made! by the two poatitosiof the crank 'If ;?f.'and' K are 

.yElfmrte) 


’ I Sliding Btotk 

fee. 6.. 



- 

s' 



l[riattrfE , 

\:Fiq.. 6.-‘'' ','.Fia. 7i'' ■ '> 'v ; 

known 'the axislibf ■,B"in£^'.'be locate ijyJaying^oS tiiel angles H and'.iT^pn'. 
the 'Ciankl circle' an-d dra’^ng'.t'hS tkngehts'F,' ^eii’interBectlon ^giving the 
deaifed"pqint. Fof'the^'turhiHg-bjOck linkage '(jig., ?),,'detqrmihq the^ani^es, 
H and' JTjmade S is'in thd bo^zqut^,p^siti6ai;W^ 

if tbe^^nglea-aro Idiowii, 'tbd’'ala’B'Of''^may’.W'd9.terinin0d‘,ljy,drahin^^ 

..sovM’V 





horizontal lino, through the two crank-pin positions (S) for the given angle,' 
and the point whe're a line through the asisofiB.cuts E perpohdicularly'^lli 
be the axis of E. - 1 

Velocities of , any two or more points on a link must fulfiU tho.foUowirig 
conditibn8''(8eb'p.'’195):'(l)-Comp'onent8 along 'the link must be equaland 



Fiq'.'IO, 


"Fro. 12;' 


'• Carter)''-" 

m the sme'direotion (Fig.' 10 ): 7 * = 76 -=T«i;.- 5 ,( 2 )’iVerpendioular 3 , .to'! 
wvFfl, KcJroni' the -points ( 7 ;inuBt-,interaect at a; common point d,, 
the instant center (or instantaneous ans). ( 5 ) The velocities .of-points’ 
^•: 5 ,-.anil-C’,jaro directly .proponUonal-., to'., their, distances, .from; this' icenter 
(Fig.(;Il):. 7 i/o,.=;, 7 a/ 6 .f=-. 7 B/c .-3 -.For. a straight Jink .the tip 8 ;of.th 0 ,veotor 8 l 
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SCREW FASTENINGS 

Machine Screw Threads: Forms and Proportions 
' -The American (National) Standard thread (formerly called 'the-Sellers 
orlj. 8. Standard thread) lor machine ecrews, shown'inT^g. l.isprdpbr* 
tioii^ by the formulas p ** pitch = l/No« of threatisper inch, 'd'= 'depth = 
0.6496P,/ = Sit. = p/8. 'Bee Table!. '' 


Fig. 1.— American Fio. 2.— Whitworth. Fio- 3.— British 

(National). Standard Screw Threads. Association. 

The Whitworth Standard thread (Fig. 2) is used in Great Britain and 
Is based on the formulas d •» 0.6403p, r = radius = 0.1373p. See Table 2. 

The British Association screw thread is shown in Fig. 3, and dimen- 
sions of bolts with such threads are given in Table 3. 

The French (Metric) screw thread (Fig. 4) is based on the formulas 
p B pitch in mm,, d “ 0.6495p, / = p/8. Sec Table 4. 

Table 1. American (National) Standard Screw Threads 
(Formerly called the SeUm or U. S. Standard Threads. See Fig. 1) 
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(Fig; ;18) . ' - Ity plotting the diagrams (Fig. 18) far this last motion, divide ac 
into an even number of equal parts and be 'into the samo number ,of parta 
with lengtha increasing by a constant increment'to a maximum and then 
decreasing by'the same decrement, as, for -example, 

1, 3, 5, 5, 3,1, 011,3,5, 7, 9.9, -7, 6, 3, •!. -In orfer . 
to - prevent shock ' -{vben the 'direction of motion ' j.- 
changes, as at a and b in the unifonn motion, the- %\- 
harmonic' motion may be used; 'if the cam is to be 
operated at -high speed, , the uniformly accelerated 
and retarded motion should preferably be employed', ® 

in either case there is a ■ very gradual change of i 

velocity. . I 2 jTTt 

Pitch Line. The actual pitdi line of a cam Angular Ho^menf of 
varies -with the type of motion, and mtix the position 'Fifl. 18. 
of the follower relative to -the cam’s axis. Most 
cams as ordinarily constructed are covered by the following four cases. 

Follower on Line of Axis (Fig. 19). To draw the pitch line, subdivide the 
motion .6c of the follower in tho manner indicated in' Figs. IG, 17, 18. 'Draw 
a circle with a radius equal to the smallest radius of tho cam aO and subdivide 
it into angles pal'; Oa2', Oo3', etc., corresponding with angular dieplacomcnta 
of the cam for positions 1, 2, 3^ etc., of the follower. With o as a center and 
radii al, a2, aS.'etc., strike arcs cutting radial lines' at d, e,.f, etc. Draw 
smooth cum throuj^ points d, c, /, etc. 

Offset Follower (Fig. 20). Divide be as indicated in Figs. 16, 17, and 
18. Draw'' a circle of. radius oe (highest point of rise of follower) arid one 
tangent to cb produced. Divide the outer circle into parts'!', 2', S'- etc., 
corresponding with the angular displacement of 
the oani for positions 1, 2, 3, etc., , of the follower, 
and draw tangents from points 1', 2',' 3', etc., to thc^ , 
small circle. ' .With a as a center and radii cl. o2,', , 
a3, etc,, strike arcs cutting tangonta at.d, e, /, etc. 

Draw a smooth curve.through d, e, /, cte. 




Fiq. 21. 


^ Rooms PoiloTO (Fig. 21), ■ Divide tho Btroto of fto slide 5 in the manner 
indicated in Figs. 16, 17, and 18, and transfer these points to the arc he as 
points 1, 2,' 3, etc. Draw a circle of radius ak and divide it into parts 1', 2', 
31, etc., corresponding with angnlar displacomenta ot the cam lot positione 
1, 2 3, etc of the follower. With h, 1V2', 3' etc., as centers and rndius M, 
strike arcs hi, I'd, 2'6, 3'/, etc., cutting at Idef ares struck with n as a center 
and radii a6, ol, fl2, o3, etc. Draw a smooth-curve through 6, d, e, /, etc. 
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St&ndftrd Screw Threads {or Bolts, Machine Screws, Kuts, 
and Commercially Tapped Holes 

The National Screw Thread Gomnuseion appointed by Congress in 1918 
to standardize and unify screw tiireada presented a revised report in 1928 
and a further revision in 1933. This was issued as N. B.S. Misc.Pub. 141 and 
reference to it for aU matters rdating to screw threads for various uses should 
be made. 

The report includes cortain additions to the coarse-thread series and to the 
0ne-thread series but eliminates all sizes above in. in the latter scries. It 
2080 makes certain additions to hose-coupling threads and revises the toler- 
ances for pipe-thread gages. Specification for Acme threads are also revised. 

The thre^ profile is that previously known as the Sellers or IT. S. Standard 
(see p. 758} and is to be known hereafter as the American (National) form 
of thread. Two thread seriea are adopted, a coarse-thread and a fine-thread 
series with basic diameters and threads per inch substantially as given in 
Table 10, p. 784. The coarac-tbread series is recommended for general 
engineering work and where rapid and easy assembly is desired; the fine- 
thread series is recommended for automotive and airplane use and wherever 
minimum weight is a desideratum. Four classes of fits are specified; (I) 
Xioose fits are recommended as a commercial standard for tapped boles in 
the numbered (small) sizes only and for rough work when cose of assembly 
is desirable and snugness of fit is unnecessary. (2) Free fits include the great 
bulk of screw-thread work of ordinary qualify of finished and semifinished 
bolts and nuts, etc. (3) Medium fits include the better grades of inter- 
changeable screw-thread work such ae automobile bolts and nuts. (4) Close 
fits include work requiring a fine snug fit such as is necessary in airplane 
work. In this class of fits, eelootivo assembly o! parts may be necessary. 
This is not practicable as a commercial standard for tapped holes of the 
numbered (small) sizes. The same qualify of fit as given by medium-fit 
screws and threaded holes can be obtained by using screws to free-fit tolerances 
in holes made to close-fit tolerances, or vice versa. 

The following specifications apply to all classes of fit, except loose-fit. 

Uniform Minimum Nut. The pitch diameter of the mi&imum threaded hole or 
nut corresponds to the basic size, variations being permitted above the basic size. The 
malor and minor diameters of the minimiim nut arc the same fe: all classes. 

Uniform Tap Drill Sizes. The maximum and minimum minor diameters arc 
the same for all nuts of a given size for all classes of fit. This permits uniform tap- 
drill sizes for all classes of fit. 

Unifotm Major and Minor Diameter of Screws. Tho msodrowm and aiiiumuia 
major and minor diameters arc the same for all screws of a given size for all classes of fit. 

Length of Engagement. The iterances are based on a length of engagement 
not to exceed the nominal diameter of the thread. Where greater lengths of engage- 
ment are required, a corresponding increase in accuracy is necessary. 

Limiting dimensions and tolerances for free, mesdium, and close fits are given in Table 
5, which also includes tolerances for nuts of loose fit in the numbered sizes only. If 
larger tolerances are reqiured than those ^ven for free fit, the loose-fit dimensions 
of Table G may be used. With loose fit, the minimum nut diameter is basic as with the 
other fits but the maximum screw diameter is below baric. 

Additional dimensions to those pven in Table 5 arc as follows: 

Schews. Maximum major diametCT “basic major diameter (Col. 3). Minimum 
major diameter = Col. 3— Col 5. Manmum ptch diameter = basic pitch diameter 
(Col. 4), Minimum pitch diameter a Col. 4— Cd. 9, 10, 11, or 12. 

.Nuts. Minimum majoi diametei = baric major dametei (Cel. 3). Minimnin pilch 
diameter = basic pitch diameter (Cd. 4). Mmdmiun pitch diameter = Col. 4 -f Col. 
9; 10, 11, or 12. Minimum minor diameter « Gd. 7 — Cd. B. 
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MACHINE ELEMENTS 


Table 6. Coarse-thread Series, Loose Fit 
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Eoistin; MecbanlBins 

Pull07 Block (Fig. 36). Given the weight If to be raieed, the force F 
necessary is F - 7ir X WIVt = Win = load/number of ropes; Yw and 
Fj? being the respective velocities of W, and F. 

DiffotetttU.1 Chain Block (Figl 36). F = Fw X IF/Ff =» TF(D - <i)/2D. 



Fig. 29. 


Worm and Wheel (Fig. 37). F » ir<l(n/T)lF/2irS * Tr?(<i/i))/2ffiJ, 
where n - nomber of threads, single, double, triple, etc. 

The triplex chain block (Fig. 38) is a geared hoist making use of the 
epicydic train. F » IF XAf/I-ll +{{7’p/7’c) X [TbITjI)]], where T - 
nnraber of teeth on gears. 

Toggle Joint (Fig. 39). ? » P X s ooe A/t. 
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MACSIKE.ELBMENTS 



Fig. 7. — Sellers Square Thread. Fig. 8. — Buttress Thread. 

Tabled. Sellers Standard Square Threads 
(See Fig. 7) 









INTumber 


SCREW FASTENINGS. 
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MiCatSS SLBMENT8 


Tlie! Whitworth pipe thread is tho standard used in Great Britain.ijj It 
is cut either 8traightror,mth;a tap'er of per ft as in ^theiBriggs-stalndard. 


j Threads' j,,, 



Number of threads. per inch: K in., 28; H and in., 19; H and in., 14; 
1 in. and larger, 11. •' , ” < 


Bolt Machine Screw Hoads and Nuts: Forms and Proportions 
The A.S.M.E. Standard machine screws have threads of the same 
form and proportions as the American (National) Standard (Fig. 1). The 
following diameters and pitches arc standardized, the relation being: threads 
per in. B.0.5/(diaineter -i- 0.02). Certain special pitches aro also recom- 
mended in addition to the eiandard8.<. . . ,, 


Table 13. A.S.M.E. Standard Machine Ssrews (1907) 
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maceins. elements 


; Weight of 100 Bolts and Nuts, Lb 



Brills for Pipe Taps. The sizes of tvist drills used in boring bolosto be 
reamed -with pipe reamers and threaded with pipe taps, for both the Whit- 
worth and American (Briggs) eyslcms, are given in Table 16. 


Table 16. Twist BrilU for Use with Pipe Taps 



Table 17. Oval Fillister Head Machine Screws. A.S.M.E. Standard 
A = dism of body. B = \MA — 0.099 « diom of head and radha for oval. 
C = O.COA — 0.002 ■= height d wde. D = 0.173A + 0.015. E “ HP » depth of 
slot. F = 0.134fl -b C •» height of head. 

(Letter* refer to Rg. 11. All dimensitHta in inches) 
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The International Standard screw thread, as adopted by the “Con« 
cr&s Internationa pMJUr I'Unification dcs Filetagcs,'* in Zurich, Oct. 24, 1898, 
is shown in Fig. 6, in which d » 0.7036p and t * 0.866p.., See Table 7. 



Fig. 4. — Metric. Fio. 5. — ^Intewiational. Fio. 6. — Acme. 

• - Standard Screw Threads. 

\ 


Table 7. international Standard Metric Screw Tbreada 
. ; (See Fig. 5) | 


gl'a 

it 

rS 

isa' 

ia 

ii*a 

qSS 

•la 

, 

ill 

P«a 

•Is 

ils 

5-s 

P 

Ih 

gge 

■Is 

s® 

ft 

1 fill 

12 

1 75 

24 

TMI- 

.« 

4 SO' 

M 

(.m 

% 

6.00 

7 

I (ID 

14 

7 on 

77 


45 

4 50 

Wi 

6,00 

116 

9.00 

fi 

1 

16 

700 

to 

3 so 

46 

SOI) 

72 

6,50 

136 

10.00 

























II 

m 

V 

2.50 

39 

4.00 

60 

5.50 

• 68 

7.50 





’ Power Transmission Screw Threads: Forms and Proportions 
; The Acme 29 deg screw thread is shown in Fig, 6. The proportions 
of screws with Acme threads, given in Table 8, are obtained from' the formulas 
a ■ 0,5p + 0.01 in.; flat (top) « 0.3707p; flat (bottom) * '0.3707p - 
0.0052 in. . ! , , 


Table 8. Acme 29 Deg Screw Threads 
(Letters refer to Fig. 6) 


' N 

P. ' 

- ^ 

F 

Tl^ ' 

, s ; 

‘ B 

Number of 
ihreada 
peria. 

Ktoh of 
single^ 
thread, in. 

Depth of 
thread, 
in. 

w^dth of 
top of 
thread, in. 

-Width of 
space at’': 
bottom, of 
thread, in. 

Width of 
' space at j 
top of 
thread,’ in.. 

Thiohnesa 
at root 
of thread, 
in. 

1 

'I.O 

0.5100 

’0.3707 

0,36S5 

. 0.6293 ; 

0.6345 


0.750 

, 0.3850 

0.278Q 

0.-2728 

'. 0,4720 ■ 

0.4772 


0.500 

0.2600 

0.IB53 

0.I80I- 

0.3147 

0.3199 


0.3333 

, o.nw 

jO.I235 

O.II83 

0.2098 . 

0.2150 


0.250 

0.1350 

0 0927 

0.0375 

• 0.1573 

0.1625 


0.200 

o.noD 

. 0.0741 


0.1259 . 

0.1311 


•0,1667 

0,0935 

.0.0618 

0.0566 

0.1049,' 



'••0,U18 

■ 0,0514 

0.0530 

0.047B ; 

- 0.0899 , ' 

0.1B51 


0.125 

, 0.0725 

0.0(63 

0.0411 ' 



9 ' ' 

.0.1111 

■ 0.0655 

10.0413 

0:0361 

■ 0.0699 , i 

0.0751 


.0.10 . 

' 0,0600 

; O.ffiTl 

. «;0319 

“ 0,0629.1', 

0;068l 


The square thread (Fig. 7) has the proportiooe givea'ia Table 9 for the 
range of sizes tabulated. ' ■ • 
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Table 21. Macbise Screw Standards 
(Americaa Sctew Co., Providence, R. I.) 


Trade number 

! Diam of 
body, b. 

Threads 

perin. 

No. of_.. 
drill . 

Siee of 
drill, b. 

Length, 

m: 

2 ■ 

0.0842 

48. 56. 64 

49 

0 07-0 

}i-H 

3' 

0.0973 

- 48.56 

45 

0.0820 

« - >i 

( 

0.1105 

32.36.40 

42 

0.0935 

, . « -2 

•5 - 

0.1S6 

32. 36,40 

3S 

O.IOIS 

U -lU 

6 1 

0.1368 

30. 32, 36 

35 

0,1100 

H -2h 

7 j 

■ 0.1500 . 

30.32 - 

30 

■ . 0.1285 

36-3 

8 : 

0.1631 

30., 32. 36 

29 

0.1360 

31-3 

- 9 ! 

0.1763 

24. 30. 32 


0.1440 

3is-33i . 

IQ 

0.1694 

24. 30. 32 


0.1495 

?4e-335 

12 

0.2I5S 

20,24 

17 

0.1730 

34-336 

H 

-11.2421 • 

18. 20. 24 


0.1SS0 

3{ -4 

16 

0.2684 

16. 18, 20 

6 

0.2040 

5(6-4 

18 

0.2947 

16. 18. 20 , 

1 

0,2280 

54-4 

20 

' 0.3210- 

16. 18 

D 

0.246 

H -4 

22 

0.5474 1 

16. IS 

J 

0.277 1 

« -4 

2i 

0.3737 

14. 16. 16 

N 

0.302 1 

54 -4 

26 

0.4000 

14. 16 


0,323 1 

54 - 4 , 

28 

0.4263 1 

14. 16 

R 1 

0.339 1 

H -4 

30 

0.4526 , 

14. 16 

U 

0.368 : 



Standard lengths vary by the folloiriag iocrements: H io- to 1 in. by in.; 1 in. 
io 2 in. by H iit.| 2 in. to 4 in. by in. 


Tbread-cuttlng screws, made by the Shaheprocf lock "Wasber Co;} 
Chicago, are adaptable to the American National Coarscv and Fine-thread 
Series and have been stoadaidiaed from No. 4 screw to ^ in. diameter and 
for metal thicknesses up to H la. These arc supplied in all types of head. 

. Eyebolts used by the Union Iron Works are made to the proportions given 
in Fig. 15 smd Table 22. 


Table 22. Proportions of Eyebolts 
(See Fig. 15) 


Diam of 
bolt, in. 

Diam of 
stock in 
eye, b. 

ri.b. 

B, in. 

C, in. 

2>, in. 

E, b. 

P.in. 

Capacity, 

lb 

54 

54 

M4 

7H 

154 

% 

1 

2 


34 

54 

Hi 

234 

m 


1 

2 

1,104 

54 

34 

2 

3 

154 


135 

25i 

1,963 


34 

2 

3 

154 


IK 

254 

2.485 

34 

54 

2H 

334 

234 

IK 

H4 

354 

3,712 

I 

54 

2V4 

334 

2H 

IK 

155 

354 , 

5,155 

134 

51 

M 

4 

234 

134 

214 

4 

6.903 

m 

54 

234 


234 

134 

234 

4 

7,854 

154 

34' 

24i 

434 

255 



4K 

9,940 

•134 

34 

Z44 

434, 

234 

2 

234 

454 

12,270 

134 

Hi 

334 

!»» 

334 

234 

3 

i 

13.520 ■ ' 

154 

Hi 


■Hi 

334 

,234 

3 

6 

16,110 

134 

134 

634 



3H 


19,150 

2 

. 134 


6>4= 



334 


22,340 


Strength o£ Eyebolts. The fdlonin'g fonnnla by C. M. Sama (Jni. Eng.'. Sept., 
1911) closely represents the practice of the General Electric Co.: Load in lb at wHch 
defonnatian begiiis = 33,000 d*/(Di — LSD*), in which d = diam of stock in eye, 
Di a mean diam of eye (= internal diam + d), and Di = diam of bolt shank at 
loot of thread — all in inches. la designing, for eyebolts forged from double reSnediion, 
take safe load equal to K that ^ren by fonnnla. 
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Americani Standard, Table 1; a fine-thread series,' sometimes called the 
American or National Fine Series, wMch in the numbered sizes cor- 
responds to the A.S.M.E. Standard (1907) and from K in. up with the 
9.A.E. Standard, Table 23; and an extra-fine series (S.A.E., 1915). 

Screw Threads for Pipes 

The American National taper pipe thread was formerly known as the 
Briggs pipe thread. Its form is shown in Fig; 10, and it is made to the iol- 



lowing specifications; Taper of pipe end » ^ in. per ft ■ 1 in 16. Depth 
of thread, A » 0.8 X pitch (p). Pitch diameter at end of pipo, Et = D - 
(0.05D + l-l)p- Length of effective thread, * p(0.8D + 6.8). D = out- 
side diameter of pipe (see p. 907). See Table 11. Further dotaOs in 
A.8.A., B2. 


Table 11. American National Taper Pipe Threads , 
(Letters refer to Fig. 10) 


Nominal in- 
dde i^am 
of pipe, in. 

1 

1 , 
'3-9 

0 ®.9 

45« J 

V g S 

d 

.... 

*2 

9.? 

(C '*■9 

Nominal ih- 
eide diam 
of pipe, in. 

No. of threads 
per in. 

^4o 
^ ^.9 

A%J 
e'a 0 

S86 

M 0 

u g 

e5 

■’9'C o 

Ph®'" 

H 

27 

0.180 

0.26385 

0.36351 

3Ji ' 

& 

0,871 

1 .25000 

3.83750 

H 

W 


M7i 

0.4773? 

4 

H 

0.«4‘l 

i.3(W0( 

4.33438 

H 

13 

0 240 

.4077t 

0.61201 

4)^ • 

8 

0 m 

1.35001 

4.83125 

Vi 

14 

0,320 

.33371 

0.75841 

5 

8 

(! 937 

1 ,4(163( 

5.39073 

H ■ 

14 

0.339 

.54571 

0.967^ 

6. 

■ 8 

,0.958 

1.51250 

6.44609 

1 

m 

0 4IH1 

,68278 

1. 21363 

7' 

8 

i.nofi 

1.61250 

7.43984 

m 


0 42(1 

.70671 

1.5571: 


8 

I.Oft- 

1.71 251 

8.43359 

m 


0 42(1 

.7234! 

1.7960! 


H 

I.I3( 

1.81251 

9.42734 

2 

IIW 

II 414 

.75652 

2.26902 

• 10 

« 

1,711 

1.92501 

10.54531 

2}i 


0M2 

/. 13750 

2.7m 

■ 11 

b 

1.285 

2.02500 

n. 53906 

‘,3 


0.768 

1.2000 

3.3406/1 

«■ . 

8 

1.360 

2.12500 

12.53261 


For 0-B. pipe 14 to 30 in. diam, 8 threads per in. 


American National straight pipe threads have a pitch of D - (O.OSZ) 
+ l.l)p -f^^sLi. See Table 11 for. values of Couplings with straight 
internal threads may be used for ordinary pressures; taper threads should be 
used for high pressures. 
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DimensioDS of Shakeproof Lock Washers 
(All dimenaoni in inches) 



foundation holts may he made to the forme shown in Figs. 20 to 22. 
The difficulty in replacing euch bolte as may become broken or injured in 
service causes the form shown in Fig. 20 to be favored whenever it can be 
used. I'iid, 

The 8.A.E. Standard for Bolts and Nuts is shown in Fig. 23, propor- 
tions of bolt* made to this standard being ©ven in Table 23. 

Table 23. S.A.E. Screw Standard 
(See Fig. 23) 


D 

i/P 

A 

At 

B 

0 

B 

H 


K 


W 

7« 



tfs 



Me 

hi 

He 


Me 

74 



H 

hi 


'hi 


He 

He 

H 

24 

ii4f 

4ii 

Me 

H 

44 



Ms 

Ms 

Me 

2U 


a 

ft 

Mi 

4* 



hi 

Ms 

a 

VII 

Me 

■IAh 

44 

Me 

4* 

U 



Ms 

Me 

IN 

m* 



Me 

Vn 

mi 

h 

hi 

M 


IN 

^44. 


'Ms 

44 

Mb 

mi 

h 


M 

-VAr 

Af 


m' 


A* 

ftr 

•HV 



// 

M 

16 

iMe 

2^2 

JMe 

44 

Mn 

Me 

k 


M 

% 

14 

^2 

*%* 

JM 

44 

M.» 

% 

h 

Ms 

M 

1 

14 

1 

74 

>Ms 

44 

Mis 

M 

h 

M: 

M 

m 

12 

IMj 



Me 

Mis 

JJSs 

%3 

Ms 

>M4 

m 

12 

\H 

IM2 

M4fe 

Me 

hi 

>Me 

hi 

Ms 

‘Me 

m 

17 

I‘M2 

l‘56i 


4* 


IHs 

u 

Me 


IH 

12 

•lit , 

IMc 

24ie 

4t 

H 


H 

Me 

‘Mi 


All dimeneiona in inches. 1/p = number of ttireada per inch. All heads and nuts to 
be semi&nish. Material— steel of not lees than 100,000 lb tensile stren^h and not less 
than 60,000 lb elastic limit. These threads not to be used in cast iron, braes, or 
aluminum. 

Coach and lag screws a* shown in Hg. 24 are made to the proportions 
given in Table 24. 

Wood screws are made in leng^ from J4 to 5 in. for steel and from 
to 3H iu- “for br^s screws, increasing by H in. up to 1 in., by yi in. up to 
3 in., and by H in. up to 5 in. The American National Standard sizes 
are ^ven in Table 25. Screws are made with fiat, round, or oval heads. 








Table iV Square' and Hexagonal Regular Bolt Heads 
- — -(AD dimeiisions-m inches) - 
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Table 26. Dimensions of Round and Square Washers 



Carriage bolts (Fig. 26) may be obtained in tbe sizes given In Table 27 
and to-sny lengths desired. Lenglb of thread, 2 to 4 tiroes thickness of nut, 
depending on length of'bolt . < 

ICESO 



PiQ. 26. — Carriage Bolts. Fig. 27. — Stove Bolts. . 

Table 27. Pimensions o! Carriage Bolts 
(See Fig. 26) 



fl 19 


«« 




Me 

44 



*/is 



‘Me 

iMe 


IMe 

I4U 

?Me 

TMoknesa of head, in 

0.094 


Jii 

Me 

ft? 

H 

M? 

Me 



'Stove bolts (Fig. 27) are mado in the sizes given in Table 28. 
Table 28. Dimensions of Stove Bolts 
i; . • ; _ (S«cF«, 27) 



1 ^ 

'441 1 

Me ' 



Me 

1 44 

hio. of tbreads per inuhr.i’.'; I 

Lli 

■28! 

24 


is 

18 

! 14 


Materials, Strength, and Semce Adaptability of Machine Bolts 
j !'■ 'V^u^Screws ,(i 

The materials to bo used for bolts, screws, and niits depend on service con- 
ditions and relative' costs.’ The stresses to be allowed in determining the 
proportions in any case depend on tl» nature of the loading and the material 
' 'As 'a guide to'the seioctibn of bolla and'riuts for fastenings in stationary 
machinery',' the specificatioiiB'ofthe'BTireatt of SteaTn'EnEiueering 6i tMeU; S. 
Navy are given in Table 29, "• ‘ 
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. • , , C<5« . 

Fig. 11. I^G. 12. : Fro. 13. ■ . . i Fig. 14. 

• Oval F)si • Eat. ' Round. 

Fil^stcr. , ■ Fillister. i ' ' ; 


Table 18. Plab Fillister Head Machine Screws. A.S.M.E. Standard 
A “ diam of body. B = J.64A — 0.009 = diam of bead. C = 0.66A — 0.002 = 
he^bt of head. D = 0.173A + 0.015 * width of elot. £ = HC « depth, of slot. 
(Letters refer to Fig. 12. All dimensiona in incnes) 



Table 19. Flatrhead Machine Screws. A.S.M.E. Standard 


, A - diam of body. 5 ■ 2A - 0.008 = diam of head. 0 = f,A -■ 0,0081/1.739 =, 
depth of bead. D ■= 0.173A + 0.015 •• width of slot. B ^ }iC ^ depth oj slot. 
(Letters refer to Fig. 13. All dimeneions in inches) 
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bolt depends on its relative tidiness, the lighter bolts carrying the greater 
loads. When the-conditions of attendance are such as to occasion a great 
difference in tightness, lower woriing stresses must be used in designing the 
bolts than otherwise are necessary. On the other hand, it may be desirable 
to have the bolts the weakest part of the machine, since their breakage from 
overload in the machine will result in a minimum cost of replacement. In 
such cases, the breaking load of the bolts may well be equal to the load which 
causes the weahest member of the machine connected to be stressed up to the 
elastic limit. 

Table 31. Safe Loads for U. S. Standard Bolts 



Bolts screwed up tight have an initial stress due to the tightening before 
any external load is applied to the machine member. According to Prof. 
Barr, the initial tensile load due to screwing up for a tight joint varies about as 
the diameter of the bolt, and may he esUmaied at 16,000 lb per in. of diameter. 
There is consequently danger of erceaave stresses for bolts of less than 
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Setscrevs for {astening coll&ra and the;like to shaiting may have foima of 



Lock nuta and special devices -to prevent bolts and nuta from coming 
loose as may result when vibrations'are' encountered may be made as shown 
in Tig. 19, In tho'type shown in Fig. 19/, the thicker nut is shown at'the 
topi'sinoe practically the whole load is taken by the upper nut it is considered 



Fio. 19.— lock Nutsi 


good practice to put the thinner nut next to the 'work and the thicker'one on 
top. 'Lock washers for'bolts' (Fig.'19c) have been standardizod'by the S.A.E;' 
(see 1939 Handbook) as follows: . , 


Bolt'diainetet.ui.. . H ' K ■ 

Washer, width X thickness Ha X.He. H X Ha XHa^X Ht 

Bolt diameter, in '..V 'H ' '1 ' ' lU 

Washer, width X thickness X He Ke X H HeXH H'X.Hg 

__ An .efficient .type o'Oock wndier {Fig.. 19d) made by the ,Shakeproof Lock • 
Washer^Cq., .forces teeth; to dig into the vrork and nut, resisting thereby any 
tendency tO;Unscrew because ofvibnitjoii. .-The dimensions areAs follows;.. . 
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Table 34 gives . tap drill Maea for tapis irifii American (National) Standard, 
-“V," and Whitworth threads. - - - - — 

Table 34. Tap Drill Sizes 
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Fiq. 20. Fio. 21. !Fia, 22. 

FotmdatioD Bolts. 



Fio. 28.— S.A.E. Standard /or Bolts Fio. 25.— Wood 

and Nuts. Screw, ,• 

Table 24. Coach and La^ Screws 



Table 25. American National Wood Screws 

(Included acglo of-flat bead » 82 deg, Bcc Fig. 26} 

Number 0 1., 2 3 • 4. , 5 6. 7 8 

Thrwdsperin ..■....'i.; 32 ;28 ‘ 26 24 '22 20' 18 16' 15 

Diameter, in O' 060 ';073 ’.086 .000 .112 .126 .138 .161 .164 

Number ,9 10- 11;' 12 14 10' 18 20 24 

Threads per in , 14 , 13 .12 . .11 • 10 , 9 8 • 8- ■ 7 

Diameter, in. ...i ,,177 .190 ..203 . 218 , .242 . 268 . 294 , .320 . 372 

Washers for bolts and log screws, ather round or square, are made to the 
dimensions given in Table 26. 
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. Table 36.; Dimensions of fiiveted Lap Joints.,:, •- 
' ‘ (All dimensions in irohes. Letters refer to 29. £ = percent.effioiency, of joint. 
Dimensions based oii a tensile strength of 55,(fD0 !b per.sq in. for the plate and a ahear- 
ing strength of 44iQOO lb per sq in. for the rivets.) •' ..i ' ' 


Thick- 
ness of 
plate 

Diam 

of 

! rivet 1 
holes 

1 Kngic riveted 

I Double riveted 

£ 

JP 

' i 

Method 
of , 
More 


^ ^ 1 


s 

H ■ 


«0,7 


IMs 

T.P ' 

69.5 

2M 

IHc ' 

m 

, 


60.3 


IH< ' 

BR. 1 

69.5 !, 

7H i 

IHc 

iH 

«6 


59.4 

2 

1V4 


69,1 ' 

2)4 

m 

PA 


• iMs 

59.4 

2 

IH 1 

T.P. 

69.1 

2H 

IM 

PA 



58.3 

2M 

Ijf* 

T.P. 

68.9 

3 

'PAi 

2 

% , 


58.3 

2M 

IMS 

T.P. 

68.9 , 

3 , 

PAi . 




57.5 

■ 2W 

1 

T.P. 

68.5 

314 1 

1)4 

2H 


1 Ms 1 

57 5 

2M 

m 

T.P. 

68.5 1 

3J4 

m 1 

2H 

H 1 

I Ms 

56.7 

2M 

154 

S.R. 

68.5 

1 

1 i 

2)i 


should be 3 times the rivet diameter. Frequently, angle connections such 
as shown in Fig. 38 are used. In such congtruction, it is good practice to 



Forms of Eiveted Joint at Junction of Three or Four Hates. 


have the rivet diameter d = 2 X plate thickness t and the dimension o = 
■“ (i), in which ic = width of angle leg and fi » thickness of leg = 
i + Hi in- The other dimensions in the figure are in terms of f, 



Fig. 37. Fig. 38. 

Joining Hates at Bight Angles. 


Straining Actions in Riveted Joints.' The straining actions to which 
the several elements of 'a riveted joint are subjected are easily determined as to 
kind; but are, most diSieuJt to evaluate. More particulsrJj’ is this true n'hen 
the joint is one of several in a gtructure such as a boiler and receives its load 
according to the elasticity of the -parts through which these loads are trans- 
mitted. Without regard to tho friction -between the plate and assuming all 
rivets in the joint to be equally, well fitted and consequentiy sharing equally 
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■j ,Table;a9.- Materials for Bolts and Nuts,. , 


‘■iCla'fls 

' 1 Materiali--'! ' 

1 ' Minimum- 1 
tensile-- 
strength, Ib 
■per eq in. 

Mimmum 
elasticlimit,' 
-lb per aqia. 

'■Minimum'’ 
elongation 
in 8 in. per-, 

' cent 

.Marimum per- 
centage of"', 

1 Phos- ' 

',,phorua 

i8ul-' 

,phur 

B 

Open-hearth nick- 
'■ el'or carbon steel 
Open-hearth car- 
bon steel ; 

75, MQ .. . 

58,000 

■■ 1 

30,000 

■1':. 23',',. , 

28 

, 0.04. , 

0’04 '<■ 

■Uh 

'■0.03' 


^ 'Bending Tests. Class A material must Ijend cold after quenching about 
■an inner diameter equal to the thickness of the test piece in each case ^thout 
ctadking; quenching temperature, 80 to 90 P. For Class B, the same .test 
applies, except that inner diamot^ equals one-h^f thickness of test piece. 
rHammer Test, Class A material must flatten out cold to one-half:';tho 
ofigihal diameter without showing cracks. ] Class B must flatten out while 
heated to a cherry red in daylight to a thickness equal to one-third the oripnal 
diameter without showing cracks. ' " ' ' ■ 

Bolts requiring unusual strength are made from material specified 
under forgings in Table SO. Connecting-rod bolts, for example, arc made 
from "high-grade forgings." For the S.A.E. specifications, see p. 569. 

' Setscrews may be made from the following materiarTecommended.by' the 
Carnogio Steel Co.: carbon, 0.15 to 0.20 percent; manganese, 0,6 *to 0.8 
poi'oent; phosphorus, not over 0.06 percent; sulphur, 0.06 percent.^ 

Safe loads in tension for TJ. S. Standard bolts, as determined by Har- 
vey D. Williams, of the Bureau of Steam Engineering, U. S. Navy', are given 
in Table 31. Colvin and Stanley (“American Machinists’ Handbook") 
compute the tensile and shearing strengths os given in Table 32. ' ' 

Table 30. Steel Forgings for Bolts ' 


■ 1 

■ Class 

Material 

Treatment 

S.a d 

IS. 

et 

. 

g-' a 

hi 

5! S ‘ 
1-- 

Marimum ! 
porcontage of 

Cold 

bend 

about.an 

inner 

diam 

of 

3*“ 

S'ss 

y -J 

ir 

'i 

1 

phos- 

phorus 

1 

sul- 

phur 

High f 
grade.. \ 

Open-hearth 
nickel steel 

Anneal and 
oil-temper 

95,000 

65,000 

21 

0.06 

D.04 

1 in. 
through 

^ I 

Open-hearth 
nickel or carbon 
steel 

Anneal; oil 
tempering 
optional 

60,000 

SO.OOQl 

i 

25 

0.06 

0.D4 

■1 in, 
through 
180 deg 

* { 

Open-hearth 
carbon steel 

Anneal 

60,000 

30,t»0 

30 . 

0,06" 

0.04 

through 
180 deg 


General Notes on the Design of Bolts 
Bolts subjected to shock and sudden change in load are found to be more 
serviceable when the body of the bolt is turned down or drilled to the area 
of the root of the thread. The drilled holt is stronger in torsion. • \ 

a number, of b'olts are employed in fastening together two parts 
of a'machine, such as a cylinder and cylinder head, the load carried 'by each 
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7abIe-38. ■ .Dimensions oLQQ&drvpl«-jriTeted3utt Joints (Steel BiTets 
in Steel Plates) 

(All dimensions in inohesi iLetters refer to 32. ’ ' Dimensions based oniho tensile 
; I-,' ,• and abearing strengths giTen for Table 36.) '' ' ■ 
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1 46 
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I 36 
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M4 
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2556 

12 

I'Mfi 

256 

334 








AH 

2536 
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246 

334 

3 Ms 
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UH 

1334 

2 

246 

33* 
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92.3 

17 

8H 
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2736 

1336 

2 
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3H 

3‘M« 




91.8 

17 

836 
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? 

246 

3^ 
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344 
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20 

10 


3055 

14J6 
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236 
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of tank, in. 5 = capacity of joint per pitch width to resist shearing with a 
given intensity of shearing stress, lb. C = capacity of joint per pitch width 
to resist crushing with a given iuten^ty of crushing stress, lb. T = capacity 
of jpint'per pitch width to resist tearing of plate between the last or outside 
rOw of rivets with a given intensity of tensile stress, lb. U = capacity of 
unpunched plate per pitch width to resist tearing with a given intensity of 
tensile stress, lb. ' ‘ 

• Then5 =7rdHn/, +2mf,)/4; (7=W«+tn/'0: T = (p - d)f/,; • 

U'=-pXtXft; 

and.E, = efficiency in shearing =*5/17 ~vd*(,nf, 2mf',)fiplf< 

Ee = efficiency in crushing C/U •« dfn/, +'mf'c) /p/i 
'El = efficiency in tearing •' “ (p — d)/p 
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Table 32. Strength of TJ. S. Standard Bolts from K to 3 In. in Diam 



members, it should be designed simply to resist the initial tension or the 
external load, whichever is the greater. If the probable yielding of the bolt is 
30 to 100 percent of that of the connected members, take the resultant 
stress as the initial tension plus onc-balf the external load. If the yielding of 
the connected members is probably 4 to 6 times that ol the bolt, (as when 
certain packings are used) , take the resultant streas ns the initial tension plus 
three-fourths tho external load. ‘ ■ i > > 

In any given machine, the bolts and screws used should be of as few sizes as 
possible in order to reduce the number Of spaonors required to tighten them 
and the number of drill and tap sizes needed in manufacture. - 
In drilling and tapping cast iron for studs, it is necessary to tap to a 
depth equal to VA times the stud diameter in order that tho strength of tho 
cast-iron threads in shear may equal the tensile strength of the bolt. Drill 
sizes and depths of hole and thre^ are ®ven in Table 33. 

Table 33. Depths to Drill and Tap Cast Iron for Studs 


Diam of stud, in 



% 


h 




% 1 

Diam of drill, in 

mi 






-mi 


% 556* 

Doplh of thread, in . . 




*H2 



ms 

m 

IMe IH 

Depth to drill, in . . . 


mi- 


% 

mi 


1^2 

IK 

VAt m 


It is not good practice to drill holes to!be tapped through the metal into 
pressure spaces, as the leakage' resulting, even though the bolt fits tightly, will 
occasion much trouble. ^ - , ■ - ' 

Drill Sizes for American (National) or A.S.M.E. Standard Thread 
Taps., Diameter of drill = outride diametOT of stud minus pitch -of thread. 
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cheaper,. is objectionable. .. .'Purtlier,' holes in r different plates .cannut 
be spaced with sufficient accaracy-to repster perfectly on being assembled.: 
If the hole is punched out say in. singer than is required and then reamed 
to size, the •metal, injured by cold flow during punching will bo removed.. 
Annealing'aftertpunchihg also' largely obviates the injury. Drilling, while 
more expensive, permits of greater accuracy and does not injure the metal.' 
The Massachusetts Boiler Inspection Law states: “Rivet holes, excepting for 
attaching stays or dnglo' bars to heads, shall be drilled full size with plates, butt 
straps, and heads bolted up in position; or they may be punched not to exceed 
K in- leas than full size for plates over in, in thickness, and }i in. Ices than 
Table 39.' ' lengths of Rivets for Various Grips for Boilers 

, : ■ ' BOTIND-BBAD BTVBI8. . CM3«T»n8TJHE-H«AB STVETS , , , 


Gnp, 
is. (Bee 
Kg. 40)' 

m 

O 

Q 

Q 

n 

n 

54 

5i 

54 

■ 



Ltoglh 

in. 



Length, in 



1. 

2 

2H 

2M 

2H 

2'4 

-144 

154 

? 

144 

■ 144 


W 

'M 

2H 

. 244 

2t4 

144 

254 

2H 


m 

mm 

3 


3V4 

2W 

■IH 

2H 

244 

254 

m 

i'A 

3H 

3H 

3H 

3H 

244 

2h 

254 

254 

m 

2. 



3W 

W4 

m 

4 

7H 

254 

244 

244 

3 

'2H' ' 

3W 


r* 

344 

■m 

3 

3V4 

354 

3M 


3« 

m 


4M 

m 

3M 

354 

354 

•354 

.•2H 


4H 

4M 

4H 

4H 

3H 

354 

354 

3H 

3H 

' 3 

4M 


454 
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3H 

344 

344 

4 

4W 

3H 

3H 

' 4U 



5^ 

4 

4H 

454 

4M 

4l4 

f‘ 


,5M 

5t4 


4H 

454 

454 

m 

3H 
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5H 

5H 


45i 

454 

m 

m 

4 


p 

544 

5t4 

544 

444 

444 

454 

5 

554 

r 


644 

M4 


$14 


i'" 

554 

mnm 



6^4 


7 



mm 


full size for plates not exceeding in. in thickness, and then drilled or 
reamed to full size with plates, butt straps and heads bolted up in position.” 
The TJ. S. Navy Departmepl specifies that all holes in boiler plates must be 
drilled with the plates in place. In structural 'jrork, the holes are generally 
puncAed' Ibr shop riveting, wMe tor tfei’d nVcti'ng it is usual’ to a’n'iY tiem to a 
template, or, if puneb'^, to ream them with the parts to be' connected bolted 
in place. ' 

The tensile strength, of fhe metal between holes drilled in a plate has been 
found to bo greater than that of an undriUed plate. For the Bpacings'usiial in 
riveted 'work, the increase in strength as shown by experiment is 10 to 12 
percent. , Punching, on the other hand, results in a loss of tensile strength, 
experiments showing the strength of the metal between the holes to be 5 to' 
20 percent under .that of unpunched plates in the case of iron, and 8 to 36 per- 
cent in the case of steel plates. . Wfh "the latter, the loss increases with the ' 
thickness of the plate! ' ' 

Hand-riveted joints arc of piacticdly the same strength as those machine- 
riveted, but the load at which viable slip occurs is much greater with machine 
riveting. In hot riveting, pressures up to 150,000 lb per sq in. and even 
higher are used; and in cold riveting the pressuro-required is' about 300,000 Ib 
per sq in.' of rivet' section. ' Where the xiresaure eicoeds’226,000 to 270,000 Ibj ■ 
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Forms and Proportions of Rivetod Joints for Boilers and Tanks. 

Riveted joints for steam boilers Eujd tanks may have .the forms and propor- 
tions recommended by the Hartford Steam Boiler Inspection and Insurance 
Co., as given in Riga. 29 to 32, and Tables 35 to 38. 



Single • Double . 

Riveted. fiiveted. 

. Fig. 29. — ^Riveted Lap Joints 


■ kl 


l-fM A 

1 

. i 

if 9 9 ^ 

w 


• •'••Fia. 30., 




[I 9| 






Fio, 31. Fig. 32. i 

Fsoa. 29-32.— Forms ol Riveted Butt Joints. 


Lap-riveted Joints for Girth Seams of Cylindrical Vessels with TJnstayed Heads 
' ' In horizontal tubular boilers, tanlce; and similar vceseis, it is customoiy for the sake 
of oonvonience to use the same size of rivets in the girth seams as in the longitudinal 
seams. 'Where the heads of such vesse'U are not stayed by tubes or through biaces, the 
strength* of the clreumfcrentiai joints should bo at least 50 percent of that required 
for the longitudinal joints of tho vessel. The joints in tiie table below are designed to 
meet the above requirements, and it should ho uaderelood that a higher efSciency could 
be obtained in some instances by using a different size ol rivets. It is assumed in each 
case that the efficiency of the corresponding lon^ludind joint ia not greater than that 
of the quadrUple-rivoWd butt jmnts of Table 38. ' 

SlKQUJ'RrVOTED LaP JOIHT 8 

Thickness of plate, 


Diam of rivet holes, 

in 

Pitch, in. 

EScicnoy, percent. 


K Ht Kc HU 


IKs 


^Ks % % ‘Ks 

iH m m IK , 2K 2H 2h 

60. r 60.3 66.7 60.7 50.7 54.5 65.9 55.4 62.0 63.3 


DouBnfi-BiYETEP Lap JoiNra ' 

Thickness of plate, 

Jri He H . K »Ma K % 1 IKe IK IH# IK 

Diam of rivet hole, ' ■ 

■ iKe IKs iKs IHt m 1K« IKs IKs IKe IKe IKe IKo 

I’rich.in. 3K 3K ZH 3% ;'4 4 4' '4^ 4K i}4 i}i' 4H 

Effioienoy, percent 67.3 67.3 68.3 63.0 66.6 61.0 57.7 57,7 64.3 51.3 48.6 46.2 

The form of the joint at the junction of three or four plates may bo as 
shown in Figa. 33 to 36. ‘ . i — - ■ 

When plates are to bo joined at right angles and riveted, the joint may 
havedho form shown in Fig; 37. Witii such'joints, the outer radius of cur- 
vature of the plateishould be at leart d.tuhea the plate thickness. ' The overlap 



786 


UACHISB ELEMENTS 


Woodrufl keys (Fig. 41) are made by tbe Whitney Mfg. Co., Hartford, 
Conn., in the sizes given in TaWe 40, and for use with ahafte not larger than 
in. diam. The S.A.E. Standards shoidd also be consulted. Cutters for 
milling out the key eeata, aa wdl aa apecitd machines for using the cutters, are 
to be had from the manufacturer. Where the hub of the gear or pulley is 
relatively long, two keys should be used. Slightly rounding the corners or 
ends of these hoys will obviate any difficulty met with in removing pulleys 
from shafts. They are not to be used as sliding keys or feathers. 

Gib-head Keys (Fig, 42). This form of taper key is necessary when the 
Binaller end is inaccessible for drifting out and the larger end is accessible. It 
can be used with care with all macs of shafts. , 

Its use is forbidden in certain jobs and places 


-V2 

M'f 


r 


t j 


Fiq. 43.— Sunk Key. 


for safety reasons. Proportions are given in jjy ■, 

Table 41. T": 

Sunk keys are made by the Pratt & 

Whitney Co., of Hartford, Conn., to the form 
and dimensions given in Fig. 43 and TaUe43. 

These keys are particularly adapted to the 
case of hubs fitting adj acent parts such that nciUier end of the key is accessible. 
The difficulties attending the sinking of kcyw&ys for these keys have militated 
against their frequent use. The Pratt & Whitney Co., however, has devised a 
successful spline miller which greatly facUitates this ordinarily troublesome 
operation. 

Feather keys are used to prevent parts from turning on a shaft while 
allowing them to move in a lengthwise direction. They may be of the forms 
shown in Fig. 44, with dimensions as given in Table 43. 


Table 41. Gib-bead Taper Stock Keys 

(Letters rcler to Fig. 42. All dinensions in inohea.) 
(Approved by A.S.A., 1934.) 
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1 
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* This height of the key ia measured at the distance IF from the gib head. 

The minimum stock length of keys is equal to 4 times the key width, and 
the maximum stock length of keys is equd to 6 times the key width. The 
increments of increase of length are equal to 2 times the width. 
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TaW« 36* Dimensions of Double-rlTcted Butt Joints (Steel Eiyets in 
Steel Plates) 

(All dimetiBions in inches. ■ I/Cttm refer to Fig. 30. Dimensions based on a tensile 
strength of 55,000 lb per sq in. for plates and straps and & shearing strength of 44,000 
lb per sq in. for rivets in single shear and 83,000 Ib for rivets in double shear.) 
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Table 37. Dimensions of Triple-riveted Butt Joints (Steel Rivets in 
Steel Plates) 

(All dimensions la Inches. Letters refer to Fig. 31. Dimensions based on the tensile 
and shearing strengths ^ven for Table 36.) 
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?34 

'i 

^Ha 

H 

1 Ma 

86.7 

8 

4 

17 

n 

I 36 

2H 

■4 

‘Ma 

H 

1 Ma 

65.6 

8W 

• 4H 

1635 

IZ , 

l‘34o 

236 

■3H 

‘Ha 

H 

1 Me 

85.6 

8H 

446 

.1834 

12 

l‘Ma 

236 

'H5 


H 

1 Mo 

85.5 

. 8H 

436 

1835 

. 12 • 

I'Sio 

236 

4H 

‘Ha 

Ha 

\ Ma 

84.6 

m. 

4V4 

20H 

13H ' 

?, 



‘Ma 

Ma 

1 Mo 

84.6 

m 

• 4H 

2034 

13H 

2 

235 

'4U 

‘Ha 

Me 

1 Me' 

84,2 

8H 

- 4K 

, 2034 

1344 

2 

256 

3W 

- H 

H 

1 Mo 

84.1 

834 

436 

M34- 

: 1344 

2 

?55 

3W 

‘Ha 

H 

1 Mo 

83.6 

634 

436 

2034 

■ 1344 

2, 

255 

'4H 

‘Ma 

‘Mo 

IMa 

'83.7 


4M 

2034 

1344 

? 

Va5 

'335 ' 

/Ha 

‘Ho 

1 Me 

83,2 


445 . 

2034 

1344 

2 

255 

II 



i Mo 

83.4 

935 

434 

22 

H45 

2 Mo 

236 


in taking up load, the accepted 'method of analyzing the stresses in, the joint 
is as follows: ... ; . , ■ . ' , 

Let t = thickness of plate, in. d = diameter of rivet, in. p - pitch of 
rivets, in. . n = number, of rivote per pitch wdth of plate, in single shear. 
m = same, in double shear, ft = intensity of stress in tension, lb per aq in. 
fc = intensity of stress in crushing, Ih per sq in., single shear. /, = intensity 
of stress in shearing, Ib per sq in., single shear (f'c and/', for double shear). 
P = pressure existing in the tank or'boiler, lb per sq in.- D = internal diam 
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the proportions (see Fig; 48) w = 0.2412); h = 0.0762); d *= 0.8502): for 
sliciing when'not onder load, to — 0.3412); h = 0.125D; d = 0.7502). For 
six-spline fittings, H) = 0.25b and for permanent fit = 0.052);(i = 0.902): 
for sliding when not under load, h = 0.075D; d = 0.852); for sliding when 
under load, k = 0.102); d =' 0.802). For ten-spline fittings, w = 0.1562) 
and for permanent fit A = QM5D;d = 0.9lZ):/orsh'dingwhennotunderload, 



4'Spline '“"V™ 


Fio. 48. — Splined Shaft. 

h a 0.072); d = 0.86D: for eliding when under load h = 0.0962); d = 0.81D. 
For sixteen-spline fittings, m = 0.0982) and for permanent fit A ■ 0.0452); 
d =' 0.912): for sliding when not under load, h •* 0.072); d = 0.862); for 
eliding when under lowi, k = 0.0952); d = 0.81D. 

Table 44. Torqne Capacity of Splined Shafts 

(Torque o&pacUy ia in.-lb per in. of benriae length at 1,000 lb pressure per sq in. on the 
aides of the splines.) 



4.spline, P.F. 78 107 330 175 217 262 311 367 424 565 703 865 1249 

4-aplino, 8.N.L 123 107 219 277 341 414 491 577 670 875 1106 1366 1969 

e-spline, P.P 80 109 143 180 223 269 321 376 436 570 721 891 1283 

e-spllne, S.N.L 117 159 208 263 325 393 468 550 637 833 1052 1300 1873 

6-8pline, S.L 152 207 270 342 421 510 608 713 827 1080 1367 1688 2430 

lO-apiinc, P.P. 120 105 215 271 336 400 483 566 658 860 1088 1843 1934 

lO-spUno, S.N.L 183 248 320 412 508 614 732 860 997 1302 1647 2034 2029 

10-8pline, S.L 241 329 430 645 672 8I3 907 1135 1316 1720 2176 2688 3869 

Jsp&r iKSif auwd is; irsssiNiiiisg sstaii md 

may be placed in either of the ways shown in Big. 47. They should be fitted 
BO that the parts are drawn together, when the pin is driven home, to prevent 
their working loose. 

Table 45. Morse Standard Taper Pins 

(Taper, in. per ft. Lengths increase by J4 in. Dimensions in iacbes.) 


Size number .'....0 1 23 45 6 7 8 9 10 

Diamatlargeend.. 0.156 0.172 0.193 0.219 0.2S0 0.289 0.341 0.409 0.492 0.591 0.706 



The Groov-Pin Corp.^ New Jersey, have developed a special grooved pin 
which may be used instead of taper pins in certain cases. 

Cottered joints may bo employed for fastening rods to other rods, rods to 
pistons and cross heads, yokes to rods (as in the case of connecting rods) , and 
for 'services of similar' kinds. Some forms of such joints and proportions 
recommended are'shotrii in Figs. -49-62. • ■■ ■ 
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space between mating parts. Tolerance is defined as tiie amount of varia- 
tion permitted in the size of n part. 

Loose Fit (Class 1), Large Allowance. This fit provides for considerable 
freedom and embraces certain fits where accuracy is not essential, such as 
machined fits of agricultural and mining machinery; controlling apparatus 
for marine work; textile, rubber, candy, and bread machinery; general 
machinery of a similar grade; some ordnance material. 

Free Fit (Glass' 2), Liberal Allowance. For running fite with speeds of 
600 rpm or over and joumal pressures of 600 lb per sq in. or over. For 
dynamos, engines, many machine-tool parts, and some automotive parts. 

Medium Fit (Class 3), Medium Allowance. For running fits under 
600 rpm and with journal pressures less than 600 lb per aqin.; also for sliding 
fits and the more accurate machine-tool and automotive par^. 

Snug Fit (Class 4^, Zero Allowance. This is the closest fit which can 
be assembled by hand and necessitates work of considerable precision. It 
should be used where no perceptible shake is permissible and where moving 
parts are not intended to move freely under a load. 

Wringing Fit (Class 5), Zero to Negative Allowance. This is also 
known as a tunking fit and is practically metal-to-metal. Assembly is 
usually selective and not inferchan^able. 

Tight Fit (Glass 6), Slight Negative Allowance. Light pressure is 
required to assemble these fite. and the parts are more or less permanently 
sssembled, such as the fixed ends of studs for gears, pulleys, and rocker arms. 
These fits are used for drive fits in thin sections or extremely long fits on 
very light sections. Used in automotive, ordnance, and general machine 
manufacturing. 

Medium Force Fit (Claes 7), Negative Allowance. Considerable 
pressure is required to assemble these fits, and the parts are considere'd 
permanently assembled. These fite are used in fastening locomotive wheels, 
car wheels, acmatuics of dynamos and motors, and crank disks to their 
oxles or shafts. They are also used for shrink Sts on medium sections or 
long fits. These fits are the tightest which are recommended for cast-iron 
holes or external members as they stress cast iron to its elastic limit. 

Heavy Force and Shrink Fit (Class 8), Considerable Negative Allow- 
ance. These fits are used for steel holes where the metal can be highly 
atressed without exceeding its eisstic limit. They cause ercessire stress Set 
cast-iron holes. Shrink fits are used where heavy' force fits are impractical, 
as on locomotive wheel tires and heavy crank disks of large engines. 

Allowances and Tolerances for Various Fits 

The formulas for allowances and tolerances for the various fits enumerated 
above, as recommended tentatively by the A.S.A., are given in Table 46. 
These are based on good practice or, where this varies, a compromiBC is used. 
Tho tolerances on holes apply only to reamed holes or those having a finish 
equivalent to reaming. It should be noted that, in practice, to cut down cost, 
as large a tolerance should be allowed as possible, all factors being considered. 
In classes (5) to (8) , selective assembly is usually required, i.e., a large shaft 
must be used with a large hole, and vice versa. 

In Table 47 is given a summary of the allowances, allowances plus tolerance, 
and average interferences for the various classes of fits, as recommended 
tentatively by the A.S.A. Interference here denotes negative allowance. 
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however, there is danger that the latcr^ prcKure of the rivet may crack the 
plate. ‘ ’ ' ’ , ' 

' Frictional Resistance of Riveted Joints. Rivets in eooling contract 
longitudinally and draw the plates together vrith considerable force. They 
also contract laterally and therefore do not completely fill their holes when 
cold. Before shearing can take place, it is consequently necessary that tho 
plates'shall slip on each other, such 'aUpping, however, being resisted by the 
friction of the surfaces in contact. According to C. Bach, this frictional 
resistance when slipping begins rai^ from. 14,000 to 30,000 lb per sq in. of 
rivet section at each pair of surfaces in contact. As any appreciable slip of a 
boOer joint will result in leakage, it is the practice of European engineers to 
design such joints according to rules based by Bach on the resistance to slip- 
ping. The proportions specified in these rules, however, do not differ greatly 
from those based on a consideration of shearing strength. 

KEYS, PINS, AND COTTERS 

Square and flat plain taper keys have the same dimensions as gib-head 
keys (Table 41) up to the dotted lino of Pig. 42. , 



Pig. 41.— Woodruff Key. Fiq. 42.— Gib-bcad Key. 


Table 40. Dimensions of Standard Woodruff Keys 

(Ah dimensions la Inches. Letters refer to Fig. 4}. i » distnoce from center of stock 
from which key is made to top of key. Approved by A.S.A., 1930.) 
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missible tolerance is the difference between the minimum and maximum 
allowances. 

Allowances for Various Types of Pit 

, . dimensioia in uicbes.) 
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Pig. 44.— Feather. Keys. 



Saddle Key. Flat Key. 

Pig. 45. 


Table 42. Eeyway Dimensions, Inches 


Diam 
of shaft 

Width 
of key 
seat 

Depth 
of key 
seat 

Diam 
of shaft 

Width 
of key 
seat 

D<mih 
of key 
scat 

Diam 
of shaft 

Width 
of key 
seat 

Depth 
of key 
seat 

54 -IH 

H 

W 


1 

)4 

73(6- 8)4 

2 

34 

J 4(5-154 

54 

5(6 

4 ?fH54 

1)4 

ha 

9)4 

2)4 

T4 

l'Mc-2H 

W 

U 

4>54e'5M 

1)4 

W 

9«e-tOM 

2)4 


2 5(4-254 

54 


5 5(a'5?4 

144 

»)(« 

103(0-11)4 

2)4 

54 

215(5-314 


54 

513(6-6)4 

1)4 

34 

ime-12)4 

3 

54 

3 

54 

5(6 

6 5(« 7)4 







Table 43. Dimensions of Sunk Keys 
(AH dimonBions in inches. Letters refer to Fig. 48.) 


Key 

No. 

1 

IF 

Key 

No, 


IF 

11 

a 

B 

Key 

No, 

‘ 

IF 

1 

V, 

Ms 

13 

1 

3(» 

77, 

135 


M 

2H 

Vi 

2 


Hi 

14 

1 


?( 

134 

3(f. 

55 

2H 

«6 

3 

u 

)4 

15 

1 


V 

154 

34 

56 

2H 

34 

4 

u 

545 

B 

1 

3(6 

?4 

m 


57 

24 


5 

H 

)4 

16 

1)4 

316 

25 

1)4 

3(6 

55 


3(6 

6 

54 

342 

17 

m 

34, 

G 

1)4 


59 

2)5 

34 

7 


)4 

18 

1)4 

)4 

51 

134 

V4 

60 

2)5 


8 

u 


C 

m 

3(6 

32 

144 

Me 

61 

2)5 

15 




19 

m 

3(6 

v< 

154 

44 

3fl 

3 

34 

10 

54 

342 

28 

1)4 

542 

26 

2 

3(6 

31 

3 

5(6 

11 

54 


21 

1*4 

)4 

77 

2 

M 

57 

3 



■44 

54i 

D 

IM 


28 

2 


33 

3 

Hi 

A 

54 

H 

E 

1)4 

34 

29 

2 


34 

3 

34 


Saddle keys and flat keys (Fig. 46) are used only for the transmission of 
small torques or turning efforts that are never liable to sudden changes In 
magnitude. Under excessive stresses, they turn around the shaft and 
damage it. 

In transmitting large torques, it ie customary to use two or more keys, 
as shown in Fig, 46. The arrangement shown at (a) permits more ready 
cutting of the keyway. If but one key is ueed with the arrangement shown 
at (6), torque can be taken only in one direction. 



A-SO'toliO^ 



Fig. 46. — Double-keying of Shafts. 



Splined shafts have been standiwdized by the S.A.E. (S.AJl. Handbook) 
for 4-, 6-, and lO-spline fittings. Pour-spline fittings for permanent fit have 
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Catl-iron Evh on Stcd Shaft. When tho ebaft is solid, or hollow with an 
inside diameter not over 25 percent of the ontside diameter, Fig. 57 may be 
used to determine maximum tensile stresses in the cast-iron hub, resulting 
from the press-fit allowance; for 'various ratios d/D, Fig. 68 gives the press-fit 
pressures. These curves are based on a modulus of elasticity of 30 X 10' lb 
per aq in. for steel and 15 X 10' for cast iron. For a hollow shaft with an 
inside diameter more than about H the 
outside, the Lam6 formulas may be used. 

Pressure Requiredin Making Press 


a-(4000| 


Fits. The force required to press a hub £ 
on the shaft is given by vfpdl where 1 is ^ 
length of fit, p the unit press-fit pressure ^ 
between shaft and hub, / the coefficient 
of friction, and d the shaft diameter. 

Values of / varying from 0.03 to 0.33 
have been reported, the lower values 
being due to yielding of the hub as a 
consequence of too high a fit allowance; 
the average is around 0.10 to 0.15. 

(Horger and Nelson, Jour, of Applied t- 
Mechanic!, March, 1938.) g 

Torsionil Holding AbUit?. The I .AllmSropriSrfWfc 
torque teqrdred to oerae oomplele elip- gg-Prees-St Presiures bo- 
paie of a press St is given by T = Cost-iron Hub end gboft. 

yivfpldK Local slippago will usually 

occur near the end of the fit at much lower torques. If the torque is alternat* 
ing, stress concentration and rubbing corrosion will occur at the hub face so 
that, eventually, fatigue failure may occur, at considerably lower torques. 
Only in cases of static torque application le it justifiable to use ultimate 
torque as a basis for design. 



SHAFTS, AXLES, CRANES 

(For critical speeds of shafts see pp. SH-^IS, and for torsion of shafts of various 
cross sections, see Tabic 11, p. 478. 

Strength of Shafting. Shafts may be subjected to torsion, to bending, 
to axial tension or compression, or to a combination of any or all of these 
actions- To determine the stress set up in shafts when aubjeoted to these 
action?, let d = diameter of shaft, in.; jT = .mfimnnji .¥ = 

bonding moment, in.-lb; 5 = normal stress in shaft, lb per sq in.; iSj == 
shearing stress in shaft, lb per sq in.; hp = horsepower transmitted; N = rpm 
of shaft. Then for solid circuits shafts under pure torsion, 
d = y/bMjS, = 68.6-\yh57AB, 

Strength of Shafts under Combined Torque and Bending. Where 
shafts are subjected to combined bending and twist, the maximum resultant 
shearing stress is gjven by 

S, = 6,1 V Jf’ + T'/i,’ or d - iJ'EvIF+fyi 

Example. A 2H in. round shaft carries a 30 in. pulley weighiag 500 lb. The total 
pull of the belt is 2,000 lb, and the unbalanced pull is 1,500 lb horiaontally. PuEey is 
6 in, from hanger. 

Resultant force acting on shaft ■= VsOO* -I- 2000' = 2,080 lb. ilf =■ 2060 X 6 = 
12,360 in.-lb at han ger, T ~ 1500 X 1 5 = 22,500 in.-lb. Froni the preceding formula, 
S. - (5.1/15.625) V12.360’ + 20,500* = 8,400 lb per sq in. 
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. An analysis of the straining action in cotter joints wliicli viU serve as a guide.in the ■ 
determination of proportions for such joints in general may, be made with reference to 
the type of joint shown in Fig. S3. The j^t may fail m any one of the following w^s, 
and the rdation between load and'streas'is as'speMfied. Let P =■ load on rod, lb; 




■ 'ITis. 53.7- Cottered Joint. 


irw., 64 .^ICnucklo Joint. 


i a diam of rod, in.; /i, ft, and /« the .tensile, sbearuig. a&3 cTushing etresscs, lb per 
jq in, Then (for wTought-iron rods), ' 

1. [Failure of rod by tension:? = {ffds/^/» - . ; ’V (i)' 

2. Tearing of rod end across the cotter hole: P <* ((rdiVd) “ ’ (2) , 

Equating (1) and (2) arid letting f = dj/i, thra di "= 1.21d and {’= 0.3(f.' ' 

3. Tearing of socket 'across ’the hole: o — ’ib’) -' (D: - ds)t]/i,' .whence 

. . (blowing for clearance), l?i «= l,76d. ■ ' . . 

4. Doubleshearing of oottcr:? = 2W/«,, whence , ; , 

h .= (fj(/(//.) = J,6d (approO for iron and steel 

5. Crushing the cotter bearing surface in rod end:? “ dsi/e. ■ '■ " •> ' ; 

6. Crusliing the .cotter bearbg surface in socket: P = t{D — dj)/e. , 

7. Shearing socket end: F = 21l(Z) - • (D 2&.)' 

• 8. Shearing rod end: ? = 2f2(i}/,. (Let H/< because of grain.) 

’ Letting i = k, then I ~ 0.65d, say, Z = Q.75d. . - • J, .1 , , , ,. 

9. Ctuahing odlar on rod; F = (Tf/4)(D^ — d^)/o, whence Dj = 1.4d, say l.W. . ” 

10, Shearing collar off rod: F = irdd^t, whence k «= 0.42<i,'8ay, 0.6d. ’ ' , . 

When two rods are to be joined so-as to permit movement at ,the joint, a 

round pin is used in place o{ a .cottM. . In Budi caSM, tbe proportions may .be', 
as shown in.Fig. 54 . • 

'SERINK, FmS.’DRWE. ASD 

^ ' Classification' of Fits. -The Ai8.A.‘ 'tentativtiy rocommendsithe, follow- 
ing classification of fits. Allowance Ib' defined as , the minimum clearance 
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it is recommended that the above streesea bo reduced .25 iporcent and where 
failure of the shaft would be a seriouB matter an additional 26 percent reduc-, 
tion in stress ia proposed. - , , 

Charts based , on the above formulas and given in the A.S.A. tentative 
codes for determining the necessary diametera of shafting subjected to 
combined torsion and bending or -to ample 'torsion or simple bending are 
given in T'iga. 59 and 60. TheBO charts have as ordinates XmM and as 
abscissas EtT at the bottom or KtP at the top where P is the horsepower 



transmitted at lUO rpm corresponcQng to the torque 7'. To hni the shaft 
diameter, it is necessary to find the intersection of the ordinate representing 
the bending moment KmM with that representing the torque KtT or the horse- 
power KJ’ transmitted at 100 rpm. These values of shaft diameter are based 
on a stress of 6,000 lb per sq in.; to find the value at any other stress S,, it 
is necessary to multiply the diameter obtmned from the chart by -^6,000/13,. 
The light arcs in the chart indicate standard sizes of machinery shafting; 
the heavy area indicate standard rizra ot traMiniasion shafting. 

Ezample. A shaft is subjected to a muimum torsional moment of 6,000 in.-lb 
combined with a masimum bending moment of 11,500 ia.-lb. The loads are steady, 
stress concentrstioa is neglipble, and the material hna an clastic limit in tension of 
27,000 lb per sq in. Taking 30 percent of this value, we'obt&in 8,000 lb per sq in/ as 
the working stre^. Since the loads are steady from Tablo 40, Kn = 1.5 and Ki = 1, 
Using the chart of Fig. 59 for AiT = 6,900 and KkAf = 17,200, we get d » 2.5 in. 
This value ^ven by the chart is lor a strm of 6,000 lb per sq in. For & stress of 8,000 
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These fits are not intended to cover all work, since individual conditions may 
make changes necessary from the standard. However, it is believed they will 
apply to the majority of cases arising in practice. 


Table 46. formulas for Eecommended Allowances and Tolerances 


Class of fit 

Method of 
assembly 

Allowance 

Selected 

average 

interfer- 

of metal 

Hole toler- 
ance; 

Shaft 

tolerance 

(1) Loose 

Strictly inter- 
changcahio 

0.0025-^ 


O.OOlSiJ'j 

BMiyVi 

(2) Free 

Strictly inter- 
changeable 

0.0014^5 


0.0013v^s 

t.mii-yd 

(3) Medium 

Strictly inter- 
changeable 



0 . 0008 -^ 

0 . 0008 -^ 

(4} Snug 

Strictly inter- 
changeable 

0.0000 


0 . 0 l) 06 ^j 

o.omW 

(5) Wringing 

Selective aMcrably 


O.OMO 

O.IMOOv^d 

O-OOtM-^r 

(6) Tight 



0.0002$(i 

0 . 0006 v'i 

0 . 0006 >yd' 

(7) Medium force 




■wa 


(8) Heavy force or 
ehrink 

Selective assembly 

■ 

O.OOld 

0.(I006-^5 

C.CtwW 



Cylindricd} 


Comparison of Shrink and Force Fits. Shrink fits ore used in places 
where a force fit would be difficult to aescmblc, as for example, locomotive 
wheel tires. On the other hand, the convenience of assembling force fits 
makes their use advantageous in cases where a hydraulic press of sufficient 
capacity is available for this purpose. Force fits are sometimes made with 
the mating parts slightly tapered. This taper, while 
making the fit easier to assemble, has the disadvan* 
tago of making tho fit less reliable since, if looseness 
develops, a slight axial movement serves to allow 
complete looseness between the parts. This dis- 
advantage may be overcome if the tapered portion is 
allowed to project through the fit, as shown in Jig. 

65 , 80 that the part of the shaft in contact with the 
hub is cylindrical. The tapered end thus serves to make assembling easier. 

C. E. Johansson, Inc., have prepared the following table of tolerances for 
accurate work. The quantities pven are perraissiblo variations above or 
below the desired dimensions. For less accurate work, these tolerances may 
be doubled. 


Fio. 66. 


Tolerances (+ and -) for Accurate Work 

Diamofholein... Hi-H ‘KW^s 

Tolerance. in.,... 0.00008 0.00012 0.00017 0.00022 0.00028 0.00034 

Diamofhole.in... 

Tolerance, in 0.00042 0.00060 0.00059 0.00069 0.00079 

The allowances which should be made for different kinds of fits are tabu- 
lated on p. 792. , They are based on tke use of the hole as the nominal size and 
^ve the amounts by which the shaft should bo leas.than ( -) or greater than 
( +) the nominal hole size. If the shaft is seleoted as the base, the allowances 
for the hole will be of the same magnitude but of opposite sign. The per- 
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limits, thus indicating that the mechanism of fatigue failure is related to the 
iDEmmum shear theory, a more rational procedure la to design the shaft on 
the basis of the maximum shear theory. 

Case 1. Assume that a pure torque T consisting of a constant torque T, 
on TThich is auperimpoaed a variable torqae T, is acting on the shaft. Using 
the equations for working stress given by Soderberg (Jour. Applied Mechanice. 
Sept., 1935), the required diameter is ^ven by 



where Fi = factor of safety (frequently taken as between 2 and 3); 5 *= 
factor of stress concentration in toraoii (see pp. 429-425 for values of K)] 
Se - endurance limit of material in reversed bending; 5^ = yield stress in 
tension. 

Case 2. Assume the shaft is subject to pure bending only, consisting of a 
constant component of bending moment Jlf# on which is superimposed a 
variable component Tie equation for required diameter is likewise 



In this case, the factor K b the stress concentration factor in bending (see 
pp. 420-423), The stress concentration effect may be due to fillets, kcyv’ays, 
bearing fits, etc. 

Case 3. For the usual case of eontlanl torqae T and re^ertedhending moment 
M, the shaft diameter is obtidned from 



In this case, K is the steess concentration factor in bending. 

Examples. A ah&ft U subjected to an allcraaiiiig heDding moment Af of 12,000 
In.-lb and a constant torque T of 6,000 iQ.‘lb. Assume that at the point of maximum 
bending moment there is a press fit for which the stress concentration faetor is 2.6, The 
yield stress St « 30,000, and the endurance limit & in reversed bending is 80,000 lb per 
sq in. The faetor of safety F, is to be token as 2. Since these ore the conditions of 
Case 3, substitution in the lorranlo for this case gives 

i 32 X 2^ 1/2.6 X 12.00bv^ /OOOO 
J V( 30.001) j (36.000) 

Stiflness of Shafting. Stiffness of shafting may become important 
where critical speeds, vibration, etc., may occur. Moreover, through lack of 
proper stiffness, much trouble may arise in upkeep of bearings. Therefore, 
in addition to determirung the strength of shafting by the above methods, 
it is also necessary to check up on the stiffness. In practice, the angular 
twist of shafting is usually limited to 1 deg per ft of length. For calcu- 
lating the diameter d required for a given total jmeuler twist o in degrees of a 
shaft of length I subjeoted to a torque T, or horsepower hp at N rpm, the 
following formula may be used (6 being the modulus of rigidity) ; 
d = 4.9'v'^W = 77,6v'lip X !/M 

It should be noted that alloy-steel shafting is no atiffer than ordinary 
carfaon-eteel shafting, the stiffness bang proportional to the modulus of 
eluticity which does not change much for Cerent steels. 



SHUINK, press, Dni7E,>AND-RUNNim FITS 


793 


jquivalcnt stress given above is based on-tlie masimnm' shear theory -and’ is 
numerically, equal to the' radial fitrpressure addod'to the tangential' tension 
n the hub. Where the shaft is hollow, with an inside diameter equal to more 
than about 26 percent of the' outsido diameter, the allowance in inches per 
Table 47.' Standard Fits, Summaxy of Tightest, Loosest, and Selected 
' Condition for All ClasMS of Fit 

(Allowances, tolerances, and interfcrencea are given in ten-thousandths of nti inob.) 



Loose 

fit 

(Class 

1) 

Free 
. fit 
(Class 2) 

hiedium 

fit 

(Class 3) 

Snug 

fit 

(C3aes4) 

Wringing 

fit 

(Class £) 

iflO 

II 

pa 

2*” 
•3 g s 

goO 

|l? 

^1-2' 

II?" 



1 

1 

A 

1 

A 

1 

A 
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*0 

TJ • 

■0 . 
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■ 

|."sl 


+ ' 

+’ 
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+1 
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+‘ 

■ 

D 

_) 

+'■ 


-t 

-1 

0 -Ms 

1(1 

io 

4 

Ifi 

2 

10 

0 

5 

2 

3 

n 

1 



ii: 

M 

6 

•n 

4 

14 

1) , 

7 

3 

4 

1 

1 


111 -^4 

K 

M 

7 

25 

5 

1/ 

1) 

7 

3 

4 

1 

2 



Jf 

fi( 

P 

2P 

6 

IH 

0 

H 

1 

5 

1 

1 



21 

6( 

K 

•47 

7 

71 

•« 

H 

3 

5 

7 

3 



2( 

M 

i; 

4ft 

7 

21 

(1 

9 

4 

5 

2 

4 


‘Me 

21 

M 

1; 

37 

8 

74 

iS 

10 

4 

6 

2 

4 

9 

‘He-lHe 

■i{ 

ill 

\‘ 

40 

9 

25 

u 

10 

4 

b 

3 

5 

10 

IMe -!Me 


PI 

14 

43 

10 

76 

0 

10 

4 

6 

1 

6 

11 

life -i?t 


VI 

16 

44 

in 

7H 

0 

111 

4 

ft 

3 

ft 

11 

m -m 

'll 

V 

K 

4R 

1? 

10 

0 

17 

5 

7 

4 

8 

15 

!M -]% 

« 

M 

■/{ 

S'l 

r4 

14 

0 

1/ 

s 

7 

4 

■9 

IH 


4U 

ILIi 

Ii 

34 

14 

34 

0 

13 

5 

8 

5 

10 

20 

214 -2K 

4( 

W 

7/ 

W 

15 

15 

0 

11 

5 

H 

i 

n 

71 

2 .2M 

M 

II 

I 

b'f. 

1'/ 

•« 

0 

11 

5 

8 

ft 

11 

75 

? -SM 

tl 

n 

•/' 

M 

IP 

44 

0 

IS 

(3 

9 

8 

15 

in 

?,« -2i< 

61 

I4< 

42 

'!> 

71 

43 

n 

IS 

6 

9 

9 

18 

IS 


611 

.141. 


il 

23 

49 

u 

Ih 

b 

10 

10 

20 

40 

-AH 

71 

li 

3: 

HI) 

74 

51 

0 

17 

7 

in 

11 

71 

45 


7i 

h 

4 

H4 

26 

54 

u 

17 

7 

in 

11 

'/5 

sn 

Sii -fyi 

HI 

IH 

4 

V4 

■411 

60 

» 

•IH 

7 

II 

15 

■41) 

60 

« -m 

V 

IV 


)l)| 

44 

64 
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11 

18 

15 

?n 

7H 

IIKi 

2U 

i 

m 

36 

6S 

0 

20 

H 

12 

20 

40 

80 


. ^ (+) denotes clearance or amount of looseness. 

5 Obtamed by fitting or selection. . ' . 

It is not necessary that both shaft and hole member be mado to the same clasVof fit.' 
ior Mamplo, shaft members of Class 2 may be used with hole members of Classes 1 and 3, 
or vice versa. 

inch to obtain an equivalent hub stress of 30,000 lb per aq in. may be deter- 
mined by using Lame’a thick cylinder fonnolaa ‘('^cwr. Applied Mechanics^ 
Dec., 1937, p. A-185]. It should be noted tlmt these curves hold only when' 
the maximum etreas ia below the yield point; above the yield point, plastic 
flow occurs and the atresaea are less.than cricidated. . , . , 
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■ Staridardstoek lengths for cold-finidied 8haftingare46, 20,' and'24'ft. ■ 
Cranks and Crankshafts, CrMikahafta'inay' be designed for strength 
by.detomining the bending. md twisting moments'at'the weakest' sections' 
and combining these in accordance' witii' Uie methods described above., :Aa 
an example of this type of caJcidatioa,’take a crank of the overhung 'typo 
haying the proportions given in Rg. 61 and made of wrought iron or stceU 
The following formulas apply (neglecting stress concentration): 

Bentog at section a —h: PI = t ='6Fl/w^S; w = y/ 6Fl/t^8 

where 5 is the bonding stress. ’ , 

Bending at section c —ei Fx = wtPS/d; t = y/QFx/wiS] ict = 6Fxlt^S. 
Table 50. Horsepower Transmitted by Turned Steel Line Shafting 
(Shafti^ Well supported and with pulleys near to the bearing.)' 

,, For cold*rollod line shafting (up to 5 in.), add SO pcrcent. For head shafts of turned 
steol, subtract dO peroeni. For hend sbirts'of oold-K^ed stoel, subtract 10 percent. 
For transmUeion shafts (without pulleys) of turned steel, add 80 percent. For trans*. 
mission shafts (without pulleys) of cold-rolled steel, add 125 percent. 


Dinmof 
sb&ft, in 

Number of reyolutions 
per rainule 

of ^ft 

in. 

, Number of revolutiona' 
per minute 

100 

200 

300 

400 

500 

600 

-100 

■200 

300 

400 

500 

• 

37 

• 7 

II 

13 

18 

72 

4 

71 

147 

711 

784 

156 


48 

9 

14 

19 

24 

78 

436 

83 

170 

7.56 

141 

4/A 

IH 

3.1 

n 

17 

74 

■3(1 

% 

433 

11)7 

'2113 

303 

403 

507 ; 

- m 

7.3 

14 

22 

29 

3/ 

44 

451 

119 

■as 

357 

476 

595 

■ 2' 

89 

17 

77 

15 

44 

51 

5 

m 

778 

417 

557 

695 

■2H', 

Ill.t 

21 

32 

4'3 

33 

l>4 

5Vf 

161 

377 

483 

644 

8115 

2H 

17 1> 


38 

31 

63 

■If, 

633 

IH4 

'369 

551 

738 

92? 

2H ' 

14.9 

3U 

45 

60 

74 

89 

5H 

711 

427 

633 

844 

[055 

i2H 

17 

33 

37 

69 

87 

104 

6 

740 

480 

770 

961) 

[200 


■Ml 

40 

611 

m 

i(KI 

120 

6H 

?7I 

54? 

8r3 

1084 

l'335 


23 

46 ■ 

69 

97 

113 

138 


103 

■ 611 

. 917 

1'227 

I52H 

2H- 

76 

i3 

79 

105 

132 

138 

m 

341 

682 

1023 

1364 

1705 

3 ■ 

30 

60 

90 

120 

130 

180 

7 

181 

767 

1141 

1574 

1905 

, 3H , 

34 

68 

102 

1-16 

r/0 

7113 

734 

423 

847 

1270 

1693 

7116 

3H 

■JS 

76 

114 

133 

191 

'229 

733 

468 

938 

1406 

18/3 

/■344 

m 

43 

S3 

126 

171 

213 

256 

754 

516 

1033 

1550 

2066 

2583 


48 

9S 

143 

190 

738 

786 

8 

368 

1118 


7775 

2844 

: 35A 

V3 

llVi 

iw 

211 

763 

317 

85i 

681 

l'164 

7047 

2728 

3411 

3H 

W 

11/ 

176 


793 

•331 

9 

809 

16211 

2430 

324U 


3^ 

i5 ‘ 

IN 

194 

238 

322 - 

387 

936 

93 1 

1904 

7858 












nil 

2272 

3333 




In addition, the stress duo to tho combined bending and twisting momenta 
at the main journal may be checked up by the use of the charts of Figs. 69 
and 60. In those formrdas, F = load on crank pin, lb; I and x are lever arms, 
in. (see Fig 61) ; ir = width of crank web near shaft boss, in. ; Wi = width of 
crank web near pin boss, in.; t =-web thickness, in.; 5 = allowable stress, 
lb per sq in. The value of the S is commonly taken as 4,500 to 6,000 
for wrought iron and steel; this value is low enough to allow for stress con- 
centration effects. .. ■' . 

Fundamental methods for calculating the stresses and deformations for 
single and multiple-throw crankshafts are givdn by Timoshenko and 
Les8ol]8;''‘Applied Elasticity,” p. 183. The resulting formulas for multiple- 
throw crankshafts are,' however, quite complicated.''-, , / 

" For determining torsional critdc'al speeds of internal-combustion engines, 
(see p. 513) it is important to know the stiffness of the crankshafts in torsion. 
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For hollov shafts, having a given ratio of insido to outside diameter 
n = di/dt, the required diameter may be found by mul tiplying the required 
diameter of a solid shaft, as found above, by a factor -^1/(1 - n*). 

Thus, for a hollow shaft, the required outade diameter is given by 

* = 

The relative torsional strength of solid and hollow shafts may be 
determined by means of Table 48. 

Examples. What is the diameter of a solid shaft equal in strength to a 10 in. shaft 
having a 4 in. hole? di/dj = 4/10 *= 0.40; for this ratio, D/ds » D/IO = 0.991, from 
which D = 9.91 in. 

Required the outeide diameter of a hollow shaft with hole = O.C X outside diameter 
equal in strength to an 8 in. solid d]/D(for di/dj >» 0.001 = 1.047 •= dj/8, 

whence dt = 8.38 in. 

Required the dimensions of a hollow shaft but H the weight of a 12 in, solid shaft of 
the same strength. Here « = (JGJ percent, for which (from table) di/ds = 0.64 
and di/L “ 1.063; hence dj = 12 X 1.063 = 12.76 in., and di (from di/12.7G = 0.64) = 
8.16 in. 

Table 48. Kelative Strengths of Solid and Hollow Shafts 

D = diam of solid shaft, dj » outside diam of lioUow shaft of equal torsional strength, 
di B inude diam of hollow shaft of equal torsional slrcn^h, u >» weight of hollow shaft 
in percentage of the weight of a solid sha ft of equal tor sional strength, 

D » - di‘)/d;. 


it 

di 

D 

2 

di 

Ul 

di 

di 

D 

2 

dt 

w 

di 

di 

dt 

D 

di 

" 

0 40 

1 1» 

0 991 

05 4 

0 58 

1.041 

0.%1 

77 0 

0 76 

1.145 

0.873 

55 8 

0 4? 

I.OII 

0.990 

84 0 

II hit 

1.047 

0.955 

7(1 0 

1) 78 

1.167 

0.857 

55 7 

II 44 

1,013 

0.988 

87 6 

(167 

1,055 

0.948 

686 

0.80 

1. 192 

0.638 

51 5 

II 40 

1.015 

0.935 

81 4 

1164 

1,063 

0.941 

667 

09 

1.221 

0.819 

49 0 

0 43 

1.018 

0.982 

79,7 

(1 1^ 

1,073 

0.932 

65 0 

0 M 

1.255 

(1 797 

46 7 

0 40 

1.022 

0.979 

V«3 

0 68 

1.084 

0.923 

654 

0 86 

1.298 

II 771 

44,3 

OV) 

1,026 

ftW 

76 8 

0 VII 

\.m 

0.913 

61 3 

0 88 

1.3S0 

0,741 

41 6 

II 44 

1.030 

11971 

75 t 

0 7? 

I.IIO 

0.901 

59 6 

0,90 

1.427 

0.701 

3B.7 

u.te 

1.035 

0.966 

73.5 

0.74 

1.126 

0.887 

57.7 






The tentative Code for Design of Transmission Shafting of the A.S.A. 
recommends that the values of M and T in the preceding formula be multiplied 
by certain sboch and iatigue factors Km and Kt depending on the service 
conditions, The formula then becomes 

^ = ^V(xjif)’ + (a2')v& 

Kn and Kt are to be taken from Table 49. 

Table 49. Values of the Factors Km and Kt 


Statiokakt shafts: Km y lu 

Gradually applied load 1.0 1,0 

Suddenly applied load 1. 6-2,0 1. 5-2.0 

Rotating shaftb: 

Gradually applied or steady loads 1.6 1.0 

Suddenly applied loads, minor shocks 1. 5-2.0 1.0-1 . 5 

Suddenly applied loads, heavy shocks 2, 0-3,0 1, 5-3,0 


The A.S.A. tentative coda recommends that the working stress S, in the 
foregoing formula be taken as 30 percent of the elastic limit in tension and not 
more than 18 percent of the ultimate tentile strength. 'For commercial 
steel shafting, this gives 8,000 lb per sq in. without allowance for keywoys. 
Where keyways or fillets are present so as to produce stress concentration, 





MACBINB ELBMEBTS 


For marine-enfine shafts, see p. 1105. For propulsion shafting, 
see p. 1432. Diesel-engine crankshafts (see p. 1438) should be designed 
not only for strength but for avoidance of critical speed. (See Trans. 
A,S.M^., Applied Mechanics, VoL 50, No. 8, for methods of calculating 
critical speeds of Diesel engines.) 

Crank disks of cast iron (Kg. 62) may be designed with the following 
proportions: 

Di = 0.8D B * XD A =^iD C = HD 

B » HD di=2d Di = IHD di = 0,8d 

The arc dimension o varies with the amount of counterweight to be provided. 

COTTPLINGS AND CLDTCHES 
Solid Couplings 

Solid couplings do not allow any relative movement between the coupled 
shafts. 

Flange couplings (Fig. 63) are made of a plain face or of male and female 
type, The proportions are in terma of ik = (d + H) in., where d is the shaft 



Fig. 63.— Eange Coupling. Coupling. 

diameter in inches. D = d + OM; a » 0.55fc; di = bolt diam « O.Cd/\/N', 
where IV is the number of bolts; B =0.55& -bSii; t * 1.4fc; B = 1.5d; 
X » 2.6(Ji. 

Flange couplings may be purchased for shafts 1 to 10 in. in diameter. 
Double-cone compression couplings (Kg. 64) are convenient for 
connecting two shafts of considerable difference in diamotors. Made by 
P. B. Wood's Sons Co., Chambereburg, Pa., in the sizes of Table 62. 

Table 52. Dimensions of Double-Cone Compression Couplings 
(LetiuB refer to Fig. 64. DimensionB in inches) 


Shaft 
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■m 
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Clamp couplings (Fig. 65) are bored with halves separated during 
boring, to allow for clamping the shafts. Usual dimensions are shown in 
Table 53. 

Ring compression couplings are used for outdoor service where danger 
of rusting eiists. The sleeve is split in two. Proportions are shown in 
Kg. 66. These couplings are used with shafts up to 6 in. diam. 





ib per sg in., d X .•^''6000/80^ « 2.28'‘m.i the nearest standard' m'aclimery shaft 
being 2'Am: 'If the shaft were hoUoiw, this ^ue would have to be multiplied' by 

1/(1 — n*) where n is the ratio of outside 'to ihade diameter. ' ^ 

■ ■ Determination of Maximum, Bending ‘Moment. . 'Frequently, the 
forces acting on the shaft do not art in the. same plane. Ip such cases, tho 
bending momenta due to each fores must bo combined vectoriaUy to get 
the resultant maximum bending luomoit M. This value is then used in the 
formulas or charts given above in combination with tho torque moment. 

If shafts are subjected to axial tensile or compressive loads, the 
stresses due to these loads must be superimposod on those due to the bending 


PowerTranwfliiied (K^P) oi I06R.P-M. (hp.) 



moment. These stresses may be 'thought of as due to an additional bending 
moment ■which may be added to tho bending moment ilf used in 'the above 
formulas. , „ , , ■ . 

' Rational Method for Designing Shafting. The-preceding method of 
designing shafting has the disadvantage of bosing tho design on the properties, 
of the materials under static loading without reference to its fatigue proper- 
ties or the amount of stress concentration actudly present in tho .shaft. 
The presence of the empirical factor .KW-and iTi-mates for further uncer- 
tainty. Inasmuch as most failures'pf shtdting are fatigue failures, it is 
more logical to base the working stress on the endurance limit for the particu- 
lar range of stresaconsidered..' Since twi data show that, 'endurance' limits, 
in reversed torsion 'are about 'half ihe corresponding bradihg endurance- 
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made by the De Laval Co. are dven in Table 55. The normal space between doiiges 
is^in. 

Table 54. DimenElons of Double Slider Couplings 
(Letters refer to Hg. 67) 
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Hp 

ilG 

lie 

ci 

Dimensions, in. 

Hp 


K ^ » 
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9 
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m 

m 

3 

7 
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6 

20 

8H 
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300 

8 
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4)4 
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36.0 
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Table 55. Dimensions of Eubber Bushing Couplings 
(Letters refer to Fig. G8. Dimensions in inches) 
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8H 
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6 

3U 
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9 
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16 

6 

70 
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6 
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12 
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16 

6 
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Flexible disk couplings (Fig. 69) consist of two iianeeSi driving and driven, Both 
have bolts engaging an intermediate flexible disk transmitting the power. The disk is 
made of leather, or rubber fabric for smaller sizes; steel laminations are used on some 
makes (Thomas Flexible Coupling Co., Warren, Pa.). The dimensions and capacities 



of flexible disk couplings, as made by WestinghouseElectrie&Mfg. Co,, East Pittsburgh, 
Pa., are given in Tabic 66. 

The Grundy flexible coupling conasts of two castriron flanges (Fig, 70) and a leather 
disk. The leather disk has lugs fitting into apertures cast in the flanges. Dimensions 
and capacities are given in Table 57. ' The capamties are shown for steady load. 
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The deflection of ehafting is wually limited to 0.01 in. per ft of length. 
For Blow or moderate speed shafts, il the lowJe acting are known, the deflec- 
tions may be computed using tiie ordinary beam formulas,' For higher 
speeds, the effect of centrifugal action entcra, so that this method is no longer 
Buffleient. In such cases, the rule for spacing hangers given by Pinkney 
may be used. (see below). 

Practical Rules for Proportioning Mill SbAfting. , In many cases, it is 
impossible to calculate acouratdy the loa& causing bending and twisting in 
shafting. Because of this and because of the possibility that additional 
pulleys may be installed or ehan^ in the arrangement of pulleys due to 
shifting of machines may take place, it may bo necessary to depend on empir- 
ical formulas for the design of shafting tdthougfa the more fundamental method 
outlined above is to be preferred. 

The following rules have been euggested for determining suitable diameters 
of mill shafting: 

For shafts subjected to torque alone, t.r., for power transmission 
over considerable distances between pulleys, and for short countershafts 
hating bearings not more than 8 ft apart and pulleys close to bearings, 
i - -^50 hp/f^ for turned sbatUng = -^0 hp/>/^ for cold-rolled shafting, 
where hp = horsepower to be transmitted, N = rpm, and d « shaft diam, 
in. 

When the shaft is a first receiving shaft, te., a line shaft having bearings, 

8 ft ap art. 

d = -^90 hp/^ for turned ahafUng ** ^70 ivpfN for cold-rolled shafting. 

When the shaft is a head shaft carrying the main driving pulley and dis- 
tributi ng power to receiving or line shafts and ie well support^ by bearings, 
d o hp/y for turned shafting » -^1 00 hp/W for cold-roiled shafting. 

Table 60 is based on the formula d = •'^90 X snd affords a rapid 
means of dotecmlning the ehait diameter lot any desired transmission. 

In lino with the common practice of limiting the dsfloction of shafting to 
0,01 in. per ft, the fallowing rules for spacing hangers have been recom- 
mended. Let L s mar distance in feet between bear ings for continuous 
Bhaiting: ThenL » •^870d* for baieahafling or 17 W' for shafts carrying a 
fair proportion of pulleys placed near the brings. It should be noted that 
these empirical rules may be condderabiy in error and that where speeds are 
moderate and loads are known the exact deflection of the shaft should be 
computed uang the crdmaiy beam fotjnulas aa ^von on p, 4^2. For higher 
speeds, the following formida (Pinkney, Mwkinery, May, 1916) takes into 
account the effect of shaft speed in produmg a centrifugal whirl: 

L » iiai500/(JV + im)W. 

For head shafts or so-oalled prime movers, also those shafts subjected to 
shocks and the bending acrion of pulley, gears, etc., and which may be 
reversed under full load, JT « 6. For the oomiaon type of lineshafts (except 
that part where the power is appUed) and also for countershafts, with ample 
ellowance for the bending action of phUeys, gears, eto., which are not reversed 
under full load, K = 6.5. For shafts and countershafts which are merely to 
transmit power without any bending action except that due to the weight 
of the bare shaft and with all pulleys dose to the bearings, K •= 9.6. 

Btandord Shalt Diameters and Lengths. In Table 61 me given 
^dard diameters and lengths of shafting as approved tentatively by the 
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Table 68. Cushioned Plate Couplings 


Shaft diam, in. 

Hpper 

100 

rpm 

Max 

rpm 

Dimensions, in. 

Slots 

Mm 

Max ' 

i 

1 ^ 

B 1 

C 

1 

B 

1 

F ■ 

1 

H ' 

1 

No. ' 

Size 

1 

VAs 

1,87 

7300 

4Ms 

4 

244s 1 

2M 

Ms' 

65 

5 

54 X 44 

IM 


3.64 

5150 

5>Ms 

544 

Wfs 

2M 1 

Ms 

iMs 


44X44 

IMs 

m 

7.10, 

4575 

6>Ms 

6H 

4t4s' 

314* 

Ms 

1 

1 6 


2 

2t<i 

14.95 

3850 


744 

iH 

44t 

M ! 

IM 

8 

lMoXl46 

215 

3^ 1 

29.20! 

3350 

Wis 

9 

646 

5M 

M 

IMs 

, K 

IMXIM 

SH 

■iH ' 

57.30 

2750 

ll^in 

11 

m 

M4 

M 

IM 

1 8 

U4X144 

4 


119.80' 

2200 

14 

1*44 

Km 

845 

M 

7.5is 

17, 

1MX2 

5 


234.0 ; 

1825 

I6ti 

16^ 

12iM« 

tOM 

Ms 

2'Ms 

1 14 

156X2 

6H 

9 1 

456.0 


2<l4t 

2044 

riiMs 

m 

Ms 

3M 

16 

144 X2M 

8 

1115 

957.0 1 

1 1200 

75^4 

25 

TOM 

17M 

M 

3)6 

16 

2MX3 

10 

H15 

1870,0 

925 

335i 

a 

2534 

2\% 

M 

4 

22 

2HX3 


Table 69. Belt-type Coupling 
(Letters rclor to Fig. 72; dimeDsiOfig in inches) 


Ep at 
100 
rpm 


Dimeosions 

Hp at 
100 
rpm 


Dimossioos 

bore 

i 

B 

C 

B 

boro 

A 

B 

c 

E 

IH 

1V6 

6M 

645 

7-H 

IW 

35 

454 

14H 

m* 

4^ 

if 

2H 

m 

7M 

6H 

2M 

IH 

55 

6M 

IVM 

IIH 

444 


IH 

855 

745 

2t5 

IH 

80 


19M 

13H 

5H 

1 


3 

IM 

755 

i 

IH 

115 

2245 

15M 


10 

?H 

III 

HM. 

3V4 

IH 

160 

11 

25H 

I7i« 


3H 

14 

IM 

11 

94 

■H 

IH 

208 

13 

29M 

2m 

8H 

4 

20 

3M 

12 

9H 

VA 

IH 

270 

IS 

33 

m 

9H 

4)4 

27 

4 

1344 

lOM 

444 

244 






shafte and prorides aUo a certain amount o( torsional SezSbUity. Figure 73 shoirs the 
cantilever ooupUng made by Brown Engineering Co.. Ecading, Pn. and Table CO gives 



Fig. 72.— Belt-type Coupling. Flo. 73.— Flexible Steel Member Coupling. 

the dimensions and capacities. The space / between fiangea is in. for shafts of 1 in. 
^am and over. 

The grid spring coupling (Fig. 74) is a flerible steel member coupling manufactured 
by the Falk Corp., Milwaukee, Wis. The two hube of the couplmg have axial grooves 
through which the grid spring is faced back and forth. The resilient characteristics of 
the coupling are obtained through tbe dengn of the grooves. A cover shields the groove 
assembly and serves as a grease resetvrir. The dimensions and capacities of the cou- 
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The angular twist, in degrees of a ab^ethrow.’is^ven by ' 

,'6 =57.3n(2I»T0.9W/Ci>'(o'¥.0.9A)/^^ ' 

whereT' = applied’torque. For the oilier Bymbols see p., 514. . v , 

Table 61. Tentative Standard Diameters and Lenfths of Shafting 
,, , , As Approved by. the'A.S, A. ^ 

Dismeleis and toletanees > . , . 



Engine Shafts. Eogiae shafts may be 'designed for strengtli by the more 
fnadameut&l methods outlined on pp. 79T, 798.' OfUti, bo'w'ever,' thcBS shafts 



ate designed from data toprescating good praoioce.- Stationmy st&am- 
engme shafts were investigated by Trooien, who' found the average pronor- 
tiotis to be as follows: ■ 

: For slow-speed and Corliss on^es, d.« 7.2-^hp/A^'- 0.3 in. • ■ :- 
For high-speed cenW-etank en»iw^ d '' ' . ' 







ITniTers^ Joints 

Unirersal joints (Fig. 76) are couplinp which are adapted to comiecting 
shafts Bxsd at an ongls which is either constant or variable. The ecgular 
velocity of the driving shaft being toi, the angular velocity u of the driven 
shaft is varying during each revolution from 
a value Umax = ui/cos a to a value = ui 
COB a, where a is the angle between the 
shafts. A double universal joint is often 
used to transmit motion between psralld 
oSsei shafte. If the pivots on the connecting 
jackshaft are set parallel to each other, 
speed of the driven shaft is tie same as that Universal 

of the driving shaft. Joint. 

The Weiss universal joint (Kg. 77} has been used in automotive applica- 
tions. This joint is designed to maintain equal speeds of the driving and 
driven shafts for any angle between the shdts. A number of steel bdls 
placed in intersecting races, cut in ^ two joint members, transmit the 
motion. This joint permits axial movement of the shafts. 

Clutches 

Clutches are couplings providing for convenient disengaging of the coupled 
shafts during rotation. 





covruNOs 


Solid sleeve couplings are used for Bmall ehafts up to 2K in. with moder- 
ate power and low speed. They coaaist of a cylindrical sleeve fitting cloiely 
on the coupled shafts which are hdd in place by set screws. The outside 
diameter is 3d, the length is 4d, wh»e d ie the diameter of the shafts. 



Fio. 66.— Clamp Coupling. 


Fig. 66.— Ring Compression Coupling. 


Table 53. Dlmensiona of Clamp Couplings 

(DimenaiooB in inches) 


n 

6 



b 

ii 

ii 


o«5 .0,3 
33"° W“ 

.55 g 
ft® 

l?fs 

l^e 

mt 

UMs 

2Ms 

25f« 

VA 

4H 

6 

m 

m 

ii 

8 

1 

6 2’M8 

fi 21^8 
6 3M« 

6 iAi 

6 3'M« 
6 4M« 

m 

m 

9H 

19 

(OH 

12 


Flexible Couplings 

Flexible couplings allow for a ^ght occasion^ misslignment of the coupled 
shafts, both linear and angular. Following are shown typical fiexible cou- 
plings. The ratings In horsepower per 100 rpm are given for smooth and 
steady loads. For uneven loa^, the ratings must be tf. for shock loads yi of 
the listed values. 



Double slider couplings (Fig. 67) are used (or heavy torques and moder- 
ate speed. The floating intermediato plate compensates the misalignment 
by a sliding movement. Diraenaons, as made by Jones Foundry and 
Machine Co., Chicago, are pvett in Table 54. 

For speeds greater than 100 rpm, the horsepower will be increased by 
the factor }(, 

300 600 760 900 1200 

** 3,5 3,75 4 4.25 

Kubbet bushing couplings (Rg. 68) oonsist of two steel disks, the driving disk 
haring a number of rigid studs carrying a mrtal-Uned rubber bushing, This projects 
into corresponding boles in the driven half. The dimenaions and capacities of couplings 
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shaft axis and element of cone Burface. / = coefficient of friction, between 
the conical surfaces. N = rpm of diaft. TF = width of cone surface, in. 
p = pressure normal to cone eurfacci lb per eg in. 




Tig. 80. — Cone Friction Clutch. Fig. 81. 

Then T - QfIi;F *= Q(/ cos a + sin a) =T(f eos a + s\na)/fR. 

Also 63,024 X h.p./i/j => T = FfR/if cos a + ain o) 

F » 83,024 X hp (Tcos a + ein d)/N/S 
and <3 » 63,024 X bp/WS. Also Q = F X 2irfl X p. 

Values of p arc 7 to 8 lb per sq in. for leather faces and 40 to 50 lb for 
metal faces. In order that the clutch may not disengage 
of its own accord, tan a must be less than the coefficient of 7 — 
friction /. Accordin^y, for leather or grewy metal, a 
would be 12 deg or less; or tan 12 
deg » 0.213, which is less than 
/ ■ 0.23. For free disengagement, 
wood or metal surfaces, a ? 20 deg; 
leather-faced cone clutches with 
a B IS to 20 deg need an operating 
device for disengagement (C. F. 

Hunt, Trans. A.S.M.E., 30). 

Bing friction clutches of a 
great variety of designs may bo 
purchased on the market. The 
type manufactured by The Hill 
Clutch Co., Cleveland, Ohio, is 




Fig. 82.— Hill Frio* 
tion Clutch. 


Fio. 83.— 
Cutler-Hammer 
Magnetic 
Clutch. 

illustrated in Fig. 82, dimenaons and ratings being given in Table 65. 
Table 65. Dimensions of Bill Clutch Couplings 


d 

Z 

Equivalent 
shaft diam, in. 

i 

«o 

a® 

.0 

S 

'!S 

II 

1 

A 

1 

•8 

6 

Z 

If 

■gw 

Ho 

B 

R-h 

K 

s 

Total length 

(disengaged), in. 

d 

1 

0 

5 

1 

•5 

Z 

Equivalent i 

shaft diam, in. 1 

ao 

s- 

i 

J3 

1 

Total length 
(disengaged), in. 

i5 

1 


9 

m 

I7^ 

lA 

4 

3H( 

60 

4^ 

mi 

29h 

4 

51? 

230 

6V2 

A7.V? 

57 

A 

1‘Mo 

17 

A 


IVA^ 

4 

3‘M* 

h 


m 

33 

6 

6 

A)( 

7 

a;u 

57 

i 

2M« 

1*. 

A^ 


7(1 

4 

3*M* 

m 


244t 

ibVi 

6 

y 

w 

73^ 

A/V4 

64 

3 


21) 

ih 

2W 


4 

mt 

110 

512 

ZW 

41 

6 

7V- 

hV.s 

9 

4n? 

70 

A 



4 

Ilf'A. 

m 

4 

4iH« 

14)1 


MVt 

46 

6 

8Vv 

875 

lOV- 

47 

60 

3 

2'Me 

A-) 

4 

m 

27V- 

4 

4mfl 

Vh 

» 

101 s 


6 

91: 

11(10 

12 

>3 

VU 




412 

n 

29>a 
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In Fig. 85, let C ,= leverage distance from fulertim jnn to line of aotion of P. ' Then, 
for. cloclcwiae rotation, 'P(A +.B) “ fiS — ,/EC. For counterolockwise rotation; 
F.i.A-.+ B) ^RB+JRC, ., :.■■ ■■<'.: , 

In the case of clockwise rotation, it will bo noted that C/fi must be less than 1//, or tho 
brake will be self-acting, i.c., will bind. 

In the arrangement shown in Fig. 86, for dociwise rotation, •F(d,+ £) ■= RB -|-/RC 
and for counterclockwise rotation, F(A ^5} = RB —'fRC, 

In the latter ease (for eountetdockwise rotadon), C/B must be less than I//, or tho 
brake will be sdi-atting. i.t., w21 tod. 

Double blocks are used to eliminate bending of the 
shaft. 88 Olustratea one way in which such 

brakes be rigged. Ho force reladons arc as 
follows: 

Let F =',load applied at end of lever, lb; E = reaction be- 
tween wheel and caek block, lb; P = tangential irictional 
resistance 'on each block surface, lb; / = coefficient of fric- 
tion of matcriale in contact for a given condiffon of surface; 
r c drum ratUus, in.; T ° torque on dmm shaft, in-lb; other 
uotationa as in the figure. Then, 

R ■= FA(e + d)/co3 («/2)2Be; P^Rf;T^ 2B/r. 

The point o should be a fioating pivot to permit adjustment 
as the blocks wear. Values of/ aro given in Table Ci. ' 

Should the face of tho brake wheel and blocks be grooved, as shown in Fig, 
87, //(sin v +/ cos y) must be substituted for /in the foregoing equations, y 
being cqud to half the angle included by 'the faces of the grooves and not less 
than 23 deg, to prevent binding; y may have any value up to 30 deg. 

Band brakes arc shown diagrammatically in Figs. 89, 90, and 91. The 
bands are usually of an asbestos fabric, sometimes reinforced with copper 



Fig. 89. Fia. 90. Fig. 91, 

Figs. 89-91. — ^Band Brakes. 


wire and impregnated with asphalt. The force relations obtaining in their 
operations are as follows: 

In Pig. 89, let F = foroo at end of brake handle; P •= tangontial force at rim of 
wheel; / « coefficient of friotion of materials in contact; a ^ angle of wrap of band, 
deg; Ti = total tenrion in band on tight ^e; 7k « total teneion in band on slack 
side. Then Ti - Ts * P and Tt/Tt = =,.W where b a 0.0076/a. Also, 

Tj = P/(10^ — 1) and Ti = P X 10*/(10» — 1). The values of lO"-*”*/® are given in 
Fig. 143 and Table 4, p. 242 (for a in radians). 

' For the arrangement shown in Kg, 89,’ ■ 

FA => TiB ^ PB/OfP - 1) 
and . ^ PB/AiVP - 1) 

For the construction illustrated in Fig. 90, . ,v , 

' ' P w (PB/AlflOVdO* - D) : - 

For tbs differential brake shown in Fig. 91, ' ' 

' . P = d»/il)[(B»-10‘EO/{lO‘-l)l 
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Table GO. Dimensiona of riexible Steel Member Couplings 

(Letters refer to Pig. 73. All dimensions in inches) 



plings are shown in Table 61. 'With a flactuating load, the capacities are K to 
with shock load, they are of those ^en in the table. 




Table 61. Orid-sprii^r Coupling 

(Bimensions refer to Fig. 74; DimoneianB in inches) 



Past gear couplings (Fig. 75, Bartlett Hayward Co., Baltimore) have two spur 
gears on flanges mounted on each sbalt and continually in raesh with corresponding 
internal gears of a floating sleeve. The clearance in the gear teeth allowi for a slight 
linear and angular misalignment. Table 62 idvea the dimensions and eapaeiUes of 
these couplings. 
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Let R B mean radius of cone eurface, in.; Q » force normal to cone surface, 
lb; P B tangential force at cone surface, noting with the leverage R\Fb {u^al force, 
lb; / B coefiBcient of friction between eontf surfaces; a » angle between abaft axis and 
element of cone8urface,deg;b = an^errfpitohofworm on worm wheel, deg;/i = coeffi- 
cient of friction of worm and wheel teeth; r = iritch radius of worm, in.; n « pitch 
radius of ratchet wheel, in,; L » load on ratchet teetii, lb. Let x = /coa a + sin a, 
and V = (tan 6 — /i) ; then Lrt => torque on worm shaft (in-lb) due to F, where F is the 
axial force due to load on drum = Fry appnmmatdy. 

The resisting moment of the dutch isFB = QfR “ RF//x. To hold the load and 
prevent its lowering, the actuating torque Pry must be less than the reacting torque 
RFf/x. Accordingly, Rf/x i/y. or Jl i ryx/f. 

The angles a and t may be assumed 22 deg, / at 
0.03, and fi at 0,10, depending on the Inbrioa- 
tioD, whence x = 0.45 and y » 0,3D. Then for 
the above assumptions R g l.?r. Ifo » 30 deg, . 
h B 35 dog, then, for / and /i as bdwe, x e 0.57, 

V B 0.60, and R g 4.3r. 

Disk brakes of the same general type 
o! coofitruction but using a flat faeo iosto^ 
of a cone, are as shown in Fig. 94. There 
are two faces to be moved against 
friction. 

The force relations are ir* £ ifPR ■» 

2Pfl, where /F = P. Also fi J ry/2/. 

’ Frequently disk brakes are made 
as shown in Fig. 95. The pinion Q 
engages the gear in the drum (not 
shown). When the load is to be 
raised, power is applied through the 
gear and the connection between B 
and C is accomplished by the ndvoodDg of B 
along A and the damping of the friction disks 
D and D and the ratchet wheel E. The re* 
versal of the motor disconnects B and C. In 
lowering the load, only aa much reverse of 
rotation of the gear is given as is needed to 
reduce the force in the friction disks so that the 
load may be lowered under controL 

Thft forcR. criatum ace aa lolkwa:. 

Lot fi B mean radius of friction plates, in.; 

/ = ooefficicut of friction between plates; F » axial 
force along the screw b force in friction plates, lb; Fig. 96. — Multidiak Brake. 
P B tangential force on friction plates at mean 

radius fi, lb, = /F; IF ■= load on pinion teeth, lb; r = radius of pinion pitch circle, in.; 
ri B radius of pitch circle of screw, in.; a » aagleof8crewthread,deg;/i = coefficientof 
friction in thread; z = (tan a -h /i). 

Then the load in lowering causes a moment IFr b /ffi -{- Fnt, approx. To sustain 
the load, ffr g 2{FR and fR § nr. 

Acceptable values of the several factors ara: a b lo deg; / b O.OS; fi = 0.10; fi b 0 
in. Substituting these in the last equation, n £ 2.5 in.+. Any radius of screw less 
than 2}i in. consistent with strength will be satisfactory for the above conditions. 



I-— -iir 

Fio. 95.— Disk Brake. 



A TOulridisk brake is shown in Fig. 96. This type of construction results 
in ah increase in the number of {notion faces. The drum shaft is geared to 
the pinion A, while the motive power for driving comes through the gear G. 
In raising the load, direct conne^on is had between G, B, and A. In lower- 
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Square jaw clutchea (Fig. 78) are uaed with shafts up to 4 in. diam, for 
moderate speeds and 'power. Suitable proportaona are: d = shaft diam in. 
and = d + 1 in.; then L = 2.65i; D - 2.1fe; Dt = 1.6fc; Di = 1.5fc; I = 
1.25)c; h = 0.6fc; x = v ~ O.Sfe. 



Fig. 78.— Jaw Coupling. 

?lat6 Friction Clutches. A angle disk 
clutch of this type is shown in Fig. 79 
(Wood’s Sons Co., Chambersburg, Po.). 

Dimensions and capacities are ©ven in 

Table 63. With two frictaon disks, the_ „ w x v • pi,* i 
oapMity of the oouplios is i=»ilUd. Fnctoa Ohtch. 

The force relation in plate friction clutches is as follows: Let R » mean 
radius of rubbing surface of rings, in.; T = torque transmitted, iD..'lb;F =* 
aria] force, lb; / ■ coefBcient of friction; n » number of rubbing surfaces; 

Tabu 63. Dimexisioua oi Plate Friction Cluttbea 
(Letters refer to Fie. 79) 


6 24 2m 21s 

6 26 24H 21s 

71i 29 26H 2H 

t. 34 m ih 

Hi 38 33H 4 

9 43 iVA 4 

91j 49 im 4 

0 56 4494 S ' 


N = rpm of the shaft; Q = tangential force acting bn nag surfaces at mean 
radius K, lb; hp = horsepower tranamitted at Wrpm; Then Q -fFn‘,T = Qf? 
= nJFR = 63,024 X hp/W; hp = jV/nBF/63.024. 

Table 64. Friction Coefficients for Clutches 

Cast iron oa cast iron (diy) . 0.16to0.20 Cork on metal 0.35 

Cast iron on wood (dry) . 0.20to0.25 Leather ai'metal (greasy) . 0.23 

Cast iron on brass (dry) ... , 0.31 Cork on metal (greasy) 0.32 

Leather on metal (dry) 0.66 Leather em metal (oily) 0.15 

Cone friction clutches (Kg. 80) are adaptable to connecting shafts 
whose loads are frequently thrown on and off. The force relations obtaining 
in the operation of this clutch arc shown dij^rammatically in Fig.' 81 and 
may be formulated as follows: 

Let R - mean radius of clutch cone surface, in. T = torque transmitted 
through the clutch, jn.-lb. Q = total force normal to conical surface, lb. 
P = tangential iorce at cone surface acting with leverage R, lb. F = arial 
force required to engage clutch (lb) = force of the spring’, a ~ angle between 
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counteracted by the face of a soleooid'or a centrifugal thruster. Interruption 
of ourrent automatically applies the epring-aotivated brake shoes. Figures 
99. and 100 show electric brakes built by the General Electric Co. ; the capaci- 
ties and dimensions of the brakes are in Table 67. ' - , 


Table 67. Electric Brakes 
(Letters refer to figs. 90 and 100) 



Definitions. The parts of spur gears ore shown in Fig. 101. The 
diametral pitch P is the ratio of the number of teeth in the gear to the 
diameter of the pitch circle Dp measured la inches. The circular pitch 



Fig. 101. — Gear Tooth Nomenclature, 
p is the distance in inches on the drcuinfecence of the pitch ciiclo between 
corresponding points of adjacent teeth. P 'p =v. 

The normal, pitch pn is the distance along the line of action, between 
successive and corresponding involute tooth surfaces. Pn - p cos (f, .where 
^ = pressure angle. . , 

. The base-circle diameter is the diameter of the base circle from which 
the involute is generated. cps-^ ... 
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Magnetic tlutchaa aie bamg apf^ed to the connecting of shafts even of 
large size. A clutch of this t^rpe manufactured by the Cutler-Hammer Mfg. 
Co. is shown in Fig. 83. Diinenaiona of C-H magnetic clutches and their 
capacities are given in Table 66. 


Table 66. Cutlei-Eammer Magnetic Clutches 
(Letters reier to Fis. 83) 


Hp per 
100 rpm 

X^ing 
area, 
sq in. 

Max 

safe 

rpm 

D-oaur- 
reotat 
230 V, 
amp 

Max 

bore, 

in. 

Dimensions, m. 

A 

B 

D 

p 

n 

J 

0.3 

13 

3,540 

0.2 

2.00 

7 

n 

4W 

5 

2- 

434 

1.7 

28 

2,840 

0.5 

2.00 

10 

8'Ms 

4M 

4416 

m 

m 

3.0 

42 

2,380 

0.5 

2.00 

1/ 

£44 

4^ 

4H 

4 

434 

7.0 

51 

2,040 

0.7 

2.87 

14 

llHs 

5416 

5 

3918 

915 

15.0 

83 

1,790 

0.8 


lh| 






17.5 

179 

1.420 

0.8 

• 1.87 

to} 

1336 


546 

3'4l6 

915 

20.0 

320 

1,190 

0.8 


24 1 





30.0 

113 

1,420 

0,9 


20i 






33,0 

252 

U90 

0.9 

4.31 

74 f 

15Me 

6 

516 

5Vi 

1314 

35,0 

415 

1,030 

0.9 


78) 





50,0 

109 

1,190 

1.2 


74 






53,5 

332 

1,030 

1.2 

5.50 

?«V 

169i« 

615 

m 

614 

1315 

50.0 

521 

900 

1.2 


3?1 



90.0 

236 

1,030 

1.4 


78 






97,0 

425 

900 

1.4 

5.50 


1641 

6iM« 

m 

6M 

1314 

(05,0 

655 

SIO 

1.4 


361 





130.0 

274 

900 

1,8 


32 






141 .0 

464 

800 

1.8 

. (.63 

36V 

I8H 

6>H6 

7 

7 

1314 

153.0 

724 

710 

1.8 


401 




190.0 

354 

800 

2.1 


36 






205.0 

594 

710 

2,1 

6.53 

4flV 

1836 

7M6 

7 

7 

1314 

Z(7.0 

659 

650 

2.1 

\ 

44] 




BRASES 


Block brakes arc shown diagrammatically in Figs. 84, 85, 8C, and 87. They 

consist of a block or shoe of wood or cast-iron bearing upon an iron or steel 



Fig. 84. , Fio. 85. Fia. 86. Fig. 87. 

Figb. 84-87.— Block Brakes. 


wheel. The force relations obtmning in the operation of these brakes may be 
formulated as follows: 

In Fig. 84, letF =■ load apphed at end of lever am; A »= distance from point d( 
application of F to block center; B “ distanee from blook center to oeciter of fulotusn 
pin; _i2 = reaction between wheel and block; / «» coefficient of friction; P «• tangential 
frictional resistance. Then, for rotation in dther direction, 

P(A+S)«BB,' uid P=PB//(A+B) 
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The shading in Figs. 102 to 107 shows the gear whose shaft has no motion. 

Bevel Gears 

Bevel gears may be used to connect two intersecting shafts in any given 
speed ratio. Occasionally bevel gears ore nsed for non-intersecting shafts, 
in which case they are called skew bevd gears. A special type of skew bevel 
gearing developed by the Gleason Works and used widely in the automotive 
field is known as hypoid gearing (see Jour. S.AI!., Vol. 18, No. 6). The 
involute tooth form is almost universally used for bevel gears. 

Heferring to Fig. 108, it is evident that the pitch surfaces of bevel gears 
must be fruatrums of a pair of cones whose vertices are 
at the point of intersection of the axes. ® — '"’7/ 

There are three general tirpes of bevel gears: jvv. / / 

1. Right angle bevel gears (Fig. 109) in which the |\\ (^>/ / 

angle between intersectmg shafts is 90 deg. f xV/^ -v. 

2. Acute angle bevel gears (Fig. Ill) in which the t U-V / / 
angle between intersecting shtdts is less than 90 deg. j 

S. Obtuse angle bevel gears (Kg. 112) in which the 
angle between intersecting shafts is greater than 90 deg. 

Bevel gears having center anides, e and ft, equal Aj 
to 45 deg (Fig. 110) are called miter gears. The Fio. log, — Bevel 

speeds of the shafts of bevel gears are determined by Gears, 
the following relation: n/m » sin ft/sin c, where 
n(ni) B rpm of pinion (gear) and e(ft) « center angle of pinion (gear) Fig. 109. 

At the large end of the gear (Fig. 108). the tooth outlines will be approzi* 
mately those generated on a pitch circle of radius BAt. The formative num- 
ber of teeth is the number of teeth which would be contained in a complete 
spur gear of pitch radius £At (for the gear) and £Ai (for the pinion). T » 
?^/oo8 c; Ti « Ni/cos ci, where T{Ti) * formative number of teeth in pinion 
(gear); N{Ni) - actual number of teeth in pinion (gear). The formative 
number of teeth is used in selecting the proper cutter and also for obtaining 
the value of ^e Lewis factor when oaloulating 
tho strength of the bevel gear. 


Fig, 109. Fiq. 110. 

Gleason Straight-tooth Bevel Gears. Working depth, in. = 2.000/P. 
Total depth, in. = 2.188/P. Addendum imd circular thickness are varied 
according to the value of the gear ratio. 

Satisfactory relations for proportioning the teeth of bevel gears of the 
various inclinations shown in Figs. 109 to 112 are as follows: 

LetP « diametral pitch E(D\) = pitch diam of pinion (gear) 

p “ circular pitch 0(Oi) ■= outside diam of pinion (gear) 

N ■ number of teeth in pinion J = 1/P = 0.3183p 

Ni « number of teeth in gear K “ 1.167/P = 0.3683p 

X = angle between shafts 
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In this anangement, the quantity 10» X Bt nrart dTays.be less than Bj, or ‘the band 
will grip the wheel and the brake,' or, part rf the meelmniBin to which it is attached, will 
.beruptured. ■■ 

It is usual in practice to have the leveraBe ratio A/B for block brakes about 5:1, and 
for band brakes about 10:1. The bands are faced witii maple blocks. 

If f for wood on iron bO' taken at‘0.3 •and the angle of wrap for the band be 
'270 deg, i.e., subtends of the 'ciroumference, then, 10'’ = 4 approx, and 
C/B be taken equal to 1/0.6 = 2, the loa<fa required for a ^veu torque will 
he ^ follows for the cases Just conffldered and for the leverage ratios stated 
above: ’ ' . • , • ■ - 

Block brake, Fig. 84 / • 0.55P 

Block brake, Fig. 85 (clockwise rotatior) ■ ■ F ^ 0.22? 

Block brake. Fig. 85 (ooutitcTclockwiBerotaUon).'. F » O.BOP 

Block brake, Fig.' 86 (clockmse rotation) P " 0.90? 

Block brake. Fig, '86 (counterclockwise rotation) F ■='0.22? 

Band brake, Fig. 89 P » 0.033? 

Band brake. Fig. 90 ? ” 0.133? 

Baod brake, Fig. 91. . .- •;••••:, P 0.016? 

In the case'of Tig. 91, the dimension Bj most .be gi'eater than Bi X lO*'. 
Accordingly, Biis taken at K, -4 at 10, and, eiace-.K)* = i.Bjis taken at 1}^. 

The principal function of a brake is to absorb energy. This 
energy appears at the surface of the brake as heat, which must 
be carried away'at a sufficiently rapidratctoprevent burning 
of the wooden blocks. Suitable proportions may be arrived 
at as follows: ' 

I Let p a unit pressure on beske surface, lb pet sq in. * B (resetion | 
against block} /area of block; « s velodty ,of brake rim surface, rpa 
fps - 2*771/60, where n s* rpm of brake 'whe^. Then ptf » work r, S , 
absorbed per sq in. of btakc' surface per aec, and pi i 1,000 for j |; 
intermittent applications of load with eompMativ% long periods of 
rest and poor means for carrying away heat (wooden blocks); 
pt g 600 for continuous application of load and poor mcans for carry* • 
ing away heat (wooden blocks); p5 g 1,400 for conlinuous application. > 
of load with effective means for carrying away beat (oil bath). 

Cone brakes may be made to the form shown in Fig. 92-! 

The force relations are as follows: . • • /- ‘i 

Let P = load applied at end of-lwer, lb; 0 = nomud prcBsure o 
cone surface, lb‘; ? = tangential force on the rim of tlie brake, lb; 
r e mean radius' of cone surface, in., 
and y = half angle of cone. Then 
Q = F{b/a)/2{ahi y + / cos y) and 
? =/P(5/a)/(sb y +f cos p); F =»' 

?(a/5)(sin v + / cos y)/f . ' For a « 

1, 6 = 10. y = 15 deg, and / = 0,2 for 
cast iron on cast iron, P « 0.23?;' ’ 
approx. 

Such brakes are frequently used f« 
lowering loads by the means shown b 

worm and wheel. In raising the load, the ratchet nnis free. As the load tends to 

lower, the ratchet engages and'tbe worm flmiBta the cone surfaces together. 'Lowerbg ' 

of the load must be accomplished by the application of torque to the worm shaft. In 
the case of worms of small pitch, no brake b required, for the wheel cannot turn the 
worm. _ This brake is therefore adapted to worms of.'lar'ge pitch,', and the rwsoa for 
emp!o;^g a large pitch is that 'a mwe effident drive is obiained (see'p: 827). ” The 
iorce rdatioEs' are approximately WfdloWB; ' 



(3diie Brake!'. 
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a SO-toott ■worm wlieel witil ft ffingle-threaded ’worm 'will have a 

velocity ratio of 1 to 30, worm 
must make 30 revolutions in order 
to revolve the ' worm vrii'eel once. 

For a double-threaded ■worm, there 
will be 15 revolutions of the worm to 
one of the ■worm whed, etc. 
velocity ratios are thus obtmed 
■with relatively Bmall whcds. 

The follo'wing rules for propor- 
tioning ■worm gears are quoted 
from the "American Machinist Gear, 

Book.” by C. H. Logue, jmd refer to -Hind- 

riB». 113 md 114: ley Worm Qe«r. 

Let 

N = number of teeth in worm wheel « “ angle of sides of face, deg 

= number of threads in worm B = center distance 

p = circular pitch (dist e to c of teeth) K = revs of worm per rev of wheel 

L “ lead (advaaoo of worm in 1 rev) x = aagle of teeth in wheel with axis 

(used in gashing) 

Di " pitch diam of worm wheel F <» working depth 

T - throat diam of worm wheel Fi ■ whole depth 

jD w outside diam of worm whed / “ clearonce 

P = face of worm wheel I = thickneea of tooth at pitch line 

a a dietance from center line to point U = nortaal thickness of tooth at pitch 

of tooth line 

b - length of side P* “ normal circular pitch 

di pitch diam of worm » “ addendum 

d = outside diam of worm U ■ width of worm thread at top 

ds » bottom diam of ■worm Y = vddtb of wonn thread at bottom 

e s= radius at throat of worm wheel P = diametral pitch 

Then 

N = irDi/p DfQMmp 

T « 0.8183p(iV + 2) i> = r + 2(e - e ooa e) 

P - 2(0.6<1 + O.lTp) eln e P » Di/mm 

“ 0.5d + 0.17p approx L •• pNi 

0 = F/2 - 6 sin e Ni » N/R 

1 = Fi + 0.12p ton* » L/tdi 

d = di 4" 28 t» =< { 003 K, or 

dr » d “ 2Fi t =» Ir/cos x 

« - Mdi - 8 = 0.336p = 1.0536/P 

c = 30 to 35 deg Y = 0.31p = 0.974f/P 

sin e = F/{d -f- 0.34p) p. = p cos s, or p pr./oo8 * 

fl = (Pi -f- di)/2 

The formulas for the tooth parts of spur gears apply also to worm gears. N, D, and p 
are calculated the same as for spur gears. 

T has the same value ns the outside diameter of a spur gear of the same pitch and 
number of teeth. 

F will usually be sufficiently accurate when calculated from the second formula. 

di. The efficiency of a worm drive depends gieaUy on the helk angle * of the worm. 
When the lead is fixed, the angleisdetramined from ton x = L/irdi, and, in order to make 
it of a value that would ensure high efficiency, the diameter should be made small 
enough to proidde a helix angle of about 30 deg. Little efficiency is gained in exceeding 
Ibis angle (see Fig. 121). The preceding discusMon assumes that the drive is to be 
speed reducing or that the worm drives. In toe event of a speed increasing drive, where 
the gear drives, the designer should try to secure a helix angle between 45 deg and 
60 deg. ,' ■ ■ - ‘ ' 
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ing, B moves relatively to G and forces the fricUon plates together, those 
plates fast to E being held stationary by the pawl on E. In the figure, there 
Wo three plates fast to E, one fast toG, 
and one fast to C. 



Fig. 97. — Internal Brake. 



In addition to the notation given in (he pTevious case, let n » number of faces in slid- 
ing contact wben the part C is moved relatively to part E which carries the ratchet. 
This condition obtains upon the load heginnmg to lover, and nt » number of facet in 
sliding contact when the parts 0 and C both move rclativdy to E. This obtains when 
full gripping of the plates takes place. The 
load in beriming to lower occasions Uie 
following force relation; TTr ■ nfFR +fn*. T 
To sustain the load, it is necessary that t 

Fr g Honoe, to prevent the load ! 

from dropping, ns S /S(ni - a). 

Internal brakes ate used esten* 
aively on moat motor vehicles. The 
usual construction is shown in Fig. 

97. The blocks are lined by a suitable 
friction material, usually asbestoa 
woven with copper wire. In order to 

elimiDate the possibility of binding, Jjq. 99.— Solenoid-type Electrio 

the angle y must be such that tan Brake. 

y kf- The angle o subtended by the 

brake is a g 180” -- 4i/; o g 90® appros at / = 0.4 and a ^ 120“ approx at 

/ = 0 . 2 . 



Eddy current (brakes Fig. 98) ore used with flywheels whore quick 
braking is essential, and where lorge kinetic energy of the rotating masses 
precludes the use of block brakes due to exces- 
sive heating, as in reversible rolling mille. A 
number of poles a are electrically exdted (north 
and south in turn) and create a magnetic flux 
which permeates the gap and the iron of the rim, 
causing eddy currents. The flywheel energy ia , 
converted through these currents into beat. The 
hand brake b may be used for quicker etopping 
when the speed of the wheel is conmderably 
decreased, i.e. the eddy current brake is ineffi- W/ieeldiam 
cient. Two brakes are provided to avmd bend- Fig. 100. — Thrustor-type 
ing forces on the shaft. (Siemens Schuckert Electric Brake. 
Review, 1927, No. 6.) 

Electric brakes are often used in cranes, bridges, turntables, and machine 
tools, where an automatic applicaUon ol the hrako is important as soon as 
power is cut ofi. The brake face is suppUed by an adjustable spring which is 
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in, common use are shown in Fig. 117. Correctly cut herringbone gears run 
much more smoothly than spur geara, and work silently and without vibra- 
tion. They can also be run at higher speeds and higher velocity ratios. In 
the Wuest system, involute teeth with a 20 deg angle of obliquity are 


Table 69. Formulas for Helical Gear Calculations 


Driver | 

Follower | 








1 ' 

1 ToSrsA ' 

1 Fwnauk ' 


h 

tnn 6 = diTi/dtrt 

a 

90 dec — 6 

j Axes at right an- 

b 

tan b Bi pi/pt 

a 

90 deg — 6 

\ glee only 


coa 6 = pn/pi 

a 

c-b 


b 






vii cos b/Ni 


rdi DOS a/Bi 

Same in both gears 

f; 

Tdl/Vl 


rdi/Ni 


t)]^i = rdi tan a 

Li 

rdi tan b a PiNx 

f Axes at right na- 


diP cos b 

Ni 

diPoos a 

1 glesonly 

di 

2C/gtan 0 + l) 

dt 

2C/^ tanb+l) 

Axes at right angles 
only 

di 

2c/(-! 1S!J+A 
/ \ ra COS a / 

di 

2C-di 



0.3183f/iPi 

di 

O-ZmSipi 


Di 

di + 25, 

Di 

di + 2Sn 


Di 

di + (2/P) 

D: 

di + {2/P) 

des standard 

only 

Cutter* 1 

Ni/cos ’b 

Cotter* 1 

Ni/eos*<t 


Ceater diitaBe* C » {N\12P cog 6) + Wt/2F coa o~ 


* BpuNgear cutter to be used which is correct for the number of teeth given by the 
formulas. 

employed, the pitch angle of the teeth being 23 deg. The face width ii made 
equal to 6 X circular pitch p for gears with pinions of not less than 25 teeth, 
and 0p to 12p for high ratios with email pinions. For convenience in manu- 
facture, the gears are grooved at the center of the face for a width equal to 


stopped half the pitch apart. 
Pitch diameter « NIP (for 20 
teeth and over) = (0.95N -j- 1) /P 
(for less than 20 teeth), where 

N = number of teeth and P « 
diametral pitch. Addendum « 
0.8/P; dedondum = 1/P; working 
depth = 1.6/P. 

5g 


5b 



The gear teeth of De Laval 

Ordinary 

Wucst 

Sykes 


herringbone gears for relatively Rg. 117.— Herringbone Gears, 
high speeds are cut in steel forg- 
ings. For gears of relativdy email diameters, the gear blanks and shaft 
are sometimes forged integral. On gears of relatively large size, a seamless 
rolled steel band is shrunk on a cast-iron center and the teeth arc cut in 
this band. For pitch speeds above 3,000 fpm, a helical angle of approxi- 
mately 45 deg is used in order tiiat the maximum number of teeth may 
be engaged at the point of contact. The angle of obliquity is 14>^ deg. 
High speed helical gears have not less than 31 teeth in a pinion. Tooth 
pressures in pounds per lineal inch of working face measured parallel to the 
shaft are limited to 60 times the diameter. of the pinion in inches. The unsup- 
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The gear, ratio m is the ratio of;the nomber of teeth in the gear N, to the 
number of teeth in the pinion iVj/iVp. The pinion is the wheel 

ha'ving the leaser number of teeUi. 

■ The fajce of a^gear is the width of the tooth surface, measured parallel to 
the axis' of the gear.' Tho center distance is tho, distance between axes of 
mating gears. ' ' ■ , ^ 

, Outlines and Proportions of 'Qear Teeth,. The outlines of the teeth 
of gears in practice are almost alw^Binvolute curves. The. use of cycloidal 
and other curves is very rare. An, involute curve (see.p. 163) is generated 
by a point in a taut cord \inwiapped,ftonv a b^ circle. ,0ne advantage of 
involute gearing is that uniform angular motion is transmitted, even though 
the center distance be changed slightly. . ' - 

Tooth proportions for various sj'stems adopted by the A.S.A. are given in 
Table 68. 

Table 68. Tooth Proportions in Various Systems 


(DimeiBioaa in inches.) 



■pull Depth or( Pull Depth 

Stub 


CompogiU 

Involute 

Involute 


' m deg. 

20 deg. 

20 deg. 

Addeadum 

.... l/P ' 

l/P 

0,8/? 

Minimum dsdendum (incl. clearance).. . . 

1.157/? 

1.167/? 

l/P‘ 

Minimum clearance 

0.157/?' 

0,167/P 

0,2/? 

Miiumum total depth 

2.157/?. • 

2.157/? 

1.8/? 

, Xotal depth is the radial distance from Up of tooth to root 

circle, • 



The speed ratios of spur gears are inversely proportional to their pitch 
diameters. The pitch diameters necessary for any given speed ratio and dis- 
tance of shaft centers may be obtained in tho following manner: 

Let C s distance between shaft centers, in. ; n ratio of radius of larger to 
smaller gear. Then, diameter of smaller gear {D,), in. «“2C/(1+Tn), 



PiQ. 102. Rc. 103. , Fig. 104. 



Fig. 105. Fifl. 106. Fio.,l07. 


Figs, 102-107.— Epicyclic Goar.Traina. . 

Diameter of larger gear (Di). in. » 2C/(l/m + 1). Aocordin^y, if C = 24 
in. and m = 5, Di = 48/(?t) = 40 in., .and D, = 48/6 « 8 in. ' 

For epicyclic gear trains, sec p. 755. 

The speed ratios (rpm of W 4- rpm of fi) for the more common, gear trains 
are as follows: . , , 

Fia.' 102. 1 +^D?/Dh. . Kg, m. 1 - Dr/Bir. Kg. 104. 1 Bz/Biv. 

Kg. 106 (with miernal gear driving). DK/(Da j- Dr), <■ 

Fig. 106. 1 -'(BzX Ba)/(Bs X Bjr). Fig. lb?;. 1 + (Bir X i)jf)/(Ba X Bv). 
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Table 70. VaJues of Form Factor .(y) in Lewis Formula for Spur Gears 



Straight bevel gears 


10 

12 

16 

19 to 21 

26 to 30 

0.231 

0.246 

0,252 

0.265 

3,264 

0,260 

0.265 

0.261 

0,272 

Q.29t 

0.280 0.294 0.305 
0.281 0.295 0.308 
0.2» 0.277to.285 
0.2790.286 0 294 
0.297 0.304 0,3(0 

0.3150.324 
0.3180.328 
0.292 0.298 
0.300 0.51)7 
3.3170.322 

0.332 

0.335 

0.304 

0.312 

0.327 

0.340 

0.341 

0.308 

0.317 

0.332 

0.347 
0.345 
0.312 
0.320 
3 336 

0.353 

0.346 

0.314 

0.324 

3.339 

0.36! 

0.353 

0.319 

0.328 

1,344 

0.377 

0.356 

0.323 

0.332 

1,347 

Spiral bevel gears 

10 

12 

16 

19 to 21 

26 to 30 

0.313 

0.298 

0.322 

0.339 

0.3M 

0,338 

0.318 

0.335 

0,351 

0,374 

0.353 

0.333 

0.347 

0.362 

0.384 

0.363 

0.343 

0.358 

0.373 

3.393 

0.371 

0.351 

0.367 

0.382 

0.399 

0.345 0.326 

0.357 0.363 
0.374 0.381 
0.389to.396 
0.4040.407 

0.342 

0.368 

0,386 

0.401 

D.4I0 

0.351 

0.372 

0.390 

0.405 

0.412 

0.357 

0.377 

0.394 

0.407 

0.414 

0.363 0.371 0.377 

0.379 0,384 0.388 
0.397 0.402 0.406 
0.410 0.4120.415 
0.415 0.4170.419 


Herringbone Gears. Safe working pressure flb) on the teeth of Wuest 
gears = IF = 0.4pPft, where P = circular pitch, F = width of face {both in 
in.), and k has the following values determined by experiment: 


^Velocity of pitch circle, fpm 

200 400 1200 1600 2000 2400 2800 

Sgh'Carbon-stcel forgings 1550 1440 1320 1220 1120 1050 

Steel castings 1300 1200 UOO 1100 920 820 770 700 

Phosphor bronze 1100 1040 920 830 750 690 630 590 

Gimmeta! 960 880 750 650 580 530 500 460 

Cast iron 7G0 690 590 500 450 410 390 370 

Brass 600 520 440 400 360 330 310 300 


Also TF = hp X 33,000/F, where F = vdodly of pitch circle, fpm. 

Worm Gears. The allowable load Ob) on worm-gear teeth =» TF = cipr 
where h = width of tooth and p = drcular pitch — both in inches, and c = 
constant = 285 to 425 fox cast-ixoa cut teeth = 455 to 711 for phosphor- 
bronre wheel end hardened steel worm such as are used for high speeds. 
These values are for the strength of the teeth only. For continuous running 
where heating and wear must taken into consideration, c should have about 
the following values in the case of a phosphor-bronze wheel and a hardened 
and polished worm running in an oil bath: 

Nom: Table 70 from Marks,'* Mechanical Eadneers' Handbook," with modifications. 
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N - DP ^ tD/p: = DiP - tDi/p 

D = N/P^ O.SISSpIf. ft •= J?j/P = M183pJ^i 

0 <= D + (2 cos e/P) o p + 0.6366P coe e i - J) + (1.4142/P) - D + 0.46p 

for tiie miter gear in Eg. 110] 

01 “ Di + (2 cos ei/P) = Pi + 0.6366p cob ei 

= ft + (2 sin c/P) o ft + 0.63G6j> Bin e for Kg. 109 
tan c “ cos (z ^ - on (x - 90^] for Kg, 112 

» sin x/[{Ni/N) + cos «1 for Fig. Ill; = N/Ni for Fig. 100 
Cl = I - c 

tan 8 a 2 sin e/lf{ = 1.4142/)/ for Kg. 110) 
fan / a 2.S14 sin e/JV(= 1.6S^/iV for Kg. 110) 
a = c + e(a 45® 4- 8 (or Kg. 110); m ci + a 
b = e -/(a 45® -/for Fig. 1I0);J>1 « ft -/ 
ilf = }i0 cot a; ilfi " Wh oot oi 
fi = F coa a; Hi = F cos »i. 

The number of teeth for which to eelcct the cutter = H/cos c for pinioni, and 
Hi/cos ei for gears. For Fig, HD. equals 1.414H. 


The pressure angles are as follows: for ratios having 14 or more teeth in 
pinvou. UH deg; 13-13 to 13-24, 17H deg; 13-25 and higher, 14H deg; 12- 
12 and higher, 17H deg; 11-11 to 11-14, 20 deg; 11-16 
and higher, 17i4 deg; 10-10 and lughcr, 20 deg, 

Gleason Spiral Bevel Gears. WoTKng depth, T ' 

h. l.TddiT. Totai depth, iu = l-SSS/?*. Thepresf- 
Bure angles are as follows: for ratios having 12 or more P 1 

teeth in pinion, 14H deg; 11-11 to 11-19, 17H deg; 

11-20 and higher, 14J^ deg; lCh-10 to 10-24, 17^ deg; 7} ) 

10-25 and higher, 14M deg, ' ^7 ' ’ 

■Worm Gears 

Worm gearing is used for obtaiiung large speed roduc* L^, 

tions between non-intersecting shafts tnaMng an angle : . 

ol 20 deg with each other. There are two classes oJ 

worm gearing in common use: straight worm gearing ^ y 

(Kg. 114) and Bindley worm gearing (Kg. 115). 1 

The latter gearing has a worm which is curved across — * 

the tops of the teeth and Los a greater load-carrying 

capacity but lacks interchangealality and requires more Fig. 113. 

careful machining and alignment. 

With worm-and-wheel gearing, the velocity ratio is the ratio between the 
number of teeth on the gear and the number of threads on the worm. Thus. 




MACHINS ELEMENTS 


In 1934, Schmifcter published a deaga method based on this formula, 
■with factors to take account of number of teeth in contact, face width, 
velocity effect, material, etc. This method has been developed with particu- 
lar reference to the rating of helical and herringbone gear speed reducers 
(see "Manual of Gear Design,’’ Section 3, Industrial Press, New York). 

For application, the shear stress is m'ultiplied by a service factor {Table 72). 


Proportions of Goar Wheel Parts 


The following represents Wostinghouee-Nuttall practice in the design of 
industrial gearing. 

The bores of gears a'nd pinions are determined by the formula h = -^OVn, 
where h = bore, in.; A = horsepower; n = rpm. 

The hub diameter is mado equal to 1.8b, and the hub width equal to 1.25b. 
For a gear with a face greater Ann 1.25b, the 'uddth is made equ^ to the face. 

The face of spur gears is made 3 or 4 times the circular pitch. 

The minimum amount of metal permissible above the keyway of a pinion 
is determined by the following formula derived from application experience, 



OoilArm H-Arm Cress Arm I*Arm 
Fio. 120.— Gear Ann Sections. 




ffl = V {!p/5)/?, where m = minimum thickness of metal over keyway, in.; 
tp = number of tooth in pinion; P - diametral pitch, in. 

A six-arm gear is generally used whenever possible in the split and solid- 
type up to approxirnately 120 in. pilch diameter, ond above this an eight- 
arm design is recommended. The four-arm design is generally used for split 
gears under 40 in. pitch diameter, ■with a narrow face and short hub to avoid 
special bolting. In calculating the 
arm sizes, the arm is considered as 
a cantUever beam with the lood ? 
equally divided among the arms. ^ 

First, the stalling load (or load at J 
zero speed) is calculated according 
to the Lewis formula (p. 955). 

Then the section modulus is com- 
puted according to the flexure 
formula, 2 = Ffp/fVso, where^ “ 
section modulus, in.*; W = stalling 
load on teeth, lb; Tp « radius of pitch circle, in.; N « number of arms; 

The width of the arm in the plane of rotation is found by considering an 
elliptical cross sect ion -with a major axis of twice the length of the minor axis, 
D = 2-^Z/0,m7, where D = arm width at hub, in plane of rotation, in.; 
Z = section modulus, in.*. 

The -width D found by the above method ia -used for arms having other 
cross sections (Fig. 120), the rem^ng dimensions of such cross sections 
being computed by the formulas ^ven under the cross sections in Fig. 120. 

The arms are made tapered in. per ft, with dimension D applying to 
the large end at the bub. 

The rim thickness is proportioned according to the following formula: 


J «= (0.61, 7^ /P, where / » thickness of rim inside of root diameter, 
in.; tf = no. teeth in gear; If * number of arms; P = diametral pitch, in. 

Phenolic Laminated Pinions. Cert^ special precautions should be 
taken in design of phenolic laminated pinions. The root diameter of the 
pinion should be such that the jniuimum distance from the edge of the keyway 
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■ ' c is generally from 30 deg to 35 deg. Wlien the hdii angle is 20 deg or over.'C should 
not exceed SO deg. When it ia less than 20 deg, c may he taken as 35 deg. 

, L = circular pitch X number of threads in the vorm; a double-threaded -worm of 
in. circular pitch has a load of Sin.' . 

Nu The number of threads in a worm of pven yelocify ratio - number of teeth in 
the wheel divided by the ratio; c.sl, for a wheel with 60 teeth and a velocity ratio of 
30 : 1, number of threads =• Nt = CO/30 = 2. 

Fi should be proportioned from the normal pitch (p#) rather than from the linear pitch 
(p), as is usually the case. It is wrong to take the depto from linear pitch even for single 
or double threads, and for quadruple and sextuple tiueads the error becomes so pro- 
nounced that it is likely to affect seriously the working of tho gear. , 

In => thickness of tooth parallel with the axis of worm (= 0.6 X linear pitch) divided 
by the cosine of the helix angle , , ■ 

The length of the worm need be no greater than 3 times the circular pitch, as 
seldom are more than two teeth in contact at once. If the worm be made longer, how- 
ever, it can be shifted lengthwise when worn, as it always wears away more rapidly than 
tot ■wheel. It ia commem pTactice to make the length rf worm » 6p. 

For strength of worm gears, see p. 824; for efficiency, pp. 240 and 827. 

Helical Gears 


Helical gears (commonly misnamed "spiral’' gears) may be used to connect 
(1) parallel sbafts, (2) sliafts at tight angles and not intersocting, and (3) shafts 
inclined at any angle to each other and not intersecting, 

Worm gears form a special case of (2). Figure 116repre» ' 
senta two helical gears connecting non-intersecting shafts 
inclined to each other in plan -at an angle of c degrees. - 
Gear ^1, of radius R, has teeth of a pitch angle equal to x 
dog, while the pitch angle of the teeth of gear B is equal ■ 
to a: deg; the radius of gear B isfli. Let n = rpra' of .4 : 
and m = rpm of B; then the linear velodty of the pitch 
surface of A = 2 tB7i, and the component of the velocity 
in the diroction of the normal to tho tooth profiles is 27rll7i 
COB X. Similarly, for gear B, the component of tho veloo- ■ 
ity in the direction of the normal to the tooth profiles is 
2ffRini cos si. When holicid gears are in mesh, however, the' normals to the- 
tooth profiles at the point of contact are coinddent and the velocities in tho 
direction of the normals are identical in value; hence 2jrBn cos x == 2rBini 
0Qa®i.,Qru/w. = Rtcoax^l'R^eoax. 



Fig. 116. 


The problem d connecting a pair oi shaltohy hdical gears lor any velocity ratio admibi 
of a number of solutions, since both too radu of the ^uteH surfaces and the angles of the 
teeth contribute to establishing the velodty ratio. ' Tho formulas' given in Table 69 
will be found of assistance in the computation of h'dical gears. The notation used in. 
this table is as follows: 


= number of teeth in driver (follower) a = tooth pitch angle of follower 
dKdi) = pitch diam of driver (follower) 6 » tooth pitch angle of driver 

pi(p8) = circular pitch of driver (follower) Li(2rt) =■ lead of driver (follower) 

Pn = normal circular pitch ior both geara «= lend of tooth helix 

P = normal diametral pitch for both gears n(i^ "s rpm of driver (follower) 

DilDj) = outside diam of driver (foHow®) ,e =■ angle between shafts in plan 

Sn = addendum of normal pitch 0 >=■ center distance. 


When helical gears are used to connect par^Iel shafts, the normal com- 
ponent of the tangential ptessure on Ihe trotii produces end thrust of the 
sh^ts. To remove this objection, such gears are made -with right-handed 
helical teeth' on one side of the face and leUrhcmded on' the other, 'and are 
then known as herringbone' gears. The clBsaes 'of herringbone gears 
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Largest Pitch Diameter''-Nuinbw pf Threads of Worm. 

Fig. 122.— Diagram for Deeigoing Worm Gearing of Maximum Efficiency, 
metallic and the other metallic. Rawhide when made into a gear requires 
metallic side plates to provide adequate support; the phenolic laminated 
materials are self-supporting, Hawhide is softer and may under some 
conditions be applied for atreme quietness. The phenolic laminated 
materials are moistureproof and are resistiuit to chemical attack. 

Table 78. Composttioa o£ Cast Iron for Gears 


Large gears 

.Medium geara 

Small gears 


I.DD-1.S0 0.08-0.10 O.JIWI.SO 0.80-1.00 

1.50-2.00 UnderO.09 0.40-0.60 0.70-0.90 

2.00-2.50 UnderO.Ot 0.50-0.70 0.60-0.80 
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ported •width of the working face of a pmoD measured from the inner ends of 
the euppotting bearings is kept less than times the diameter of the pinion. 
Gear-case bearing supports are made ripd without any adjustment of the 
bearings; this construction is absolutely esaential for the satisfactory opera- 
tion of high-speed helical gears, If properly cut and supported, the life of a 
high-speed helical gear is found to be 25 to 30 years provided the tooth pres- 
sures are kept within proper limits and the gear is properly lubricated. An 
involute tooth is used -with an addendum 0.8 X 3.1416 times the normal pitch. 

For large herringbone gear sets, the Westin^ouse Co. makes use of a 
floating frame which carries the pinion and allots adjustment due to various 
load distortions. 


Beam Stren^li of Gear Teeth 

Spur Gears. The Lems formula, published in 1893 and still widely used, 
considers a gear tooth as a cantilever beam with a concesitrated load applied 
at the tip along the line of action {Fig. 118). It assumes that tho total load is 
applied to a single tooth. The formula is 
W =PStyc/P 

where W is the total working load,lb;P tho active face width, 
in.; P the diametral pitch, in.; v the form factor •which combines 
eSeotive beam length and section modulus (see Table 70); 
and c a velocity factor. For ordinary metid gearing, c » 

600/(600 + 7); for carefully cut or ground gearing c « 

12 OOA 12 OO -b TO; and for laminatod phenolic or rawhide gear- 

ingc = 150/(200 + TO + 0.25; wheroV = pitchline velocity, Formul^. 
fpm. The working stress So lb per sq in. should be as follows: 
for non-metallic laminated phenolic materials or rawhide, 6,000; for cast iron, 
8,000; for bronze, 12,000; for cast-steel, untreated, 18,000; for cast-steel, 
heat-treated, 28,000; for forged steel, untreated, 20,000; for forged steel, heati 
^ treated, 25,000 to 35,000. 

' Allowable torque and horsepower, as functione of •the above working load, 
are expressed approximately by 

T = Tfrj, hp « W/35,000 
•where rp ~ pi^tch radius, in.; 

Bevel Gears. The Lewie formula becomes 



Fi -PSitocQfP 

where Wi = equivalent working load, lb (tangential component of total 
load acting at tip of large end of tooth, aesunung one tooth carries total load) ; 
p = active lace width, in., measured along pitch element; P = diametral 
pitch at large end; Su = working stpTCSS, lb per sq in.; y = form factor (Table 
70 for standard bevel gears, uang /onnotwj number of teeth; Table 71 for 
the Gleason system using the adval number of teeth) ; c = speed factor, same 
as for spur gears; and Q = taper factor = 1 - //Ii -t- /*/(3Iri) where U = 
slant height of pitch cone, in. {OB, Fig. 108). Allowable torque and horse- 
power are found by 

T =* Fjn hp = FiT^i/33.000 

where ri = pitch radius at large end, in., and Vi = pitch line velocity at 
large end, fpm. 
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largest ones. VariationB from i3ie etaadaid sizes may^ usually be obt^ned 
but at extra cost. 

Table 76. Dimensions of Standard Cast-iron Pulleys (Single Arm) 


Diam- 

eter, 

in. 

Maxi- 
mum 
bore, in. 

Face 

widths, 

in. 

Diam- 
eter, 1 
in. 

Maxi- 
nuim 
bore, in. 

Pace 

rridtha, 

in. 

Diam- 

eter, 

in. 

Maxi- ' 

bore, in. 

Face 

widths, 

in. 

3to5 

VAt 


11 

1 21^1 

2to12 

i 18to24 ^ 

3'H« ' 


6 

2^6 

: 2to10 

IZtoU 

2‘M8 

2to14 

. 25to26 1 



; 

2^« 

1 2toI0 

15 

2*M« 

2to16 

i 27to48 ' 



e 

25i« 

1 2toI2 

16 

2'M» 

2h>18 

i 49to60 ' 

4>M« 

6to24 

y 

10 

2M« 

: 2to12 

1 2tQl2 

17 

31^1 

2 toia 

< 61 to 72 ' 

51^5 

6to24 


It sbould be noted that because of mdeterminate sbrinkage strains the 
calculation of Btressea in the arms of cast-iron pulleys is, at best, very rough. 
In general, such pulleys are uot recommended for speeds over 5,000 fpm. 
Where aevere operating conditions, shocks, etc., are present, the use of an 
all-steel pulley is advisable. AU-sleel pulleys either of the solid or split type, 
consisting of 'mrought-steel arms cast into a seroisteel hub, the arms being 
welded to a heavy plate steel rim, are made by Medart Co. The outer ends 
of the arms are bent to form rim lugs. By this means, shrinkage stresses are 
reduced and a much stronger pulley is obtained. Such pulleys may be pur- 
chased in standard sizes with diameters rani^g from 2i to 192 in. and face 
widths from 6 to SO in. 

Wood split pulleys may be obtained from the manufacturer in diamoters 
from 4 to 120 in. and face widths from 3 to 24 in. in standard sizes, with 
larger ones available on special order. Such pulleys, although much cheaper 
than the metal pulleys, should not be used in damp places, for high speeds, 
or where shock loads occur. 

^ Stresses in Pulleys, Sheaves, and Flywheels— Proportions 

Arms of pulleys, sheaves, and flywheels are subjected to stresses due to 
condition of founding, to details of construction (such as split or solid), and 
to conditione of service, wUch do not readily admit of analysis. For this 
reason, no accurate stress idations can be established, and the following fot- 
jMslap .nuuit h? amdflwtnnd Ao iw Jlipwaimidaly jji'rafA JJ- dutf 
established experimentally by Benjamin (Am. Math,, Sept, 22, 1898) that 
thin-rim pulleys do not ^stribute equal loads to the several pulleys arms. 
For these, it will be safe to assume the tangential force on the pulley rim as 
acting on half the number of mms. Pulleys with comparatively thick rims, 
such as engine band wheels, have all the arms taking the load. Furthermore, 
while the stress action in the arms is siiailar to that in a beam fixed at both 
ends, the amount of restraint at the rim depending on the rim's elasticity, it 
may, nevertheless, be assumed for purposes of design that cantilever action 
is predominant. Tho bending moment at the hub in arras of thin-rim pulleys 
will be M =PLI)4N, where M =» bending moment, in.-Ib;P = tangential 
load on the rim, lb; L =» lengtii of the arm, in.; and N = number of arms. 
For thick-rim pulleys and flywheels, M = PL/N. 

For arms of elliptical section having a width of 2 times the thickness, 
wherojS == widthof arm8ectioxiattheiim,in,, and sj = intensity of tensile 
stress, lb per sq in., 
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f'eriplnai'vEiocity of TJotm, fpa. . . « 


3.3 8.2 13.1 

mSlQ 35&-426 285-3«l 


IS 23 
213-256 U2-170 


Helical Gears. Use I/ewis fonn.'ula for spur gears, p. 823. Any error 
introduced by this metbod 'will be on Ibe safe sde. 


Surface Strength of Gear Teeth 

• The general solution, by Herts, of the stress distribution due to two elMtic 
bodies in contact has been applied by Jandasek to gear desip. Since 
contact stresses ate qiutelocahaed, the special case oi two cylinders in contpt 
is applicable to the contact re^on of gear teeth. The basic Hertz equation 
for maximum compressive stress is 



where Se is the maximum compresavo stress; IT the load per inch of face; 
El and Et the moduli of eiastitaty; and IJi and Rt the radii of curvature at the 
contact point (Tig. 119). 



the preceding equation becomes 


Table 72. Service Factors for Shear Stress in Gear Teeth 

(glee, /our.. Sept., 1937) 


Character of load oa 
driven msoiiine 

TurWue w dectrfo 
motor diive 

Mufticylinder gas 
or steam engiaC 

' Single-cylinder 
gas engine 

Inter- 

mit- 

tent, 

3 hr 
per day 

8-Ifl 

hr 

per 

day 

24 

hi 

per 

day 

: 

1 Mer- 
nut- 
tent, 
3hr 
per day 

'fr-IO 

hr 

per 

day 

■' IBS'S 

■ later- 
' mil- 
tenl, 

3 hr 
per day 

'8-10 
hi ■ 

1 per 

1 day 

1 - 

' 24 
hr 
per 
day 


0.8 

1 n 

1 75 

I.O., 

125 

1 5 

1.25 , 

1 5- 


ilcderate shook 

1.0 

115 

1 5 

1.15 

1 S 

1 h 

1,5 

175 


Heavy Bhock. .i 

1.5 

1.7i 

2.V 

in 

U 

2.25 

2:0 

2,25, 

2.5 ' 
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joining arm. .Then = O.OOOS^BCwiIn + wIi/2)/2, •where n = rpm of 
.■wheel; R =, •wheel radius, ft; and Z » modulus of , rim section. The above 
equation gives the value of at for bending -when bolts are loose,- which is the 
worst, possible condition that may ari». On this bans, of analysis, «t should 
not be .greater than 8,000. The stre^ due to bending in addition te the 
stress due to rim espansion as analyzed previously •will be the probable 
laasimutn mtenaity of stress for 'whi<4 tim rim ^ould be checked for strength. 
The flange bolts, because of their position, do not materially relie-ve the 
bending action. In case a tic rc^ leads from the flange to the hub, it be 
gafe to consider it as an additional factor of safety. When the tie rod is 
kept tight,' it •very materially strengthens the rim. 



1, Z. 3. 4. 



5. 6. I 9. 

!Piq. IZS.-— Types of Flywheel Construction (see Table 76). 

A more accurate method for calculatiog maximum atreasca due to centrifugal foreo in 
Aj-wheels with arms cast iategral with the rim is given by Timosbenko ''Strength of 
Materials,” Fart If, 1930, p. 4S1. More exact equations for calculating atresaes in the 
anna of flywheels and pulleys due to a combinatioa of belt pull, centrifugal fores, 
and changes in velocity are pren by Heusinger, forjcAuns Jnff. TTee., 1638, p. 197. 
In both treatments, shrinkage stresses in the arms due to casting are neglected. 

The relative strengths of different t^pes of •wheel construction are 
gho^wn by the results of BenjanuD’e experiments on the bursting of flywheels 
(Trans. A.S.M£., 1899, 1902). The types of wheels experimented -with and 
the speeds at which they burst are shown in Pig. 128 and Table 76. 

Table 76. Test Data on the Flywheels of Fig. 128 


Number.* 1 

1 ! 

2 

3 

1 4 

5 

6 1 

7 

8 

Number of arms 

6 

6 

6 

6 

8 

C 1 

6 

24 

Him speed at f^uie, 
fps = t 

395 1 

194 

225 

305 

256 

223 

393 

424 

Comparative rim 
speeds at failure... . 

100 

49 

57 

77 

65 

. 56.5 

100 

107 

Apparent rim tenrionl 
at failure Ib per sq 
m.= rVl0 

15,625 

3,764 

5,062 

9.302 

6,502 

4,973 

15,445 

17,978 

Efficiencyt of con- 
struction 

0.85 

0.19 

0.26S 

o.« 

0.34 

1 0.26 

0.84 

0.94 


* Construction of flywheels: No. 1, solid wheel; No. 2, in halves, with flange joints; 
No. 3, in halves, irith reinforced Icnnte; No. 4. in halves, with link jointaj No. 5, seg- 
mental, -with link joints; No. 6, in halves, with pad iointa; No. 7, solid run, separata 
spider; No. 8, solid rim, with tangent spokes. 

' t Efficiency assuming tenGile strengUi'al'19, 000 lb per iq in. 
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to the root aide ehaJl be at least equal to the depth of tooth. The keyTray 
compressive Btress should not ezcved 3,000 lb per eq in., vrhich forms the basis 
of the formula: 

LA » m/ND 

vrhoreL is the length of keyway, in.; A the depth. of key, in. (keyway in gear is 
approx H ^8 value); H the horsepowBr; N the ipm; and D the diameter 
of shaft, in. 

Taper keys which can be driven in place diould ordinarily not be used for 
phenolic laminated pinions. 

Efficiency of Gearing in Power Transmission 
(See p. 240) 

Spur and Bevel Gears. The efficiency of power transmisaion by the use 
of spur and bevel gears is very high. The loss of power for each set of spur 
gears in a train, where an oil bath is provided and the gears are generated by 
modernmachinery, does not ordinarily exceed one-half of one percent. Where 
generated bevel gears are mounted under the same conditions and provided 
with antifriction thrust beaiings, the efficiency per pair of gears shodd easily 
be 99 percent. The use of bevel gearing with 
plain thrust oollara for power transmission is 
practically obsolete. 

The efficiency of worm gearing, when the fric- 
tion of the thrust bearing is neglected, isE « tan 
0 (1 -/tano)/(taa a +/) approx, where S = 
efficiency, a = angle of thread, and/ * coefficient 
of friction. With values of / = 0.025 and 0.05, 
the variation of efficiency with thread an^e is as 
shown in Fig. 121. 

Solf-Iocking worms are obtained when/ » ton 
a, The efficiency resulting with such angles can 
never be as much as 60 percent. In practice, tan a can be made greater than 
/ and the gear will be selMocking becauso of the friction in other parts of the 
drive. 

To find the pitch of worm-wheel teeth and tho largest pitch diameter of 
wonn to transmit a given horsepower at a given speed at mariTTipTn 
efficiency, the diagram shown in Rg. 122 may be employed {Machinery, May, 
1912). To transmit 7 hp with a single thread worm at 360 rpm there is 
required, as shown by the diagram, a worm pitch diameter of 3 in. and a 
circular pitch of worm-wheel of IK m- For cast-iron worm wheels and 
worms with unfinished teeth, the pitch should bo 1>^ times that obtained 
from the diagram. 

The above remarks on efficiency of worm gearing apply to running condi- 
tions only. At the moment a worm drive is started from rest, the losses are 
from 2 to 3 times the above indicated running losses. Thus a single-thread 
worm drive showing by test a running efficiency of 70 percent showed a loss 
of over 60 percent at the moment of starting. 

Mateiials iox Ooura 
(See also p. 620 for phosphor bronze) 

For cast-iron gears, the compositiona pven in Table 73 are used. For phosphor- 
bronre worm wheel with steel woim, a satufactory composition is: Cu, 89.5 percent 
Sn, 10 peroent, P, 0.5 percent. ’ 



Arp;tefThmd,h7M. 

. 121.~Efficieacy of 
Worm Gearing. 
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Table 78. Dimensions of Sbeaves for Manila Bope Drives 

(AE dinieitsicms in inehes.) 



■ The value of r, the internal length of the link, is given by r = L - 2<f, 
where L ie the outside length of the link and d is the diameter of chain stock. 
These last quantities and the width of the link W are given in Table 80. In 
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' I'.. Friction Goaringi"-: ' 

Jnction geaiing of either the qjur or herd gear typo may be twed for the 
transmiesioii'of power. ■. In either, case, it w gpfid.-practice for the driver to;bo 
of paper, leather', or pulp compoaiion, and -the driven wheel of metal, which 
may be iron, type metal, 8iumiinira»etQ.,!Go8a (^rans. A.S.M.E., 29, 1907), 

reports as follows on the characteristica of friction drives: 

The safe working pressures in ponnds per square inch are as follows: 
straw fiber, 150, leather fiber, 240; tarred fiber, 240; sulphite fiber, 140; 
leatW, 160. ' : They ate taken, aa 20 percent of the ultimate resistance of the 
materid to crushing, . - • • 

The safe working values of the coefficient' of 'friction may be 60 percent 
of the values found. frp'm.laboratory experiments, The frictional and power 
coefficients in Table 74 are calculated upon this baris. • : 


Table- 74. - Frictional and Tower Coefficients for Friction Gearing 
Hn transniitted .= iiod _ 

where vi «« width of face of driver, ia,; d “ diam of'driver, In.; N =» rpm 


Driver 

1 

Driven 

wheel 

I| 


, Driver 

.■ 

Driven 

wheel 

■g a 

It 

, 






Type metal. 







Sulphite fiber... 
Sulphite fiber... 


C.00037 

0.0003S 


Typo metal. 

(1 1{ 



1)2 


Iron. ..... .; 

11 ••11 

(1 ndiiv 



) H1 

0,000)4 

Leather 6bet. . 
Leather fiber.. 








Type metal 

0 II 

0.000)! 

Leather 


0 71 

0.00026 

Tarred fiber... 
Tarred fiber... 

Iron 

Aluminum.. 

0,15 

O.IS 

0.0002! 

0.000)5 

Leather.. 

Type metal, 

0i25 

0.00029 


In the case of bevel friction gears, the horsepower may be had from 
the abovo values by taking for N a value which will correspond to ,tho average 
velocity and radius of the' pitch sur- 
face. In the case of wedge-surface 
friction gears, as shown in Figs. 123 i 
and 124, the tangential force P for a 
given normal force Q • pressing .the ■ 
wheels together is? 5 Q//(sina -}-/ 
cos o), where / is the coeffident of - 
friction. Generally, a » 10 to 15 
deg. The radial depth of contact of tv lo? v 

the surfaces e (Fig. 123) should not ' 4^®; 

amiUm. Theeffleisneyottrie- . Wedge-Burte Fnction Goars, 
tion drives, according to Ernst, may range from 88, to 90 percent. In dist 
drives, the distance between the-face.of the driver and the center of the driven 
wheel should not, be less than 12 times' the face width of the driver, otherwise 
the power capacity will be decreased due to slip. 



PULLEYS, FLYWHEELS, .SHEAVES, DRUMS ■ 
Cast-Iron pulleys are made in atondard rises, either solid,' or with split 
hubs and rims, the single arm types being made' in- the standard sizes shown 
in Table 75 (data from Modart Co.). • For multaplo-arm pulleys, the standard 
diameters vary-from 12 tO'60 in., the face-widtha from 13 to 66 in., and the 
maximum bore sizes from 3K gin. for the smallest pulleys .to iu. for the 
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•mih fe^er than 25 tceth.-'miining at speeds above 500 or 600 rpm, should be 
Us.irtTea.tQd to give a tough TFeaiwwistant surface testing betT?een 35 and 
45 on the Rockwell C hardness scale. 
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E = ■^iOPi/aili (tbia rim) “ ‘^20PZt/«<iV^ (thick rim) 
lor Bia^e-thickneBB belts, ? may he takea jb 50 B lb and (oi douUe-thickneM 
belts ? = 75 5 lb, whore B is Ae width of pulley face, in, Then E = k X 
where k has the following values: for thin rim, single belt, 13; 
thin rim, double belt, 15', thick linv, mn^eh^t, 10; thick rim, double belt, 12. 
For cast iron of good quality, si due to htmding may be taken at 1,600 to 2,000. 
The arm section at the rim may be made from to ^ the dimensions at 
the hub. 

For high-speed pulleys and flywheels, it becomes necessary to check the arm 
for tension due to rim expansion. It will be safe to assume that each arm is in 
tension due to one-half the centrifugal force of that portion of the rim which it 
supports. That is, T ~ Aai = Wv^/2NffR Gb) where IT » tension in arm, 
lb; N = number of arms; v = speed of rim, fpg; B = radius of pulley, ft; 
A = area of arm section, sq in.; IF = weight of pulley rim in lb and = inten- 
'8ityoften^e8tre8smarmBection,\bperBqm. ‘Wheacesi = FJJnV580Cihl4, 
where n = ipra of pulley. 

Arms of flywheels having heavy rims may be subjected to severe stress 
action due to the inertia of the rim at eudden load changes. There being no 
means of predicting the probable maximum to which the inertia may rise, it 
will be safe to make the arms equ^ in strength to of the shaft strength in 

torsion. Accordingly, for elliptical arm sections, 

N X 0,5£‘„ - « X li4‘, or E = 


For steel shafts with at *■ 8,000 and cast-iron arms with at « 1,500, 

B “ 2.Adl^fE ■ 1.34 (for 0 arms) = 1.24 (ior 8 arms) 
where 2E <» width of elliprical arm section at bub, in. (thickness » E) and 
d - shaft diameter, in. 

B,im4 of baited pulleys cast whole may have riie following proportions 
(see Fig. 125): 

^^=Kf^+0.005D; fi«2ft+C; w = to 
where h = belt thickness, C * H* and B « belt width, all in iariiea. 

Engine band wheels, flywheels, 
and pulleys run at high apeeds are ^ 

Bubjeoted to the following stress 
actions in tho rim: U 

ConaderingtherimMaiTfebriTiB - 
(i.e., without arm restraint) and jtiq. 125, j'lg j26 

m»de of caet iron or aleel, ,, = iJ/10 Be[,, j p„il,y,.' 

(approx), where Sf « intensity of 

tensile stress, lb per sq in. and r = rim speed, fps. For beam action between 



the arms of a solid rim, M «= Pl/12 (approx), where M = beading moment 

in rim, in.-Ib; P = centrifugal force of that portion of rim 

between arms, Ib, and I = length of rim between arms, in; 

from which S( « WH*tiVd50?f*Z, whew IF - weight, of 

entire rim, Ib: B = radius of wheel, ft; n = rpm of wheel; 

and Z » modulus of rim section, in.*. In case the rim sec- \ '1 f 

tion is of the forms shown in Fig. 126, care must bo taken \ ^s/ 

that the flanges do not reduce the section modulus from 227 

that of the rectangular seciion'. For split rims fastened 

with bolts as shown in Fig. 127, the stress aQalysU is as follows; 

Let w = weight of rim portionL in. in length, lb; wi = weight of lug, lb; 
Li = lever arm of lug, in.; and si => iutenaity of tensile stress in rim section 
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Table 83. Horsepower Batings (or Single-strand, Diamond Boiler- 
chain Drives. — ifionHnued) 



A.S.A. No. 140 IK ia. pitch Diamond No. 474 


Teeth 

Bpm «{ sprocket 


20 

30 

30 

too 

150 

200 

N 1 JtO 

350 

1 w 

450 

475 

)2 

M7 

34 

84 

M« 

701 

74 1 

28.ll3).0 


1 



IJ 

4 71 

6,9 

10 8 

19 1 

76 6 

12 H 

38.2 1 42.8 

46 7 




IS 

4 71 

81 

11 1 

717 

17 7 

4(11 

47.3 ) 53,2 

38 4 

62.9 



21 

A 711 

9 7 

111 

77 7 

IK 4 

47,6 

55.7 1 62,8 

69 If 

74 5 

79 fl 


24 

7,63 

II, 1 

17,3 

31.7 

43.7 

34.3 

63.6 71,6 

78,7 

84.8 

89.9 

92.4 








FLrfrffBjEtS, SSBAFES, DRUMS 


Flywheels of;the Bhiuak-link-ioiiit t: 


f be constructed as shown in 


n 




Fig, 129 and to the dimenaions ©ven in- Table 77. 

With caBt-h'OE flywheels tlie bearing presBure on 
the link may be 20,000 lb pet sq in. and the maxi- 
mum shear on the head of the link 5,600 lb per sq 
in. The length of the link may be made 0.909D, , 
which gives an initial tension in the link of 30|000 
Ib per sq in. ' ' ' 

Xar^e flywheels im hlsh tim speeds and sewe^ 
working conditions (as for rolling tofll eervicc) have 
recently been made from flat*roUcd steel jdatea with holes | 
bored for the eliaft, Agroupof suchiifttcsinaybewdAcd ; 1 
tegethei'by cirtnicfeienUal-weldatofoimalstge flywheel, ' 

By, this incins, the welds do not carry direct ceatnfugal 
load.butservemerely toholdtheparieinposHion. "Fly- 
wheels up to IS ft diam for roffingmiHflervicchavebeea Pto. 129. Shrunk-link 

constructed in this way. ' ! , Joint for Flywheela. 

Sheaves for Matiila.Itope Orivea. The dimendone 
in inches of standard rope sheaves for nonilA rope drives (both for English Bnd.Xmprifsh 
aystema) aa used by Madatt Co. arc fjTen in Table 76 whew the letters refer to Figs. 130 
Table 77. Data on Flywheels with Shrunk link Joints 
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*■ There should be at least 120 deg of.Trrap in the arc o| contact ,oa a power 
sprocket, For ratios of 3; 1 or less, the wrap Trill'be 120 deg or more for any 
center' distance 'or number of teeth. To secure a wrap of 120 deg or more, 
for ratios greater' than 3: 1, the center distance must ,bo, not less than the 
difference between the' pitch diameters of the two sprockets. , 

Sprocket' Diameters. K = number of teeth; P = pitch of chain,, in.; 
D = diameter of roller, in.' The pitch of a standard roller chain is measured 
from the center of a pin to the center of an odjacent pin. • 

' 180 

■ Pitch diameter = P/dn —• ■ , 

N. , , 

. 'Bottom diameter 

■ Outside diameter 

Caliper diameter 


= ]Btoh diam — D.. 

= ^Ktch diam X cos - D, 



Fiq. 139.— Sprocket Tooth '! 
’ ’Sections. 


The exact bottom diameter cannot bo measured for an odd number of teeth, 
hut it can he checked by measuring the distance (caliper diameter) between 
bottoms of two tooth spaces nearest oppo- ' 

site to each other. Bottom and caliper 

diameters must not be oversize-all toler- ^ * ”” 

ance must be negative, A.S.A. nogaUvo c • 
tolerance « 0,003 + (0.001 XPVN) in. 

Design of Sprocket Teeth for Bolter 
Chains. The section prodle for tho teeth 
of loUw chain aprockete, recommended by 
A.S<A.,. has the proportions shown in 
rig.189, LetP = ehainpiteh; F » chainwidth(lcngthof roller); n =num' 
ber of strands of multiple chain; M - over-all width of tooth profile seel 
tion; S = nominal thickness of link plate, all in inches. Referring to Fig. 
152, r «0.93F- 0.006, for 
single strand chain; = 

0.90F — 0.006, for double- 
and triple-strand chains; = — 

0.851JK - O.ihUb, fftu 'yuidnu- 3 ?— 
plo or quintuple strand K 
chains; and » 0 . 86 F - ^ 

0.006, for sextuple-strand 
chain and over. C = 0,5P. 

E = }4P. fl(min) = 1.0G3P. 

Q=0.5P. A = F+4.157f 
-1- 0.003. jlf .= A(n - 1) 

-f-T. Tolerance • on sprocket thickness » +(0.02F -f 0.002). 

One of the most important requirements of a sprocket for roller chain is 
that tho tooth space, or roller seat, should not be undersize. The size and 
• shape of new straddle cutters, space cutters, or hobs should bo checked care- 
fully by cuttingand testing a sample sprocket. ! 

- The method^of laying out a stondmd sprocket tooth -for roller chains is 
illustrated by Fig.;140. This form of tooth is recommended by the A.S.A. 
■ and is designed- for- maximum effidency throughout tho life,,of .tho'drive. 
•Because of the'large pressure angle, .tiie tendency of the teeth to wear hook- 



Rg. 140.— La^g Out a Standard Sprocket 
Tooth, 
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Table 80. Dimensions of Sprocket Wheel Chains 

(gutters refer to Fig. 132. d = diun of stock in link, in.; L ond If « outside length, 
anojwidth of Unk, in.) 


Ms 

IH 


M 

m 

IM 

»M6 

4 

21 H 6 


4 

f^\i 

1 4M 

M 

IH 

Ms 

, n 

His 

% 

4M 

3 

IH 


Ms 


w. 

M 

' m 

214 


4H 

3M 

i^l 

7H. 


H 

IM 

m 

■M 

2Ma 

4M 


154 

7Hi 

! 5M 

Ms 


(Ms 

H 

3?4 

2M 

IH 

m 



_J 

. 


Ji'igs. ana 133 , ® = in. tor = >1 to ^ in.; a ^ m, tor a = >S! to 
\H in.; = in. for d = IK to IK in. 1 / is Ka in. for tJ » H« to Ke in., and 
in, for d =“ K to *Kb in. 



Chp U Ti» K H H 'Mb U 1 

. A lU I‘M« IK 2K« 25f« 2K 2HU ZH jII iiU 3K 

'Ai *Hl [5 

Fig. 138 C Ms H ‘Ms « ‘Ms % His 1 His 114 l is 

. D M» wi Ms *Hj 54 ‘H 2 M» ‘Ka H ‘Ka ris 

Chain H Ms M Ms 54 'He M His M 

c i ’?!* ''(f, 2 Hs 214 214 ZsHs 2‘H4 

Fig. 136 C Mj Ma M 94a Ms ^Ha 14 H5a Ms ‘Ma M 

D I 1 I 1H [ IH 114 IM 114 Hi 114 2 214 2M 

CHAIN DRIVES 

Roller Chain Drives. The advantages-of finishod steel roller chains are 
high^ efficiency (around 98 to 90 percait), no slippage, no initial tension 
reonircd, chains may travei in dthex &ecUt>ii. The basic construction of 
roller chain is shown in Fig. 137. 

The shorter the pitch, the higher the perimsable operating speed of roller 
chain. Horsepower capacity in excess of that provided by a single chain 
inay be had by the use of multiple chains which are essentially parallel 
single chains assembled on pins common to all strands. Because of its 
lightness in relation to tensile streiL^h, the effect of cantrifugal pull does not 
Heed to be considered; even at, the unusual speed of 6,000 fpm, this pull is 
Only 3 percent of the ultimate teuale strength. 

Sprocket wheels with fewer than 16 teeth may be used for relatively 
Slow speeds, but 18 to 24 teeth are dcarable for high speed service. Sprockets 
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Having determined the proper pitch, the aprockete are next aelected. 
On email motor drives, 17 to 21 tooth on the driver sprocket is good practice. 
For large speed ratios and a minimom number of teeth in the pinion, it ia 
desirable to avoid extremely large driven sprockets; 127 teeth is a good 
limit, and less than 100 is preferred. Where the speed ratio is small, it is 
desirable to get at least 33 teeth in the driven wheel. It is usually well to 
select sprockets that will give a chain speed of 1,200 to 1,600 fpm. If in the 
design this figure ia exceeded, this speed may be lowered by the use of eniallet 
sprockets and smaller pitch. An odd number of tooth in both sprockets is 
desirable unless an exact ratio requires an even number. Although higher 
speeds than indicated in the table may often be used, it is boat that such 
designs bo submitted to the manufacturer for approval. 

Table 85. Nominal Weights and Dimonsions of Crane and Proof 
Coil Chain 


Nominal 
size of ohab 
bar, in. 

Actual 
size of 
matorlaf, 
In. 

Norn 
length 
of 100 
links, in 

Nom 
weight 
per 100 
{t,Ib 

Nominal dimensions of links, in. 

Crane chain 

Proof coil 

Outside 

Inside 

Outside 

Inside 

0“ 

I'S 
6. " 

•.S 

si 

o'* 

h< 

w 

V 

IJ 

ua 

5 

1 


3 

Width 

J3 

ti 

A 

5 

p 

H 


w 

iOO 

n 

70 

nui 



Ke 

IMe 

IMe 


K 



I0( 

III 



l»M* 

me 









Ifl' 

m 

IW 

I5t 

m 




245 






u, 

m 


2lt 

2^1 

14)1 


H(s 

2Ms 

ime 

m 

k 



ri- 

1511 


2U 


imt 

l‘Vlt 

44 

2Me 

1% 

m 

‘Ms 

ki 


IV. 

175 

151 

115 

2H 

l‘4h 





IK 

K 



w 

ItUi 

4K 

41(1 

3 

2M* 

l‘M« 


IMe 

2^e 

m 




IHI 

/li 

bll 


life 

2M» 



imr 

2m e 

2U 

m 

H 

2^5 

u. 

25(1 



4Ms 



m 

4He 

me 

2Vt 

lit 


IHa 

m 

275 



Kt 


life 

m 

ims 

3^8 

2K 

IK 

\)i 

IKs 

w 




'He 

I'M* 

2tS 

m 






IKs 

30« 





me 

3M« 

m 





Hi 

1% 



1.9K 



ime 

JK 

IK 





1)4 


4K, 





5M« 

3% 

2 






I’Hj 

Af 




"Me 

iKe 

4t< 

2tli 





IK 

1% 

47' 




IVis 

5m« 

4ii 

2K 





lit 

PKa 

S7‘ 




VMn 

Win 

5M 






2 

2^3 

575 

... 



9iH« 


5K 

2H 






To find the required chain width, tte total chtdn pull F is divided by tho 
normal tension per inch as ^ven in Table 84. . Where the load ia not uniform, 
the horsepower assumed in figuring the dnvo should be increased by multi- 
plying the rated horsepower of the motor or prime mover used, by a factor 
as follows: 

For electric motor (oil or gas cn^e) driver tlie factor with uniform load as in a line 
shaft, centrifugal pump exciter or most machine tools is 1 (1.25) ; with uneven or pul- 
sating load as in a duplex pump, compressor with halance wheel, beaters, stokers, etc., 
1.25 (1,5); with severe shook or reversing load as in a ball or tube mill, heavy rolling 
mills, drill rigs, crushers, etc,, 1.5 (2). Where the drive is used 24 hr a day, an addi* 
• rional 25 percent should be added to the horsepower rating used in the eomputatiens. 
These ratings are based on chains in prateoting cases with adequate lubrication. 
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Table 87. Safe toad for Sliiiff Chains 
(As used by Weatinehoose Electric and Mfg. Co.) 


Diara of 
chain, in. 

Used 

straight, lb 

Used at 60 deg 
andcilb 

Used at.45 deg 
angle, Ib 

Used at 30 deg 
angle, lb 



1350 

1.250 

900 



Z50O 

2.100 

1300 

fi 

4,600 

4,000 

3.250 

2300 


6,750 

5,850 

4.800 

3,400 

’’A 

9350 

8.100 

6.600 

4.670 

1 

12.400 

lOJOO 

8,750 

6.200 


15,600 

13300 

11,000 

7,800 

IH 

19300 

16.600 

13,600 

9,600 

\A 

23,000 

19900 

16300 

11300 ■ 

IH- 

27 2D0 

B600 

19300 

13,600 

IH 

35,000 

30300 


17,500 


44,400 

38.500 

31.400 

22300 

2H 

69,600 

60300 

49300 

34300 


The safe loads specified in tbe table are lor each single chain; when used in any other 
multiple, the load may be increased proportionately* Stub books should be used for 
lifting apparatus which iaproTidcd with holes for that purpose. 


Axmealiag and Caxe of Chains. In service, because of overloading or the peening 
or hammering action of the links on each other, chains tend to become brittle so that 
sudden failure may occur. To remove Ibis condition, annealing of the chain at intervals 
1 b TicoeasaTy, The foUowuig notes on annealing arc published by the National Safety 
Council: 

In cases where failure of a ch tun may result in loss of life or property . it is recommended 
that, where possible, the repair and annealing of such chains be entrusted to a company 
making a business of this work and having the necessary experience, equipment, and 
technical supervision to do it correctly. Such cbtuns should be annealed as often as 
careful inspection (to determine if a work-hardened condition exists, or if the chain has 
been overloaded) shows this to be necessary. The annealing of wrought*iron chains 
should be carried out in a furnace provided 'with accurate temperature measureTuenl 
and control, at 1350 to 1375 Ffor the following lengths of time: )d to H in. chain, H hr; 
H to 1 h. chain, jii hr; 1 to iH in. chain, 1 hr; over IH in., 2 hr. Cooling in air may 
follow the anneal. For steel chain, the corresponding annealing temperatures are 
16Q0to 1050 F. It is important that uniform temperature he obtained during annealing 
in all parts of tbo chain. 


Table 88. Dimensions of Circular Eings Dsed at Ends of Siinff 
ChamB 


6 i 2 e_ chain, 

Slngle-eliag 

Double-sling 

chain 


Single-sling 

chain 

Douhle-eling 

chain 

Size ol ring,* 

Sse of ring,* 
in. 

in. 

Size of ring,* 
in. 

Size of ring,® 
in. 

A 

H X2H 

HSX2H 

A 

IHX 6 

IHX 8 

Me 

Me X 2H 

9fi X 2 H 

^ , 

IHX 7 

2HX 9 

A 

, H X4 

% X4 

\A 

IMX 8 

. 2 HX 10 

Ms 

' A X4 

1 X4 

IH 

2HX 9 

2H X 12 

H 

A X4 

1M X5 

IH 

ZH X 10 

3 X12 

•• H f 

IH X5 

IH X6 

IH 

2 HX 12 

3M X 12 

H , 

1. IH X 6 

m X7 





“ First fisu — 'tt, geeond figaro to inside ring diameter. 
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Idler sprocketB may be used on wtiier aide oi tbe Btaadaid roUer cbidni 
to take up slack, to guide the chain around obstructions, to change the direc- 
tion of rotation of a driven shaft, or to provide more wrap on another sprocket. 
Idlers should not run faster thin the speeds recommended as maximum for 
other sprockets vrith the same number of teeth. It is desirable that idlers 
have at least two teeth in medi with the chain, and it is advisable, though 
not necessary, to have an idler contact the idle span of chain. 

Horsepower ratings are based upem the number of teeth and the rotative 
speed of the sm^er sprocket, mther driver or follower. The pin-bushing 
bearing area, as it aflects the allowable working load, is the important factor 
for medium and higher speeds. For extremely slow speeds, the chain selec- 
tion may be based upon the nlrimate tensile strength of the chain. For chain 
speeds of 25 fpm and less, the chain pull should be not more than of the 
ultimate tensile strength; for 60 fpm, H ; for 100 fpm, \ for 160 fpm, H ; for 
200 5pm, H aud for 2S0 fpm, Ho of ^e idtimate tensile fitrength. 

Ratings for multiple strand chains are proportional to the nrunber of 
strands. The recommended numbers of 
strands for multiple chains are 2, 3, 4, 6, 

8, 10, 12, 16, 20, and 24, with the maximum 
ove^aII width in any case limited to 24 in. 

Chain Length Calculations. Refer- i 
ring to Fig. 138, L a length ot chain, j 
in.;? -pitch of chain, m.:ffandr = pitch 
radii of large and small sprockets, respec- 
tively, in.; i) “ center distance, in.; A > 
tangent length, in.; a - angle between - 
tangent and center line; N and n - num- 
ber of teeth on larger and smaller sprockets, respectively; (180 + 2a) and 
(180 “ 2a) » Migles of contact on larger and amaller sprockets, TespectlTcly, 
deg. 



Fio. 188 


a «= 8in“‘I(B - r)/D}. 4 * D cos a. 

I = ^?(180 + 2a)/360 +nP(l80 - 2a)/86Q + 2D cosa 
Ifip = length of chain in pitches, and Dp ’= center distance in pitchM, 

Lp = (iV -h «)/2 + oiN ~ n)/180 + 2Z>p oos a 
fiVVKSiwg fhfe VsAAee, 

L, = 2C + (AT + n)/2 + KiK - nY-fC 
where C is the center distance in pitches and R! is a variable depending 
upon the value of (Af - fi)/C. Values ot IC are as follows; 

(V - n)/C 0.1 1.0 2,0 3.0 4.0 SO 6 0 

K 0,02533 0.02538 0.02555 0.02S84 0.02631 0.02704 0.02828 


Formulas for chain length on multisprocket drives are cumbersome except 
when all sprockets are the same aze and on the same side of the chain. For 
this condition, the chain length in pitches is equal to the sum of the consecu- 
tive center distances in pitches jdus the numbw of teeth on one sprocket. 

Actual chain, lengths should be in even numbeTs of pitches. "When neces- 
sary, an odd number of pitches may bo secured by the use of an offset link, 
but such links should bo avoided if possible. An offset link is one pitch; 
half roller link at one end and half pin link at the other end. If center dis- 
tances are to be non-adjustable, they should be selected to give an initial 
snug fit for an even number of intches of cluun. For the average application, 
a center distance equal to 40 i 10 jatebra of chain represents good practice. 
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' Ste&m-engiiie cylinders majr bare walls of fbe fHckness, f(^Q.) = 
(PD/2000) + 0.3 in. The thickness tbas obtmed allows for reboring. Tor 
jacketed cylinders, "the liner, when of cast iion, may be of the thickness.* 
tj = [PD/(5i25 + lOP)} + 0.4 in. 

Cylinders for hydraulic presses are usually deagned with high workiEiB 
stresses used to reduce the wmght of the Qiinders: 

Sted or cast-steel cylinder? 15,000 to SO.ODO Ib per jq in. 


Phosphor bron*e 7,000 to 12.500 lb per sq in. 

Cast iron, bronie 4,500 to 11,000 lb per sq in. 


Cylinder flanges should not be thidrer than 1.2i to lU5t. Heavier 
flanges cause severe cooling strdns which materially weaken the casting. 

Cylinder heads when flat may be proportioned as flat plates supported 
at the edges, fj *= 0.45DV5P/6/, where ti = thickness of plate, in., and 
/ = allowable stress, !h per sq in. = 3,000 for cast iron and S,000 for cast 
Bteel. When heads are dished and ribbed, the same formula may be used 
for detennining the maximum limit of dimeosioii and the actual thickness 
made 20 to 40 percent less, depending on the ribbing. 

Flat cover plates may be designed as rectangular plates suppo rted at the 
edges (see p. 475). The thickness of the plate is it » ^•a^/p//, where o = 
the shorter side of the plate, in.; h = thelongeradeoftheplate.in.;/ * 3,000 
for cast iron, 9,000 for cast steel; k depends on the ratio b fa and is as follows* 


b/a» 1.0 1.2 1.4 1.6 1.8 2.0 8.0 4.0 

k ■ 0.536 0.013 0.672 0.719 0.754 0.7S0 0.844 O.S60 


Large covers are usually dished and ribbed for added strength; the same 
values of k may be used for determining the maximum value of f: and the 
actual thickness made less, depending on the ribbing. 

Stud bolts for bolding down cylinder heads and steam-chest covers should 
never be less than H in- and pr^erably Ji in. diam to prevent their being 
twisted off in tightening. The intensity stress^ based on steam-pressure 
load should be limited to 6,000 lb per sq in., and the spacing should not 
be greater than 6H in- or less than 3K times the diameter of the bolt. If 
higher stress is necessary, special steel must be used. Stud boles should be 
tapped to a depth equal to times the diameter of stud, but never allowed 
to enter a steam space. The strength, of the bolts should be much less than 
the strength of the frame or cylinder with load application along the centCT 
line of the engine. This will ensure the safety of the more eipenave castings 
in case of unusual loading such as may be caused by water in the cylinder. 

Pistons and Piston Bods 

Small pistons may be made to the form and dimentions ^ven in Hg.l43 
and Table 90. ' 

Larger pistons of this type are often imaforced by radial internal ribs. 
Proper holes, adequately bossed, must be provided for holding tlie cores in 
place and for removing them after casting. Ribs are not advisable for veiy 
high temperatures, superheated steam, or gas enpnes, causing escesave 
thermal stresses. 

Disk pistons (Fig. 144) are often used. The thickness h of the disk, 
in., is h = V^nD^ P = internal gage pressure lb per sq in.; 

/ et the allowable stress Ib per sq in.; li and I*! depend on the ratio dj/Di 
and are as follows; 
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.shaped 19 ' reduced, 'while the rides higher on the teeth aa it elongates, 

.thusaccomraodatihgitaelf to a larger pitch circle. . ' 

•IaFig,'153,letP'= pitch;!) anommalroUer diameter, in,; jv .= niunberof 

teeth; D' '= 1.0Q5D + 0.003; A ^ ^ + 60/!f deg; B » 18— 50/F, deg; 


C ^=.l80/^■ deg. • ^ j' . , 

I Inlaying out'the tooth, first draw lineXF. LooatepointOjUnd'withthatas 
a center and radius ax equal toi/2p', dmw a circular arc for the “seating 
curve” xx': 

Draw line lac making angle A with line Xr, and locate point c so that 
oc ~ 0.8D. ' Drarr line cy maldiig angle B with lino cx. With center at c 
and radius txx, draw arc xy for the "workui'g curve." •' 

Draw line yz perpendicular to lino ay. Draw line oh making angle C with 
line XY, and locate point h bo that <sb ~ 1.2dD. Draw Unc bs parallel to 
line yc. With 6 as center and tad{u8''6r, draw the '"topping curve," arc 
zu tangent to line gy. . ... . 

A similar construction for the other half will complete the tooth outline. 
Outside diameter of sprocket ■when tooth is pointed P cot (180/^/) 

The recommended value for B is 0.3P; and when this value is chosen, the 
outside diameter of the sprocket 'will i>eP(0.6 +,cot (180//'^]. 

Silent Chains. Silent chmn drives are widely used in various applica- 
tions including front-cud drives in automobile engines and in connecting high- 
speed electric motors to thrir loads. The advan- _ — ' 

tages of silent chains in addition to thwr quietness 
in operation arc high efficiency, euitability for . ^ ^ Aw/ 

high speeds, positive drive without slippage, --- 

ability to run on short or long centers, and the ^ 

elasticity of their coaaection to the load. j \ 

Morse Silent Chain. The principal feature of Piq, i4i.— Morse Silent 
construction of the Morse rilent cbwn is the rocker . 

joint as shown in Fig. i4L ‘ ' 

The procedure in thS design of Morse alent chwns is asloilows; The pitch 
Is selected drst, the normal rpm of the hi^-specd shaft for each pitch being 
furcated in Table 84. In most "drives, the largest pitch consistent with tho 
maximum rpm as iudicalcd in the table will be the most economical. . 


Table 84. Data on Design of Morse Slleat-chain Drives 


Pitch, in. 

No. of 
pitches 
per ft 

Normal 

rpm 

Normal 

ionsioR, 

1 in. wide, 
lb 

Min ne. of 
. teeth, 
driver 

Desirable 
no. of teeth, 
driver 

Min no. of 
teeth, 
driven 

Hd 


5,000 

30 

13 

13-17 

21 

% 

32 

3,600 

75 

13 

15-17 

21 

H 


2.400 

lOfr • 

13 

• 15-17' 

■ ' 2i 

H 

19.2 

1,800' 

• 125 ■ 

- il3 

17-21. 

21 


16 

1.400- 

150 

13 

17-21 

21 ■' 

0,9 

13.33 

I.iOO 

185 

15 

17-23 

' 25 

1 

12 

1,000 

205' 

15 ' 

17-23 

25 

1.2 

10 

800 

250 

15 

17-23 

25 

Di 

9.6 

750 

265 

15 

17-D 

25 ■ 

lit 

8 

600 

535 

17 ' 

17-2? 

' 25 

2 

6 

400 • 

600 

17 

17-31 ■ 

■ 27 

3' 

4 

' 250 " 

" 935 

. 17 • . 

19-31 

■ 

27' 


When extreme-quietnessiB desirable, itis.recommendod to use, two pitches 
smdler than that indicated for.the rpm in the tabled' ■ ■ 
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the pressure p against the wall is' D = 2AfA*/EB or 2AfA^/EF, where E 
is the modulus of elasticity of the ring- material.- The ring is preferably in 
segments for large engines, each flegment being pressed against the cylinder 
w^s by a spring. 

Piston rods are'eubjected to compressive stresses and may be 

designed ae round freo-ended columns, for which Euler'a formula reduces to 
P = OAZdBd^/sP, in which P = total 
load, lb; E = modulus of elastidty 
{ s* 30,000,000 for mild steel); d = diam 
of rod, in.; 1 = length of rod, in. Por 
hollow piston rods, substitute (dt* — di*) 
for d* in formula, dt and di being, 
respectively, the outer and inner diam- 
eters.] The factor of safely s has the 
following values: For vertical engines 
3 = 8 to 11 for load fluctuating between 
P and 0; 8 “ IS to 22 for load fluctuat- lap Cut. 
ing between +P and -P. In horizontal 
engines, the rods are also subjected to 



bending stress due to the combined 


Piston Kings. 


Pin, 147. 


weight of the piston and rod. In small engines with light- pistons, 
the formula for vertical engines may bo used with s " 11 to 22. In largo 
engines with heavy pistons and rods running through 
glands in both heads (as in tandem steam and gas 
engines) , the rod must be of such stiffness that it will 
not deflect at mid-length between its points of sup- 
port more than 0.08 in. In this case, the piston 
diameter must be 0.12 to 0.16 in. less than that of the 
bore. Defiectionininchess PflTi +0.625IF0/4SSJ, 
whero Z « length between supported points, in.; TFi 
and Fj = weights of piston and rod, respectively, 1^8^— piston-rod 

lb; J “ moment of inertia of rod section =ir(i*/64. ‘‘ 

Most reliable values of d may be found by the use of 

Kitter's long-column formula. This reduces to the following form for mild- 

steel rods: 

=P(! + <,'i -fAVisspffiJV, 

where / = allowable working stress, usually 5,000 lb per sq in., I = rod 
length, in., P = load on rod, lb. 



Table 92. Typical Dimensions for Ends of Piston Bods 
(.411 dimcDsons in inches. Letters refer to Fig. 148) 


'* 1 

B 

c 1 

® 1 

E 

F 

1 ® 

1 » 

R 

2% j 

■ W, 

3 

2v; ■ 

414 

' 3M 

I 314 

■ 2)4 

4)i 

3 


3M 

244 ! 

414 


' 314 

2)4 

514 

' 3K -1 

•354' 

314 

3 1 

414 

4H 

, 4K 

, 2)4 

• 5)4 

- 

■ 4 

314 

314 

514 

414 

3J4 

214 

• 6 


W 

4 

314 

614 

514 

4% 

! 214 

614 - 

4 

. 414- 

414 

3)4 

614 

514 

1 414 

214 

614 

4H 

-.Wi 

’ '414 

4 

7 


! 5)4 

3)4 

714 ■ 

414 


434' 

414 



1 5)4 

■' 3)4 

1 7)4 


To check for stress in an existing design, the formula is more conveniently 
written as: / = P[1 (16SLyv^Ed*}]/A, where A = area of rod section, sq 
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CHANE CBAIN8 AND HOOKS 

For calculating silent chain lengths, the procedure for roller chain drives (p. 992) 
may be used. 

CHA2IB CHAINS AND HOOKS 

Crane Ctains. For applicatiooB where failure is dangerous to iile or 
property, chains made from a high grade of wrought iron are widely raed. 
Because of its extreme ductility, wrought iroa has a large shock-absorbing 
capacity, and chains made of Ibis material whl stretch considerably under an 
overload, unless they have been overstrained or the links embrittled. 
Wrought iron has the additional advantage that it is easily welded, Welded 
chains made of nickel steel (S.A,B. 2320) ore also coming into use where 
exacting requirements must he met. 


Table 86. Proof and Break Test Loads of Crane and Proof Coil Chain 


] 

Proof teat load, lb 

Break teat load, lb 

Safe working lo&d, lb 

aisG of 
cliainbar, 





Crane 




chain, 

Proof coil, 

chain, 

wrought 

iron 

Proof coW, 


wrought 

iron 

iron or steel 

wrought 

iren 

iron or steel 

iron or steel 

H 

1,767 

1.700 

3J35 

3.400 

1.D5D 

850 

Hs 

2,760 

2.650 

5.520 

5.300 

1,655 

1.325 

ft 

3,975 

3,350 

7.950 

7,700 

UI5 

1,925 

Ms 

5,415 

5,250 

10.830 

10,500 

3,250 

2.625 

mi 

im 

\4.\4S 

\^M 

4,1« 


Ms 

8,947 

8,650 

17.895 

17300 

5,370 

4.325 


11,047 

10,700 

21095 

21.400 

6,630 

5,350 

H 

13,900 

13,330 

31.800 

30.700 

9,540 

.7.675 

M 

21,622 


43J45 

41.880 

12.960 

10,450 ' 


28,275 

27,350 

56.550 

54.700 

16,950 

13,675 

IM 

33,400 


66.800 


20.040 

m 

41,250 


U500 


24.750 


IM 

49,900 


99.800 


29910 


m 

59,350 


118,700 


35.600 


m 

69,750 


139.500 


41,800 


m 

sasoo 


161.600 


48,450 



92,750 


185.500 


55,300 


105,500 


211.100 


63.300 



Nomiaal weights and dimensions for ra-ane chains of wrought iron or steel 
as given in A.S.T.M. specificatioh A-56-30 are given in Table 85: proof, 
break test, and safe working loads taken from ^e aame sped&cation are 
given in Table 86. The proof coil cbm should be used only where life or 
property is not endangered by a chain failure and where corrosion is not a 
factor. Proof coil is made of steel—generally open-hearth — and is used for 
railroad cars and construction and forestry work. 

The safe loads as recommended by Eantman (ilfaintejionee Engincerino, 
Oct., 1932) and used by Westinghouse Eaectric & Mfg. Co. for wrought-iron 
sling chains, used at various angles, are pvon in Table 87. These loads are 
somewhat lower than those indicated in Table 8G. 

The American Chain and Cable Co. recommends that chains used on the 
sheaves to operate cranes have straight-aded links (so as to operate properly 
in. the sheaves), and chains used on dings should have oval-shaped links. 
Under overload, the oval-shaped links will tend to straighten out, thus giving 
visual warning that the chain is too light for the load. 
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- Pin bushings are proportioned to have a 'inaxihium -bearing pressure 
1,000 to 1,200 lb per sq.in.-for.steam endues, up to 2,500 lb per sq in. in oil 
or gas' ehgiaea. In. smaU' connecting Tod3,''thifi‘pres9ure i8-300 to 700 Ib per 
Bq in., depending on the required rate of wear. The ratio of length to diam- 
eter of the bushing is 1.2 to 1.5. 

Shanks for' coiuiecting roda-may be r 
designed, as long columns' Tvith round ^ 
ends, using Ritter's formula (eeep.S'”' 
d' - Cf[I '+ Vl + <PW/KCPlWl ' 
where P = load on rod, lb; / = maxi- j 
mum allowable streM, lb. per'eq i 
I = length of rod; im— For rods of cir- 
cular cross section, d ^ rod diam, 
in.. C = I.OO, k «'l.57. md K ^ 300. 

Fo, rods of cfoB» Motion i53,_i„.„„„tivo Oonoootins 

having .height of section, eqnal' to 2.7 ,• . 

times the thickness, 5"=> height. of rod . *' 

section,. in.'; C »T.35, A = 1, •' 
and i^"«-420. These con--, 
stants are^ for rods of' mild 
steel having an elastic limit of 
30,000 lb por 8q_ in. pd a 
moduluaofelastici'tyinteasion ^ ^ ^ . 

Bo-i' 'O' “.Bo- 

tice, / may be 4,000, 'In slow. 
speed steam engines, gas engines and pumps, 
i may be" 6,000 to 5,500. In general, the 
working stress for connecting rods should be L 
H to K the stress at'the elastic limit of the > 
material, when designing for long-column' 

action. Rods for highspeed engines having p— ,j « 

important inertia stresses should bo designed j 

with a factor of H, The sum of tiio stresses 




due to long-column action and to inertia Fio.‘l54.— Connecting Rod of 
(whipping action) should not exceed H the Automobile Engine, 
stress at the elastic limit' of the material. 

The mazimum inertia stress in a eonnccting-iod shank may be closely 
approximated by use of the foUowing formulas: 

For roiind' Tods, f = l’iw*/(0.098(P X 16flR}, where f = stress due to 
inertia, lb per sq, in.;, id = weight of 1 in. length of rod, lb; v = velocity of 
crank pin fps; g <= 32.2; ,E = crank radius, ft; d = mean diam of, rod, 
in. Forrectangularrods,/' « Z%BV(0.167iA* X 16^}, where h = thickness 
of rod section, in., and h = height of rod section, in. ■ ■■ 

Connecting-rod ends as in Fig. 166 should have their bolts designed such 
that each may take H the maximum load on the cap with a stress of 5,000 lb 
per sq in. for wrought iron and 6,000 lb per eq in. for steel. In double-acting 
engines, the maximum load producing tenmon in the bolts may be occasioned 
by the internal pressure in the cylinder or the inertia of the reciprocating 
masses. In single-acting gas engines, .the load on the bolts is caused by the 
inertia forces. Strap ends as shown at’the crtink-piii end of the rod in Fig. 
I'52'8h6uld-havb,the 'side straps'deagned to’ carry the load. with a limiting 
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, Hantaan i(2oe. etJ.) reeorainenda that new .ehains be marked ^th prick' punch- marks 
so , that the distance between marka ia 3 ft .when the chaini hangs freely. - Annealing 
should he carried but where the stretch ia 1 in. in 3 ft or;if the chain shows a work- 
hardened condition. If the stretch is greater than tins 'amount . and thelin^ bind, that 
portion of the chtun should be scrapped. After tepiur or anneal, c^ina should he proof- 
tested. Chains that show gouge marks, cracks, bent Hnks, exeesaiTe wear, of a tendency 
of the welds to open should be replaced.-' The safe load ehould’be reduced' for worn 
chains to compensate for wear. 


'For proportions of chain sheaves,. nee .p, 833. 

Dimensions of circular rings used at the ends of sling chains, 
(American Chain Co.) arc as indicated in Table 88; ‘ 

Crane Hooks. Since crane hooks act essentially as curved 
bars in bending, stresses in these hooks may be calculated by 
curved hs^ theory (Timoshenko, “Strcn^h of Materials," 
Part 2, p; 423). For irregular cross sections as'used in crane 
hooks, the graphicrd method described in this reference may 
be employed. 

Dimeneions of standard sling hooks os mado by American 
Chmn tad Cable Co. for the 'various chain sizes arc given 
(dimensions refer to Fig. 142). 


Table 89. Dimensions of Sling Hooks“ 
(American Chain and Gable Co.) 


1 

■■ 

O 

D 

B 

B 

II 

B 

m 

B 

J 

w 

H 

2Vi 

IM* 

'Ms 

1 



Ms 

Mb 

. ' ,» 

% 

n 1 

lita 

IMr 


nta 


. 


S7 

k 

tVi ! 

Wt 


nt 


1M» 


H- 

' " s 

SK 

tin 

3« ! 

nMo 

I'M* 

W‘. 

m 

-m 

M 

Mb 


9) 

4 


2 

m 

1H 


nt 



u . 

H) 


V/ifi ■ 

m 


1V5 

UMfl 

1 

. 

I 

M 


IH ' 

Wf, 

2H 

2Vf 


2 

m 

k 

m 

6'/ 

k 

644 

2?4 


m 

2 

2 

IM 

I - 

, i«- 

6t 

! 


r*- 

21H6 

n 

2H 


ik 

m 

■ ik 

64 

It and . 

m 

M 


3H 

2 

IH 

> IH 

65 ' 

ns 











- m 

17, 

5 


6K« 

3M« 

W 

2 

ik 

744- 

fR 


IMt 

6 

4115 

H44 

t44 

4 . 

m 



69 

nt 

I6^i 


5 

9H 

4K 

4)5 


3M" 


'* All dimensions in inches. 

ENGINE DETAILS 
Cylinders 


The wall thickness, inches, of a c^dinder subjected to internal pressure, 
P, pounds per square inch, is t =PD/2/, where i) = diam of bore, in.; / =, 
allowable stress in the cylinder wall; / = 6,000 for cast iron, 15,000 for steel. 
"When P is higher than//5 (in steel hydraxdii^prcss .cylinders for P. > 3,000), 
the cylinder ■walls may be proportioned for strea^h by Lamp’s formula 
{see p. 446). With low pressures, thomiBimiaa thickness of thc-wall for cast- 
iron cylinders is: f = D/50 + 0.4 in., when past vertically; Y = D/60 + 0.5 
in., -when cast horisontally. 


H 



, Fio. 142.' ,• 
Sling Hook. 


' in Table 109 
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Table £13. Proportions for' Oak-tanned Leather Hydraulic Packing 
- - Y f ' r . r. 


Jl< — 0 


(All dimei^om in inch^l 

a'clearaneein canty) 


k- ^ 




Mitm.efma', 

Pio. 157. Fio. 168. Fio. 158. Fio. 160. Fio. 161. Fio. 16l 
Packings for Hydraulic Cylladers. - 

of abort brass strips with clearance. belveen tbeir ends in order to prevei 
them from being forced oht by expansion ^ec heated. The clearance edge 
of the rinp are made O.Ol to 0.015 in. thick. The number ol rings n require 
to limit'the leakage of steanx to a given 'weight per second may be doternune 
from the forinrila ^ , • -- 

- n =., [40p - 2,600(w/a)J/[540Cw/a) - p]' . 

where . p = absolute pressure of steam, Ih per sq in., 
w = permi8ribleleakagoofsteBin,Ibper8ee,ando = cross- 
sectional area of the steam passage at the clearance rings, [t— I" / 

eq in. - This formula is derived from a chart given in - 
Morrow’s “Steam Turbine Design,” p. 293. ^ ‘ ' 

Example. Let dummy piston drcumfercnce » 70 in,; pressure before P®*®? 
through labyrinth =,-180' -Ib peT’Sq in.' nbg; prereure after passing' labyrinth ^ 
lb -abs; oletrancc c = Q.Qliiti.; leataiga « not to exceed 0,7 ,tb pei sec. . Here o 
X-O.Ol “ .0.7 .and io/a Bi.p.7/0.7 = L„ Substituting in formula, number of 
iso lb » 13; also number of rings for ^Ib » 2; whence, number'of rings for 
of 0.7 lb per sec bet'ween the two pressure •» IS — 2 ■■ 11. 





' 'ENGINE'.'DbTMCS o4'/' 

• . .,1.38' i'.0:89'.. 0.62 ■-0'44.- ..,0.32 

0.20. ...,0.;i8..;. .0.17 1 ,0.16, „0.1.4 

lonical pistons ior use in verticpl cn^es be proportioned If or 
iiigtli according to tbe 'iorinulaa.givBS.byKrait .(Prdc. •J.CJ!:, (127, ;p; 269) i 

ere -p = steam pressure, lb per aq in.; / f='niajamum flllowabto stress, lb 
sq'in.'. ( = 3,000 for cast- iron and 9,000 for ‘keel) T‘ and t = mininium 


iG, 143.— Small Piston. 


Fig; 144.— Disc. 

iKston. 


Fm.- 145.— Conical 
piston.. 


cknoss o{ metal at sections near boss and nm, respectively, in.', z', a, on 
ireasinFig. i45. ^ ‘ ' 

Table 90. Dimensions o{ Small Pistons : 

(All dimenaiona in mebes.. Letters refer lo.Fig. 156) • , , 



Solid pistons. 

ble 91. Dimensions of Equal-section and Eccentric Piston Rings 
(All dimenaons in inolica. Leitero refer to Figs. 14C nnd 147) 



Piston rings up to 20 in; diam may be mado to tlie forms and propor- 
us. given in -Pigs. 146 and 147 and Table 91. The eccentric rings give a 
)re uniform pressure against the cylinder walls. This pressure should 
3, to 5.5 lb per sq in.; in high-pressure compressioa up to 7 Ib’per sqin. 
The strength of the piston ring may be estimated from, / * 3pA‘ or 
A^IF\ where /is the stress in pounds per-square indi'in the section opposite 
■ The length !), in., through which the rii^ must' be sprung to produce 
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Table 93. - Proportions for Oak-tanned Leather' Hydraulic Packing 

Sl. -i-f M Q’& 

fAll (!>TnnifnMH in inclies.) "" ' ' i 


===||^ (AB dizneimciira in incliesO 

• (J — -jii (A ^ deusncemcsvity) ' 



through a Buccesaion of very small cUatancee c formed by xingB 


nately in grooves in the stator and rotor. These rings are usually 



.IWaw.wftrui, 

Fio. 157. Fio. 168. Fio. 159. Fig, 160. Fio. 161.. FiQ.i02., 
Packings for Hydraulic Cylinders. , i ' 

of short brass strips irith clearnnce.between their ends in order to prevent 
them from being forced out by ciponsion when heated. The clearance edges 
of the rings are inade 0.01 to 0.015 in. thick. The number of rings n required ' 
to limit the leakage of steam to a pven’'wei^t per second may be determined ; 
from the formula - _ - - , 7.:i 

. n =■, I40p “ 2,C00Cw/o)]/t540(tti/o) - p] 
where p = absolute pressure of steam, lb per sq in., 
tc = permissihloleakageof steam, lb per8ec,ando «= cross- 
seotional area of the steam.passage at the clearance rings, K— 
sq in. .This formula -is. derived from a chart given in ; pjg ^53 
Morrow’s " Steam Turbine Deagn," p. 293, .j • ’ ’ ■ 

Example. Let dumioy piston dreuniferenee = 70 in,j pressure before 
through labyrinth <=rl80' lb sq in.' abe; pressure after -passing labyrinth = 5 
lb sbs; clearance C’= O.Oliin.; leak^e w not to exceed 0.7.1b per sec. Herc o •• 

X, 0.01 ’= 0.7 nad .w/o ».p.7/0.7, = 1., Substituting in fotmula, number of rings or 
180 lb = 13; also number of rings for 851b •* 2; whence, number of rings forles^C 
of 0.7 lb per sec between the two pressuies = 13 ~ 2 = 11. 
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Iq;; E ~ modulus o( e9isticity in tendon = 30,000,000 for mild steel; S *= 
dadic limit of material = 30,000 lb per Bq.in. for.mild steel. 
rvA'Suitableidesiga of apistou-rod endis-stowa.in Fig. 148 and Tabic 92. 

Crossbeads . . . 

Engine crossheads of the 77102 may hare the features, of construc- 
tion shomi in Fig. 149. The box type of crosahead may be designed as shown 
in Fig.T50. The substitution, of pin shoulders on the crosshead and strmght 
bores in the box for the taper constractiim reduces the cost of machining. 
The shoulders should bear on the face of the side opposite to which the nut 


rTT 

J 

ilijm 

m 

□ 


1 j 



1 

ft 

1 •, 

‘•i ! 

nil 

agig 



Fig. 149',’— Wing Type of 
Crossbead. 


Fw. 360;— Box Type of 
Crosshead. 


holding the pin is seated in order that screwing up the, aut will not tend to 
land the connectiag-rod end in the box and thus cause beating. It is well 
to flatten the top and bottom portions of tho pin where wear is a minithutn to 
preveat the pin wearing to an oval shape. It is sometimes the practice^ to 
give the pin a quarter turn occasionally to promote more uniform wear. In 
locomotive and marine service, the type of crosshead' shoivn, in Fig. I 6 I is 
frequently used. 

Crossbead Pins. In steam-engine prac^ce, the crosshead pin is designed 
for a bearing pressure of 1,000 to 1,500 lb per sq jn. According to Barr, 
American practice in proportioning crosshc^ pins iS'Cs follows: til » CA, 
I * Kd; where d = pin diam in.; I “ bearing length of pin, in.; A « piston 
area, sq in., C = 0.08 (0.07) for liigh , 

(low) speeds, ^d iC = -1.25 (1.3) for high j 
(low) speeds. , 

Shoes. The area of the shoes for 
stationary steam-engine crossheads should 
be such as to limit the maximum pressure 
to from 25 to 40 lb per sq in. The total • 
maximum pressure of the crosshead shoes Fjq. isi.— Marine-engine and 
on the guide is F tan a, where P = mam- I,ocoinotive Type of Crosshead; 
mum' stearti-prosaure load behind the pis- ■ ' ■ 

ton, lb, and a = maximum angle of connecl^g'rod with engine center lino. 

In marine practice, the area of the shoes, according to Bauer, is based in 
the following limiting pressures: 55 to 65 lb. per sq in. for cargo and slow- 
running passenger vesselsrSh to SOlb per'sq jn. for mail steamers. 

In locomotive practice', 'the Hmiring piessuro on the crosshead shoe is 
about 86 lb per sq in, " ■' ■ ' ■ 

Connftctiag 'Bods > 

, Connecting rods for locomotive service may be made to, the form shown in 
Kg. 152. For small stationary engines, rods of the form' shown in Mg. 153 
are used. 
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Table 95. Crank Angles and Vision' Positions for Connecting Eods 
.-iiJ tjof.DifferentXengtbSio t ' 


ted from cob“^ /- 5- ^ ' k' ~ ' 





E}fGI}iB'J>STAIhS'.'- 


u 


stress of 5,000 to' 6,000 lb por eq in; • The, ende. are jnade I to l.C.tiineB -bhe 
thickness of the sides for both milled and atrap ends. 

• Stuffing Boies, 

, ' (For packinp see p. 896) V. / ! 

The.axial, flow 5 of a liquid _or_gas thnni^j^cjearance between 'a sliEdt 
and bushing can be estimated|in mine inches per minute. ^ ^ 

?.r=Q. 0 Ol 08 ( 1006 c)«p^^^ 

where'e is the'radial clearance im.inchea '(half 'the diametral.diSeroncc)(p 
is the,.prc 8 sure idrop .acro.ss the hushing, Ib per sq in.; I and d are„thc lengthy 
and diameter of tho*bu 8 hmg, in.; is the ahaolute •viacoaity of tho liquid or 
gas, poises. , > ‘ ' ' , ' , i , • '■ ' ■ , ■ ( 

Stuffing boxes of the ordinary-bolted] type 'suitable for steam 

engines may be'proportioned as shown liii ^ig. 155,' where H = rod'dia'm, 
in.;' di ** 'li22d 0.6 in.*; Ij « 0.4d +'l* ini; ij;=* d -1- 1' in.; iis ;= 0.761j; 



ted Flange Type. ] i ’ Fia'. 156.— Screw Typo. '■ 

■j [ V. L . Stuffing Boxes.' 1;.'. ..,,' 
di - bolt'diam «'6.12i + H in* when 2 bolts 'aro-'used,- = 1.6(6.'i2(i;-+ ^ 
in,} /Vii where the number of bolts n ie.^caW than 2(t'=]0;id -1* 0.6 in.; 
U = 1.4£; li >= £; U « 0.04d 4-fl.2in. (not to' exceed H in.)';'lf = O.ld + 0.13 
ia, (not'tb-cxceed'i'iTi.). All glands arc V be of brass.- • 

The screw type of stuffing box is not Tecomraehde'd but may bo made as 
shown in Fig. 156, with ^ . , j . 

di = 1.8d t.O.e'in,-’ 0l6d.^b'l"’in.i^^ 

ds O.lSd + 0.6 'in, >, ■V'O.jin^i h Ci.i4d 4" 0.4 in '• 

fi, * 0.4d.^ liin.,, p.I6d;+6.5jn.;;' p.6rd ,d-T.2:in.' . 

fs = d + 1.5 in. ti = 6.13d + 0.4 in, Kt = 6.8d, + ,0.7-,ih!'!:'' 

Tire ^^d.is of-'-Krass. ,, ^ _ .ti-/-'. 

■pacldngs .for hydraulic Cylinders 'may bo'pxoi^rtibned-aa shown in 
Figs. 157 and-,158. The cohstructiobshbwndn Fig.’ I'SS'i's'adapted to pres-' 
sures of 2;5p0 to 3,000 'lb per’ sq'in., ’and ’hemp packing''iB used’,' ' f ■ '’J'” ' ■ :■ 

Sometimes-thb rafti-bf the'p'reSs ijylihder is packed 'WithTeather, as’showii 
in Figs.(159,to 162.^ The prbpoftioiig'may'be ‘{«'giVen’iii''‘ThbIo 93. ..Fqn 
high-pressure and superheated steam) stuffing bokes'Bro’usually'provided'with*. 
metallic packing; j iw,) , . -r,; ; 

]; labyrin^i Packing. > ''Leakageipflist' dununyior balance pistons' of stoani- 

turbines oftho'Pafsons'typmay'fe^u^Wa-sitmll-im’ountbyblabyriiith' 

packing (FigVlOS^.'wherbthfi^stdam'pi^^me'is'ihidttled doTO by p^ng 
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this force is obtained by Bubteactifig frwaftbe pressure ou one face tba cor^ 
responding .pressure on the, other face pf the piston. InFig. 167'are shown 
the Indicator cards ABCD and A'B'C'b' for 'the forward and return strokes 
of'a single-cylinder double-acth^ steam en^tm; the total-pressures arc given 
fay the curves ahe and o'b'c'. In Fig. 168 the indicator card ABCDEF of a 
angle-cylinder, sin^e-aciing, four-cyde Diesel engine is 8ho^7n. 

Table 96. Tax^ential Factors and Piston Velocities 
(Tangential pressure on crank -= resultant horinmtal pressure timea tabular quantity. 
Forward stroke'is toward crankshaft Wrist-jun velocity = crank-pin velocity times 

tabular quantity.) Calculated from sin a + 


ttatio of conne«tin£-rod lenctli to crank length 

Crank angles l ; ; ; ; p • i r 

forward, dce« “ » 2.5- 3' 33 4 4i 5 55. .■:6. .7 



, 2079 0, :w«o 
.3(»9 0.3043 0 
.4064 0.4005 0 
.4995 0.4925 0 
.587ol0.579l 0 
.6682 0.6595 0 
.7421 0.7329 0 
Ml 0.79850 
.8657 0.8555 0 
.9144 0.90550 
.9540 0.94570 

.mt.mc 

.oosu.woo 

.01691.0121 I 
.01971.01641 
.01391.0122 1 


6.WS9O:9A«l0;«3il0 
0.9090 0.9150 0.9198|0 

0.7680 0.7781 0.7863 0 
0.7130 0.72590,7328 0 
p.65«)!fl, 6664 0-675610 
0.5946 0,6051 0,6154 0 
®3522lA.'y35lfi.552/pJl 
0.4600,4790 0,4877 0. 
».4032 0.4130 0,4209Q, 


.Wl6.t».Q99bO.Cfi8ati.l»n 
.•2022 0.1981 0.19500.1736 
.3005 0.2946 0.2901 0.2588 
.3957 0,3880 0.3822 0,342(1 
.4666 0,4774 0.4706 0.4226 
.5724 0,5620 0.5542 0,5000 
.6522 0,6409 0.6325 0.5736 
,72530,7134 0.7045 0,6428 
,79100.7789 0.7699 0.7071 
,8488 0.8368 0,8279 0,7660 
,8982 0,8867 0, 8782 0.8192 
.9390 0.9284 0,9205 0.8660 
.moMiomo.m 
1.9939 0,9860 0,9801 0,9397 
.0081 1.0020 0.9974 0,9659 
.0137 1.0095 1.0063 0.9848 
,0109 1,0087 1.0071 0.9962 
.0000 1,0000 1.0000 1,0000 
1.9815 0,9837 0.9853 0,9962 
1.9559 0,9W1 0.963310,9848 
19237 0.9299 0.9344 0.9559 
1,8855 0,8934 0,899?0.9397 
1 8417 0.6511 0,6581 0,9063 
1.793! 0.8037 0.61160.8660 
1,7401 0,75160.7601 0.8192 
16833 0.6953 0.7042 0.7660 
1,6232 0,6353 0.6444 0.7071 
l.5^OJ72|O.581D0.642B 


■ The, inertia force of the redprocating parts per square inch of piston area 
is obtained by multiplyii^ the mass of tho parts per equara inch of piston 
area (piston, piston-rod, crosshead, and: 0.36 to 0.45 of the connecting rod) 
by the acceleration of the i^ton (see Table 97)- It is represented by the 
ordinates of the curves'ijfcandi'vs' for the forward and return strokes, respec- 
tively, The ordinates between the tetd steam or gas pressure and the inertia 
curves .(pi,. ps, p'j' aiid p'!) the resultant pressures acting on tbeipiston 
along the center line of the en g in e , 



■CRAHSi.GEARim. 


853 ; 


• Crank-Gearing-- - ' 

■' Analysis of the Motion of the Reciprocating Parts, let r = crank 
radius, in.? R “ crank ladina, ft? a f 2r ^ eteoke, in.; I length of con- 
necting roi in.; * “ displacement of -iMBtoii from head end dead center, in.; 
•' 0 e: crank angle corresponding .to *; & ** coonoefcing-rod angle corresponding 
" to s; V = crank-pin velocity.-fpa; e -^-piHton ydwity, fps; i'T =-rpm of the, 
! crank. Then, when the 'centd lines of -the' piston rod and crankshaft lie 
in the same plane, . ! 

' 3! = rfl - cos a) 4- Id - cos &) = rf 1 - cob a + ^ sin* aV approx. 


f: " Table 94. .Platon' Positions for Various Crank Angles^j' 

(Frombeginniagofatrokelowardcianfabaft. TofinddistiaceofinstMifrombtpnniriS 
of stroke, multiply tabular value by’Ienglii of stroke.) ' . 



Table 94 gives correct piston positions correspondirig to vnrious'erank angles,' 
Table 95 gives also crank angles coiTcspoiidmE'‘t6'Variou'8'pist6n'poaitions. ' ' 

When, however,, the center' line of -motioh'of the reciprocating masses' ia 
located a distance'h''fro'm the center' of rdtatton'cif the 'criiiik, as shown in 


mSsS iliii Billi IllillJ 
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, ■ Craok-Oflarlng:-. ' 

Analysis of the Motion of the Reciprocating Parts. Let r «= crank 
radius, in.; fi = crank radius, Il;_s =_2r == BtokB, in*;.i ,*= i^Sth of con- 
necting rod, in.; * =" displacement of piston from head end dead center, in.; 
a — orank angle corresponding 'to xi &' “ connecting-rod angle corresponding 
to s; e = crank-pic. velocity, fps; e « piston velocity, -fpa; iV “-rpm of the ^ 
orank. ' Then, when the'center lines of the' piston' rod and crankshaft lit 
in the same plane, ; : ; ' , 

X = r(l - coa o) + -cpah) -coso -f^Bin®ayi'.PProx. 



Table 94 gives correci .piston poations eorn^ndirig to various crank angles; 
Table 95 gives also' crank angles oorrwporiding'to'varibus'piston positions'. ' 
When, however,, the center line of-motibh-of the’reciprocating-maases'is 
located a distance h from the center of rdtatibh-of'the crank, -as shown in 
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Nearly all goverEorS'depend for their actioa upoa centrifugal force, aad coa- 
eist of a pair of masses rotating about a spindle driven by tho prime mover 
and kept from -flying outward-by-a controlling force, generally applied by 
springs. With an increase in speed, this controlling force is overcome and 
the masses move outward and this rnotion is transmitted to 
valves supplying the prime mover with its workiiig fluid or 
fuel. In small machines, the governor acta directly upon the 
regulating valve or valves, while in* large machines the 
governor moves small controlling valves admitting fluid under 
pressure into operating cylinders actwting the main govern- 
ing valves,(see also p. 218). 

Conical Pendulum Governor (Fig. 172) . In this gover- 
nor, invented by Watt, the revolving masses are balls attach- 
ed to a vertical spindle by link arms, and the controlling force consists of the 
weights of the balls themselves. There is a definite ball position for any 
particular speed, and the governorissaidto be “static.” For any position of 
the balls, the height of the cono of revolution of the balls and their arms is 
A (in.) = 35|200Mwhcrett = rpm. The sensitiveness of this 
governor, or the sleeve movemwit for a given change in speed, 
rapidly falls off as n increases. ■ 

Loaded Governor. The Porter governor (Fig. 1731 is a 
Watt governor with the addition of a heavy movable weight 
surrounding the spindle. For a given variation of speed, the 
height k (in.) is greater than with tho Watt governor, being, 
when tho four arms arc of equal length, A *= ((w -h iS])lv)] X Tis. 173 
(36,200/n®), where w => weight of one ball and v>x ■ weight 
surrounding spindle, both in pounds. This typo of governor can bo run at 
much higher speeds than the Watt, and it is much more powerful with the same 
weights of balls. 

Crosaed-arm Governor. This is a conical pendulum governor in which 
each arm is suspended from a piu placed at the opposite side of the spindle to 
that of its ball. By proper proportioning, the balls may be made to move 
along an approximately parabolic path, and the height h made practically con- 
stant for the whole range of the governor, resulting in extreme sensitiveness. 

Spring-loaded governors are those in which the controlling force is 
wholly or partly produced by springs. This permits the use of a horizontal 
or inclined axis of rotation. 

Shaft governors consist essentially of a wheel keyed to the main shaft 
of the engine and carrying weights pivoted near its circumference, which 
are free to move outward under the influence of centrifugal force, this tendency 
being resisted by springs. In steam engjnee, the movement of the weights is 
communicated by links to an eccentric, thus varying the travel of the valve. 

In inertia shaft governors, a weight ann is so pivoted and has its 
weight so distributed that its inertia assists in making the eccentric adjust- 
ment, and the more sudden tiie chmige in load the greater the assistance it 
renders. Thus, when the engine speeds up the weight tends to rotate at its 
old speed by reason of its inertia, and hence lags behind tho wheel. Also, 
if the load is suddenly increased, the engine will alow down, but tho weight 
arm will continue at its old speed, g^ng on the wheel and again assisting 
the centrifugal force in altering the position of the eccentric with respect to 
the crank. In the Rites inertia governor, the weight arm is a long bar with 
heavy ends , which is pivoted off its center to a pin some distance from the 




Fiq. 172.' 



•. FLYWHB^S,., ■ V, S,55, 

to. .( AR is.^he center,Une of, iiie, piston j^.pr^'acedi ^ ia tie connecting^ 

rod,- OP-vthe; crank ]with cent<tf| at„0. 4^* ,, For 

any, position ASjOf the connecting-, n^'OUjtti^GQ iji£ijtbe,fengtli' 0£;^repr(^ 
sonts tiie velocity, of the reciproea^gpaHa,fo,ftO(Same scale .to .which Or 



represents tlie crahk-pih' velodty.'' The 'gr'apWh'al'construction of .Ihg., 1G5 
show^ hhw to construct velocity ellipeea for th©- whole revolution. • . ■ . 

< .Deterpiiiiation.:,o{ i.the^AcGelerfttion!,of,jthe,iiReciprocating Parts. 
The'BCooieration.p'of the reciprocating . ■ 

irpveh by the c^iatlorir y:. ''‘ijl v''; i'lt;. -i 

■■'■■p =y(coga jH’Vcos 2a^/K', alipror'' '■ 
when the conterlitieaof'thc pistons and crank-« 

slaftf He’fn the wme |plane. V, i ,V - J 

iyiable 97.givMiitlie', values of the accelera*.) cm. . 

Uon,fordiff,6rent crank angles. . . -jo V- 

■>'lf'’the eyhhderiis oHsot, as in Fig. lM,.thef ''^i 

acceleration of 'the reciprocating parts' nay: be 'found hy''tbe approximate 

,il " .'"‘w, 

p',»» (rV^Hcoeo +.'fT/l) «)8,2 o + h/l sinT'a) „) 

p !TKe',fnertia force; in. founds! per square Inch o'f pistbnjis / = Mp/A = 
TTsHoosii + r ,'cos i2a/Z) /AffiJ, * O.OOOWtff^’flfcoa o.,+''r ' -cob 2all)/A, 
where' W = total weight of reciprocating masses,' ib;''4 •••piatonatea.iBq in. 
The valiiedf TP for any given ’en^ne is to bc'takoti as tbh weight of the piston, 
piston rod, ;c:r5ss head, 'and a portion of th'o;,cbimecting ,rod.'| It is usual to 
include K to ?i,tho connecting-jxid weight as part'of the.rcciprocating.Tnassea. 
Valuhs of cos o'+ (r/1) cos 2a are given' in Table ^1. ■ ■ • ■' 

^^Trooien shows thatthe weight of reciprocating p'wts for'steam engines 
raayi,b,e''expressed,b'y the; formula IT -where iC,« 1,370,000 to 

3,^o6,doO,"'^lh!,a-\ferage"Yalue,of 2 ’,OOOid*d 05 ,Tf ='>:wei^'t of parte, lb; D =• 
cylinder'diam, in.';',S stroke, in., -and- “-rpmH'’-' ‘J • 

, Eelatidn between' tlielljorce in^the Line of! Piston, travel and the 
Tangential; Re’ac.tion at the' Orank Pin.,, hi Kg^lOOi if P is the force in 
the'linc of piston'travel.ltbo force acim'g along the' connecting rod','is C = 
P/cbs;6fand';tbat^;th^ ,gindc9;JV!’«^,!tiin;6.yTlie'4MceJ;thngeQt^^ the 
crank-piacircleat’ihe cr ankpmisr 4 -'gaia(g + h)-'=P sec bain (b'-f 'a) '*= 
f!ain a. (l -l-.Tibo's' &/ Vl* -‘r* an* o)V-’Table'?6'gives -values 'of 8ec''b'am 
{b)+:fl)ifor' various values of -f/r;. iThey are eQtal'io'thb'tangohtiar'factorh 
of -piston velocitieB'fo'r'difforent br'anktangTeB, : • '"Vp .1, '.-'ii-'-.iq iv,.'; 

•■"1., -p-! .'-.'if--,;;, :i). Determination. of Rywheel.Weifht--,,- .ri. ,i -■ 

_/;.TangentialiEfIort Curves', total force on HiO'piston'at each instant 
is (Obtained frow'the: indicator, cardj'-flntiie fcaM bf'a^double-actlnc^eiigiiih;: 

.‘ .:n<io -ojii i-i> yiiit n-Oii;/; O'!:' riiohi 
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between, tllgrlimits 'of no steam Biq)pl; and full steam supply,;, i If this range is 
faut;a small percentage, of, n,. the govemor.is said to,be;sensitive. > . , ;.,i , 

The configuration of a governor at -any speed within its range may be 
determined, ;as in, Fig... 174, a ;numeric^, example of a- Watt-governor, being 
taken, ;in;;which.iB.-= 10 lb; Assuming the .upper end of ball arm;(Fig., 172) 
to be' pivoted;, at, the^axis of .^indle, = LI = 

constant, tor, for-anyposition, >»■:'= -Now, 

h'= 35;200/7i’-s='9.'r8' in. fon'fiOTpm, 7.19 in. for 70 
rpm, and'6.5.ini(for80rpm. 'Assunung radius r = 10 
in;’at OO rpm, L- = constant'- =-‘195.6, whence r''= 12 
in. at70Tpm:(fo'rAi= 7'.‘19im) = 12.8in.at8<)rpmi Iti 
Eig.i 187,'at ahy-radi-utf greater than 12;8in., say f6 in.', 
erect amordinate-AD. '-Calculate the values of F ~ 

0.00034rti*tuttakingr =il6m:,w -lOlli.andn = CO; 

70j'.and‘80, respectively,'' and, laythese values off to 
scde'i'o^ 'AB;- AC, AD .‘ ' ' Draw OBf OC, and Of). ' Take 
ri’:= lO'in'.'by scale, aiid'ercct an or^natc cutting OB or the 60 rphl lme at 
o) 'locate pdihts 6' and e similarly, using radii ri and ra of 12 in. and 12.8 in.; 
respectively,: connect-o, 5, and c by a smooth curve. This is the 'curve 

of’ controlling force' of^the’gdvenior, and the- ball path radius for any 
intermediate' speed may beiobtained by suitably scaling AD, drawing's 
line from the desired speed' value on-this'scale to 0 and dropping sn ordinate 
to the radius scale-from ita intersection with the curve abi: ■"'When' a tangent 
to any point makes a greater angle with OA than does a line drawndrom 0 
through the same point, the governor is stable throughout its range.' The 
infiueace of friction can be readily seen by plotting F +f and F '—f curves. ' 

A governor is said to -be isoc^onous 
(o^ astatic) when the speed- of rotation ie 
the same for all positions within its limits 
of movement. On account of tho frictional 
resistances of the' joints, however, the 
speed must always increase slightly'before 
any additional centrifugal force is availa- 
ble, and this will move the weights to their 
extreme outward position; conversely, 
when the speed falls sufficiently for gravity 
or spring force to' overcome the frictional 
resistance, the •weights -will mo-ve to their 
eitremeinward position. 2n this way, the 
engine -will fall into a state of speed oscillar 
tion. or iiuntiiig, -whioh is obviously ob- 
jectionable and may be avoided by giving 
the governor a fair degree of stability, by 
reducing the frictional resistimees as much as possible, and by the use of dash- 
pots which offer great resist^ce to^sudden movements but allow oompara;^ 
tively|8low, changes of position to take place freely. 

A. restoring mech'anism (i?ig.'.17^ !niust be included between the governor 
sleeve, and tho pilot 'valve of a hy^aulic, relay to avoid ‘‘hunting.’’ When 
the governor .sleeve,' A rises^, B forms. at first a fixed ,fulorum;‘pUot 'y^vo 
I>,is Ip^ered ,aiid admits .pre^re. fluid to the under side of the piston, -which, 
in traveling upward, restores .the .pilot valve to its mid-position by using "A 
as.afiiicrum. .-This ensures for every speed.of the, turbine, in the’ steady state, 
a corrpsponffing definite position jdf,^ n definite output.' ^ 


' ■!' 



Fio. ^175.— Governor Restoring 
Mechanism. 





The tangential reactions at- the crankpin can be obtained' (p.'855) by 
multiplying the resultant pressure on the piston by the tangential Tactoi's 
for the various crank angles (see Table, 96). In Fig, 169, curve ACEGA' 
shows the tangential reaction of the steam engine of- Fig, 167 plotted against 
the travel oi the crank, and Fig, 170 shows the saihe fhr the Diesel engine of 
Fig. 168. 


In engine design, it is usual to construct the tangential bffort curve'froiti the 


cards obtained at normal or rated engine load and to assume that the engine 
is working against 'a constant and uniform trirquei The uniform resisting 
torque is represented in Figs. 169 and 170 by XX, -wliich is so located that 
the shaded areas above and below it are equal 'to one another. The areas 
BCD and FGH represent, in foot-pounds per square inch of piston area the 
amount of energy which is effective in inci^ng the kinetic energy of the 
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p a TF/id = unit presaure, lb per sq in. 

N = rpm of a shaft. 

H = viscosity, in (lb){sec)/{in.*) luuts. 

Z = •viscosity, centipoises. 

^ - angle between load and entering edge of oil film, 
c = coefiicient for aide leakage of oil. 

. hi = nunimum film thickness. 

e = hti/s = ratio of .mmimumfilm thicknees to radial clearance. 
f = coefficient of friction. 

F = friction force, Ib. ' 

K — operating characteristic of a plain oylindrical bearing (see below). 
Kj = coefficient for friction of s'pbun cylindrical bearing (see p. 867). 
fw = temp of bearing 'wall, deg F. • • ■ 

' fa = temp of air deg F. 
fa » temp of oil film, deg F. 

. In bearings designed to work under conditions of greasy or Bcmifluid 
lubrication, the allowable mean Intensity of pressure P = W/ld is as 
follows; 


Hardened alloy steel oa hardened steel 2.10D 

' Hardened alloy steel on bronso 1.300 ■' 

Ahoy steel on broaso 850 

Mild steel, smooth finish on bronze - 550 

Mild steel, ordinary finish, on bronze 400 

Cast iron on bronze 400 

Mild steel on cast iron 350 

Mild steel on lignum.vitae with water lubrication 360 


Fluid lubrication, in plmn cylindrical bearings depends on the viscosity 
of the lubricant and on its adhesion to the surfaces oi tho journal and the 
bearing. The radial clearance provided in the bear- 
ing forms, automatically, a wedge-shaped film be- 
tween the journal and the bearing. The oil is 
entrained by the journal into the film. A bydro- 
Gtntlc pressure is created in the film, sufficient to float 
the journal and carry the load applied to it. 

The minimum film thickness h* determines the 
closest approach of the journal mid bearing surfaces 
•with complete lubrication (Pig. 1). The idlowablo 
closest approach depends on the degree of finish of 
these surfaces and on the rigidity of the journal and 
bearing structures. In practice, ft# = 0.00075 in. la a? filf^ 

commoninclcctricmotorsandgeneratorsofmodium Fio. 1. — Journal 
speed, with steel shafts in babbitted bearings; ft# = Bearing •with Perfect 
0.003 to 0.005 in. for large steel shafts running at high Lubrication, 
speed in babbitted bearings, (turbogenerators, fans) 

with pressure oil-supply for lubrication; ft#’ ='0.0001 to 0.0002 in. in auto- 
motive and aviation engines, with very fine finish of the surfaces. 

Figure 2 gives the ratio, c, of the minimum film thickness to the radial clear- 
ance for a plain cylindricd joumaL The ‘operating characteristic of the 
bearing is 



In Fig. 1, /S is the angle between the direction of the load FT and the enter- 
ing edge of the load-carrying oil film, in degrees! The entering edge is at the 
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of the arms and other rotating waasea. Acceptable values of fc'are as follows: 
pumps, Ho tO'Ho'; machine ^ps, Uf io K«; 'looms and paper mills,' Ko; 
spinning mills,' Ho! d-c generator (lifting), Ksoi n-c generators, Hoc- 

Wittenbauer’E Ahalyais for Fljwheel 'Pertormanee.' The method does not 
involve more computation work lhan the one described above, but it is more accurate 
where the reciprocating parts arc comparatively hoavj'. ’ Wittenbauer's method avoids 
the inaccuracy resulting from the evaluation of the inertia forces on the reciprocating 
parts on the basis of, the uniform nominal speed of rotation for, the engine. 

Let the crank-pin velocity be rcprcacaited by -Jr and the velocity of any moving masses 
(mi, ms, ms, etc.) at any instant or phase be' represented, respectively, by n, m, ra, etc. 
The kinetic energy of the entire engine sjvteiu of moving masses may then be espres-sed 

where the single reduced mass Mr at the crank pin which possesses the equivalent kinetic 
energy 15 ' ■ • •' ■ 

0 jl/r = fmi{w/»r)* + + . . . ) 

In an engine mechanUm, soffiwRntly accurate valaes of Jft can bo obtained if the 
weight of the connecting rod is divided between the crank pin and the wrist pin so as to 
retain the center of gravity of the rod in its true position; usually 0.65 to 0.05 of the 
weight of the connecting rod should be placed on the crank pin', and 0.46 to 0.36 of the 
w.elght on the wrist pin. Jlfr is a variable in engine. ticchanistns on account of 
the reciprocating parts, and should be found for a, number of crank positions. It 
should'lnclude all moving masses except the #ywheel. 

The total energy E used in acceleroting rcciprocating parts from the beginning of tbo 
forward stroke up to any crank position ean'bo obtaioed by £nding from the indicator 
cards tbo .total work doue in the cj'linder (on both tides of the piston) up to that time 
and subtracting from it the work done in overcoming tiie resisting torque, which may 
usually bo assumed constant. Tbe mwn energy of tlic moving masses is Ea '= 

In Fig. 171, the reduced weights of the moving thasses Gr Oh are plotted on the X 
‘axis corresponding to different crank positions. Gr « nMr is tbe reduced flj’wheel 
weight and Ore “ fiUi is tbe sum of the otlior reduced weights, Against each of llieso 
abscissas is plotted tlie ener^ ^ available for acceleration measured from tbe beginning 

01 tbe forward stroke., Re curve 0123456 is the locus of these plotted points. 

This diagram poasesscs'the following properly: Any strsight line, drawn from the 
origin 0 to any point in', the ctirvc is a measure of the veioeity of tbe moving masses; 
tangents bounding the dihgr'am measure tbclinuts of velocity between which tbe crank 
pin will operate. The maximum Knear velodty o f the 
crank pin in feet per second is »} ■«» A/2 g tnn c;. and ' 
the minimum velocity is ti =» V2ff.tan«i. Any'dctited 
change in n and may be accomplished byebanging tbo 
yalue of Gr, which means s cbiuige iu tbe Sywbeel 
ytight or a change in the flywheel weight reduced to 
^ihe crank pin, , As Gr, is very large compared rnthGr 
and the point 0 cannotbcusualJylocated on the diagram 
unless a very large drawing is made, the taunts are 
best formed by direct calculation:' ' - 

■ - + 'FiG.ttl?— AnalyBisofTly- 

where fe'is the coefficient of velority fluctuati:^' The '' Performance, 
two tangenU si? arid Klb the|CiuTe 0123456', thus drawn, cut on the' ordinato^o a distance 
•Aff.' The reduced flywheel weigiitiaHhan found tb'be ' ’ •- 

’ ‘ ' j * ' ' ’ ' 

■ : ■ '.I Governors , .. 

' .Governors* are mechanistn8"defflgned‘to maintaiE‘*tho' speeds mf prime 
movers (rpm) -mthin reasemaUy constMit'limitB.-.'whatever'the load may be. 
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be used. ^ For crankpia' bearing ia-pniM^ea and ghears, mean pressures up .to 
3,000 lb per sq iii. may be used.' '■ i: . -i , ii.,;. 

' ' Table i. Current Practlce'in' Mean Bearln'p Pressi^ea ■ ■ 



Diesel en^nes, main bearing. . 

Ctankpin. ; 

Wrist, pin. 

Marine'' Diesel enBinea,' main 

bearings 

Crankpin 

Mnrine line abaft bearings 

Steam engines, main bearings. . 

Crankpin 

Crosshead pin 

Flywheel beatings . 

Marine -steam engine, mam 


600-1,001) G(is engines, r&am bearin'^. , , 

\m^\M ■ci'imW'...:'. 1 

I.BOO-2,000 ^compressors, main bearings 

" ‘ Crankpin 

400- 500 CroKBead'pin.;.,., 

Aircraft enrine crankpin 

Contrifugaf pumps. 

Generator,, low or medium 

< speed.. 

Roll-peck bearinn.^ 1 

lioebmolivb erankpins.. . . 1 
Riulwtty*car axle bearings. ; 
Miseellansous ordinary bear- ' 


light lino shaft, i . 
Heayy, line shaft. , 


: lliength-diametorrafibs'aire usually <Ap8enbetweeai/(i ®landZ/d.^2. 
In Shorter bearings, ;.the carrybg wpacifcy'of|the oil film is greatly impaired 
by the e^oct of side leakage. Longer bearings are used to restrain the shaft 
from vibration, as in line shafts, to posirion the shaft accurately,' as in 



.fldOF+permit vw 
Fio.‘''4'.— Variation of tho Coefficient Of ' Friction with' Velocity and Pressure 
0n a X 9Ji'inV Bearing). ■ ' 

machine tools. In power machines, .thO'tendency is toward shorter bearingB, 
Typical values are as follows:*. »i . ..n'l .1- ' o ' , 

■: Turbogenerators, 0.8-1.6;.Btata6nBry engines — for main bearings, 1.5--2.0, 
for crankpin bearings, 1; generatorsiandimotors 1.5-2.0; ordinary shafting— r 
heavy, ■, with fixed'^bearings,) 2-3, lights- -with aelf-aligning bearings,’ , 3^4; 
machin^tool bearings,' 2-4. /, ,,i ,r. 

/..For 'the -clearance. [between, journal and bearing, sco Fit8,.p:- ,789. 
Medium fits may be..used dor journals pinning at speeds, under ,600, rpm, and 
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center of the ehaft. In the Armstrong governor, a "weight attached to the 
end of a laminated spring fixed to the hub of the governor wheel is acted on 
both by centrifugal force and inertia. •' 

Helical springs for shaft governors may be calculated as follows: Lot 
X = distance (ft) from center of gravity of weight to center of piu around 
which the weight turns; xi ~ distance (ft) from center of pin to point of 
attachment of spring. Then, pull Pi on epring due to centrifugal force of 
weight F (lb) * 0.00034 Fflrim-*/*!, where fli = distance (ft) from center 
of shaft to center of gra'vity of weight xrfieii maning at ni, rpm. Also, at nj 
tpm, P:= O.OOOSiFPs’nj’i/n. Then (see p. 486) Pt = maximum tension 
(or compression) on spring, lb « /ird®/8J), where d *= diam of wire in spring, 
in.; D = mean diam of coil, in.; and / (safe) *= 60,000. After obtaining 
d from the equation for a given diameter D and pull P?, the number of active 
coils c required to give the necessary extension or compression S (in.) of the 
spring may be obtained from the formula z = Cd*S/S{Pi where 

Pi is the imtisl tension or compresaon on spring, lb and C «= 12,000,000 
for round steel wire. If with springs thus calculated the governing is too fine, 
reduce the number of active coils in order to stiffen spring and bring about 
a greater fluctuation in speed. If the governing is too coarse, a larger number 
of active coils is required. Tho powerfulness K of the two springs of a 
shaft governor depends upon the energy stored in the springs by extending 
them the amount S (from tension Pt to tension Pt). 

Hydraulic governors consist of an impeller acting as a centrifugal pump 
with oil as fluid; the oil pressure set up is applied to a piston subjected to a 
controlling force. With Increase of speed, the piston moves until tho control- 
ling force is increased to balance the new oil pressure. ImpellsTB with straight 
radial vanes are best, having a pressure characteristic practically independent 
of the volume of oil delivered by the impeller. The oil discharge in the 
operating mechanism does not therefore influence the governing pressure, 
which is nearly proportional to the square of the speed. For tho same speed, 
the pressure varies as the square of the impeller diameter. The pressures 
generally used in oil governors vary from 10 lb in small machines to 60 lb 
per sq in. in largo units. Lower pressuroe decrease friction losses in tho 
impeller. 

Stability, Isochronisn, Huutii^. The controlling force in a governor 
(whether gravity or that oi springs) may ho considered as a lorce F acting on 
each weight in the direction of the radius toward the axis of revolution. If 
w/g be the mass of the weight and r tho radius of its center of gravity the 
governor will rovolve in equilibrium when F = 4irir(»/60)*ui/ff «= 0.00034rn^. 
In order to ensure stability, F must increase more rapidly than r as the balls 
move outward. The friction^ resistance to the Mtion of a governor may 
be considered as a force f acting radially on each ball bo that tho whole con- 
trolling force is F + / when tho balls are moving out and F —f when they 
are moving in. ’ The corresponding speeds are given by the equation F -1- / = 
4T*T[(n + dn)/60]*to/(7 and P -f = 4rV[(n - A'n)/601*ui/p. As a result 
of friction, the speed may change from An above to A'n below the normal 
speed n while the position of the balls is unchanged. It is apparent that a 
stable governor cannot maintain an absolutely constant spted in tho engine 
it controls. If a change takes place in the load on a steam engine, it is neces- 
sary for the weights or balls to be ^splaced a certain amount in order to 
alter the steam supply, and the wrists can retain tlieir now position only 
at a changed speed. The maximum rangs of speed depends on that amount 
of change of n which is required to alter the configuration of the'govemor 
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ghaft Of ' flywheel jourlidk in bronze nearing up to 84,000; in Babbitt bearing 
up’io 224,000 and more for water-cooled' iournals, ' The value of WN/l can 
be determined for high-speedbeatriligs by calcnlating R as follows (Las’chc) : 
For P from 15 to 215 lb per sq in., t from 68 to 212 F, V from 500 to 5,000 
fpmi'ff =5i.27/{t - 32). ' 

' -Representative maximum values of H for three types of medium- to high- 
speed beariiig are given in the followii^ tabic (after Laache) : - - ■ 


. . Beat Dissipation in Bearings 
(Ft lb per min per sq ’in. of projected surface) 


Temperature rise'of bearing, deg F 

.... 60 

90. 

120' 

150 

ISO 

Well-ventilated bearing 

.... 2(X) 

420 

705 

' 1470 

. .! 

Standard beAring, unventilated 

.... • 110 

220 

360 

SGO 

8S0 

Thin sbdl and bousing, unventilnted 

.... 40 

60 

SO . 

105 

140 


If the calculate values oifPV exceed the radiating capacity at the maxi- 
mum'operatingtemperature, ilia ncccaeary to resort to artificial cooling. The 
highest bearing temperature permiaeible with normal lubricants is about 210 F. 
Bradford and Eaton gave the heat-dissipating capacity of bearings as If <s 
{T where r and iT* is an experimental constant depend- 

ing on the type of bearing and the air conditions surrounding it. For hearings 
of light construction in still air, Kh - 55. For hearings' of heavy 'construc- 
tioTi, well ventilated, Kt, .« 31. ’ • ’ ' 


Elements of Journal Bearings 

Typical dimensions of solid and split bronze bushings ore given in Table 2. 
Table 2. Wall Thickness of Bronze Bushings, Inches 


Diam of journal, in. 1 

o 



1 

1H-2H 

1 2M-! 

|- 4^5H 

Solid busblng, nomal 

Me 



Ms . 

u 

44 

1 W 

Split bushing, normal 

4t.j 


Mz 

Hi 




Solid bushing, thin 

M« 


Ml 


Ms 



Splitbushing.thin 

Ma 

hi 

h 




: H' 


Bronze bushings made from bard-drawn bronze sheets and rolled into 
cylindrical shape are made by the Cleveland Graphite Bronze Go. with a wall 
thickness of only Hz Id> up to H in- diam mid with a wall thickness of He 
in. for bearings from 1 in. diam up. Tho w^l thickness of these bearings 
'hBfmdft xhudri 'iffjuii *hik ‘lift ■n/i/ft-rinh nW/ih, threni. 

Bushings of this type arc pressed into place, and ths bearing surface is 
finished by burnishing with a lightly tapered bar to a mirror finish. Tho 
allowable beating pressures may exceed those of cast bronze shown in Table 1 
by 10 to 20 percent. ‘ 

Babbitt linings in larger bearings arc generally employed in>thickness of 
Hiu. or over andmust be provided with sufficient anchorage in the supporting 
shell. The anchors take the form of doretsuled grooves or holes drilled in the 
shell and counterbored from the outside. 

Improved conditions are obtained by sweating or bonding the Babbitt to 
the shell by tinning thcJatter,<iifflng potassium chlorate as flux. Tin-base 
Babbitts sweated- to a bronze shell are sometimes used in thickness of only 
Hz in. and even leas. 

, ' Figure 6 shows the prindpal types of bonded Babbitt'linings. Figure Ga is 
for normal operating'conditions. i'llgaTe 66.is for severer operating conditions. 
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REmffiNOTS: Arohbutt aBd'bMley^^'L'itricaW.and Lubricants, ' Griffia. , Glower, 
•'Lubricants and Lubrioatim,” McGraw-Hm. '■ TWali wf Bowen. ‘ Principles, and 
Practice of Lubrication,” Chapma® and Hall. '‘Constriictiori’iih'a Material 

in the Building of 'Steam’TurWncs;’-'OliTei'!knd')Boyd;!'‘-Thom6m^ “The Praotice of 
Lubrication." MoGraw-Hill. Hersey, "Tfaeoiy ofi-Liibricafioa.” IWjley.' ^Boswall, 
"Theory of Film Lubrication," Longmana. ‘‘General Conference, on-Lubrication and 
lubricants, I;. .. .f.nJl-i’r, s; lo .''li;'!!'-' . " I-' ■ 


Plain- bearings; accordingitbiihcirifuiictioh, may-be -T' 

(1) Journal bearings, cylindrical in .shtapb,'. .carrying: a ^rotating shaft. 

(2) Thrust bearings, tie lunctioa of which'-ls to-.prevent; lengthwise 


motion of a rotating shaft. 1‘'> •- i' _ 

)■ i(3) Guide bearings, to-guide a mnichine'clement in its'lengthwiBe motion, 


usually without rotation of the element. , r;'.' 

Friction, in bearings depends on the type of lubrication employed., (see 


p. aoaaj, _ ' ■ , • 

In exceptional cases of design, or with a complote failure of.lubTication, 
a bearing may run dry. The cocfficlont of friction is then-botween 0.25 and 
0.40, depending on the materials of the rubbing surfacesi" With the' bearing 
barely 'greasy, or when the hearing is w4ll -lubricated ;but the 'speed of 
rotation is very slow, boundary lubrication takes place; The coefficient of 
friction varies from 0.08 to 0.14. _ This condition occurs aIao'in,any;learing 
■when the shaft is starting from rest. ^ 

’ Semifluid lubrication exists bttween thc' joum'al and bearing Vheh the 
conditions are not such as to. .form a’lbadMsaTTjring :fluid''filiri''and’thus 
separate the surfaces, Semifluid, iubricaiiph^Ukes’ place at comparatively 
low speed, intermittent or OMillating motion, heavy load, insufficient' oil 
supply to the bearing (wick' or waste luhticnfion,'' drop-feed lubrication). 
Semifluid lubrication exists also in thrust bearings mth fixed parallel thrust 
collars, in guide bearings of machine tools, ih' bearings with'oopious lubrication 
where the shaft is bent or the bearing is niisoli^ed', or where the boaring 
surface is interrupted by impro^rly 'arranged oU grboyeB. The coefficient 

of friction in such bearings is 0.02 to 0.08. ‘ 

Fluid or completeilubricatidil/'^hon the rjibbi'ng surfaces are completely 
eeparated by a fluid film, provide the ldweat friction loMes and prevents wear. 
A certain amount of oil niust be fed’to' the pU'filmdn'order to compensate for 
pnd leakage and maintain its carrying capaci^t '' Pressure lubrication, from 
a pump or gra-vity tank, is used, or automatic luhricafia'gdeirice'B are.prbyided 
iii self-contained bea,rings (oil 'rings or oil disks)! or' the 'bearing is' submerged 
in an oil bath (thrust bcarb^ for verUcal shafts); 'i 


Plain Cylindrical' Jouroal Bearings 
Notation. , , ' ^ 

■.'.R = radius of bearing, in.., • .i-i i, , V, -'.j 
r = radius of journal, in. ^ 

9 - R ~ T ^ radial clearance, ini-; - 


W = load on a bearing, Ib. ( < ' 

= len^h.ofjbearing, in. ’* 

, \ , d = 2r,« diameter 'of|ji3uriidl1n.' ' C 


'Vi-’-M- L 
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-'•In,Fig,rS',‘.'F'i8.t'he-reBBllantlfbrce OEiIbad''0b)'.’£)n tlie.bearme'or' Journal. 
The-ra'diaiordmateHiPji to the dotted durve, show the prebhreH (lb peraq ia.) 
of ^the journal .on' the dillfilm'duelto theload-whenftheredsino axial groove’, 
while the ordinates iPj.to the .solid' curve, BhoW'the,pres8ures'rsvith an incor- 
rectly located groove. Since there ia no oil pressure near:the'gro6ve; the 
permissiblc'ldad F.niust beiieduSed orihehlW willhe ruptured.: '".ini’.:; 

; '.'Groove'dimeiiBion8l(Fig,-.'9);fire given: .by the folloiwing relatiohsite'-'^'i}^ 

wall thickness; ^Fn = =3o;c s=0.6Fi;/ - H b iiu to 0.5Fi.,, 

In order to rn'aintain the oil Blni,' tHe adal distributing 'poov^ shb'iild 
be.placed in.the,unloa^ed.aec^,of,iyie_bearag.r jThe location of grooves 
in a variety.of ca^^is.Bhom.iii |]jgB 5 _il 0 _to 

••.'•. 'I'i I vJ-' 01. ’in* '-1,! :•] v.-r.i! o- ■ q m t 

':i- .r.idr '.I, •■'Horizontal 'Bearing, '-'EdtatioaarMotion ) 

Direetionofload.knownmd-iMtistdnt. 

Load down'ward or mside;the loWr 60 deg aeemeni as in-the ca8e;of ring- 
oiling bearihgs (Fig. 10). [• "r ‘ ' 

Load at an angle .more thaa45 deg.to-lhel vertical center-line' (Fig! 11), 
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place wWre the liy^roBtati'c pressiire is .wpifll-MiTieaTly ; equal to'the^atmo^ 
phetio piesBute and may be at the location oJ'tiaC'oU. <fetrib'e.'titig'g,toove B* 
or atth.G end af a mschinedrcceas pocket fls,9.t,jL4.. For. complete bearinga 
t.e., when the innerWfaoebfthe notinterriipted by.groove&— 

/5 may be taken as 60 deg (Fig. 2). • _ 

The coefficient c corrects for ade leakage. There is a loss of load-cai^ing 
capacity caused by the drop in thel^'dioatatic gage-ptcssure pin the oil him 
{lom the mid'Seetion of the bearing tomtd its ends; p « 0 at the ends. 
The value of c depends mainly on the length lo diameter ratio l/d, Approsi- 
mate values of e are as follows: 


l/dc= , 3.0 2,0 1.6 , 1.0 . H ■ M . . H 

•c=. . 0.80 0.70 . O.CO 0.60. 0.35 0.20 0.10 

' The minimum film thickness ft# = c X (R - r). ..Values of c are ^yen 
iii Kg. 2 for given values of p. ‘ 

Example. A generator bearing, 6 in. diam X 9 in. long, carnes a vertical downward 
720 rpm. The diametral cleanmce of the bearing is 2s ^ 0.013 


load of 8,650 lb; 
in'.; the beating is split cn its hDtiianltil 
diemeter, and the lower half ia relieved 40 
deg' down on each ride, for oil distribution 
afcing journal; the bearing ore is therefore 
lOOdeg; with the load v%ttiea\.6 • SOdeg, 
The absolute viscosity of the oil in the film 
ie 23 oentipoises (medium turbine oQ). 



Tio. 2.— Minimum Film TMck- 
ness Ratio for a Plain CyliadrioeJ 
Journal (for K < 1). 



Fiq. 3.— Minimum Film' Thickness 
Ratio for a Plain Cylindrical Journal 
(for^'>l). 


P - F/W= ICO lb per gqin.ip ■= 23 X 1.46 X 1(H = 33.4 X lO'Mn (lb) (seclAin,*; 
units, Tyithl/d = 1.5, e « O.eO.atdX «» 0.41. From'Pig.2,trithe == 50deg,f« 0,20. 
The minimuin film tliicknesa hs « » X s ® 0.06 X 0.0% = Wi ia. 

■When the charactwistic K is lar^r than 1.0 (heavy load, slow speed, low 
velocity), -Fig. 3 should be used. In Fig, 3, tUe ahscisaas ate K' which 
does not contain the coefficient c; the curves are drawn for various values of 
l/d, instead of values of d as in Fig. 2. - 

Allowable mean bearing pressures in bearings with fluid film lubrication 
are given, in Table 1, If the load nj^taiDS tiro eaniB magiutude and 'dirsc- 
tioas when the iovimal is at rest Qjcavfly loaded shafts, heavy gears); the 
mean bearing pressure should be -somewhat leas than when bearihga'are 
loaded only when running. For the bearings of rope and chain sheaves, which 
turn intermittently, the mean bearing pressure is 350 to 850 lb per sq in,; 
where wear i_a not important, these values be. doubled. Wi^ - crank 
(owsahead) pinaof alloy steel rimmug in teonse'.bushings, in ordinal steam 
engines, niean preasutes from 700 to I.IMO (l^toTTSO) lb per sq in. may 
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Fiq. 21. - ■ . Fra. 22. • Fio. 23. 


I Bearings with OscUlator; Motion 

DtVeeiten o/ had eorutanl. 

No oil film can be built up due to tho small eliding velocity anduostable 
lubrication 'will eiiist. Axi^ grooves in the loaded sector distribute the 
lubricant to all parts of the bearing and avoid dry spots (Fig. 24). 



Fio. 24. Fia. 25. Fia. 26. 


Load Direciion Reversed during OsetUofion. Stablo lubrication is possible, 
at least during part of the motion, duo to the vacuum caused by shaft moving 
back and forth. Figure 25 shows grooving which may be modified to suit 
local conditions. .This arrangement is also advisable for bearings under a load 
which reverses in direction periodically without any rotation, of the bearing. 
Tho lubrication may then provide an oil cushion to soften shocks. Figure 26 
shows a stationa^ shaft with osollating bearing. ' 

Bearing seals are used to prevent oil leakage from the bearing housing and 
to protect ,the hearing from outride dust,, water, .vaporai, etc. A drainage 
:gr9ove ilt the end of the bearing is effective to divert the oil passing through 
the bearing back into the oU weil (Fig.' 27o). The drain holes at the bottom 
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free fita.for^speeds 600 rpm. - King8l>ury<auggestB lor those jouraols a 
diametral clearance. Ss' = 0.002 i+.0.001rf -in. • -In. joumale runmng at, high 
speed, 2s ,*=,-0.002£i should be .uaediin-, order .to.lower'tho friction losses in 
thojbearing. -i :■ , , . .'i' ' ^ 

Figure 4 shows the dependence of the coefficient ofi friction / on , the 
velocity and'pressure for a journal btoaiing 'ffith.oil-ring lubrication, as found 
by Stribeck for. the stated unit' pressures P.. -The descending branches of 
the curves give the iriction in the seiaifirud ro^, at low speed. The mini* 
mum values of / are at the trsnataon fromisemtfluid.to perfect lubrication 
(complete separation. bUween bearing 'and journal .surfaces). . .This transition 
takes place at lov/er speeds in' bearings with a better, finish of the bearing and 
joum'd;Burfa'ees. • Figure 5 shows thVinfliience of the bearing temperature 
on 'the value of /, observed by Stribeck for the. bearing of Fig. i4, .when the 

journal was run'-at 1,100 rpm.' - • ■ 

■■The"ffic{i5n'' fore'e F in pl'mn journal ’bearings' is fX 'W‘ 'Also'F ■= 


kfjiNrl/ ^ where m ia in -ObjCsec)/^!!.^). units- The, value,, of Kf 
depends bn the value of s (Figs. 2'and 3)': 


Jib 0.9 0,8' 0.7 0.6 0.5 0.4, 0.3 ' 0.2 '0.1, 

o'.'cs' o;6r'o:69' 'o', 73 0.79 o.so 1.01 ' i;i9' '1.60 2.10 

., The, mechanical loss in the bearing 5s ^F/33,000 hp whore .7, " the 
peripheral vclodly of the joumd, fpm. For 
high-speed bearings (turbines, generators), ' 
with a clearance ratio (H.-.r)/r of..t002,. 

8 ecpTding.'|; 9 ,Soderberg, the loss isO-pOOifi^a^f . 

(f7/l00D)/ tp, ' where Z is in centipoises. 

The h^i' dissipation h from the outsido 
beanhg i'n febf-poun'd's per niinute, ac- ' 
cording. to.Karelitz, in quiet air, is L w 
0.184 S(V'“ ft), where S is the area of tho 
bearing wall, sq in. ; and iu and fo aro the respec- 
tivb'ternperatures of the ■wall and the ambient 
£ur,.deg-F..,.In.an air-draft, ©{ .velocity COO.. 
fpm, tbs beat ‘dissipation 'is 3 times as.grcat. 

<3.,= (lO'to .16)dl for pillow blocks carryingi: 
bnshingB,‘and'S'=,‘(i8to25)(ll{orlargeibesr- 
ing-pedestala'icanying^oast-iron or .steel bear- ^ 1^,' 

ing shells. , In self-contained bearings {electric , , 

tootorB,iline.8haftS, etti) withoutarlifid!Joil-|,.FiQ. 5.— Influence of Bear* 
or water cooling, itbe dissipated.heat is equal ing- Temperature ,on-thc Coefr 
to the beating losses;!) F7. '.iThe, tempera- ficient of Journal Friction. 
tore rise of the wall can thus be determined. ■ 



iFor;pedestals, with steel bearing-shells wijh oil-ring lubrication' operating 
without, artificial cooling,, -the’-temperature of the pUifilia li is- considerably 
higher than theltemperature of.thewall:,.-. ,• , 

Temperature rise of the pedestal wall, (f*, - f»),'deg E. . ,• -25 -30 - 40 ' -50 
Temperature of 'oibfilm above temperature d Wkll;.(li -<«)■ deg P.', . , 20 ' 24 . 27 , 30 


'^Tbe'‘maxiinum heat' dissipation -ff .in .foot-pounds per square inch :of 
projected'area'of a journal per minute is gi-ronibyiT-^'/IFK/ld !*/I7iV/3;82!, 
■where F = surface speed of journal, fpm. The values, foi-j'lFiV/f'may be 
taken-M'folIowS: cranfcpin inbr’onzc'bearingMp to 2l0‘,(}00; in^Babbitt.bearing 
vith'low^bearing pressuree and Bhort-iourhals'.up' to 494,000,'; 'iitfdt‘n:crfln/fe-’ 
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Bardwood I bearings' contsininglilabriaBiitBiAreof ligDum-Titae wluoh has a natural 
(rum or hard maple which ia- impKcnated 'with «1, grease, i 
propeller bearings are used for Bhipa.hatd-mai^e bearings , 
are used for loose pulleys, m iex^ machinery, wringer 
blocks. ' ' ‘ . 1 ■ . 

PorouS'Znetal bearings compressed from metal pow>^ 

- StclimonA'A. 

Si" 




. Fig, 31.^plit Bearing with One Fiq. 32.' — Floating 

Chain; • Main Crankshaft Bearing. Bushing. 'Big End ’Lo- 
VerticaJ Oil-Engine. comotive Main Rod.- ' ■> 






b&ta 




Fio. 33.-- Crankshaft Mtun Bca> 
ing. Horizontal Steam Engine. 
Drop Feed Lubrication. 


OilConpaAmeM 

Fio. 84.— Large Turbine 
Bearing ( Westinghouee) . 
Self-aligning, with Additioual 
Path for Cooling Oil in the' 
Shell. 


ders and sintered contaio up to 35 percent of liqiud lubricant. The porous metal 
generally consists of a 0(k-l0 copper-tin bronze with IK percent graphite, These bear- 
iugs do not require oil grooves since capillarity distributes the 
o'ii anh ma'in'iams an dii Him, '6 adfu’Aomh'iu'ni’ica'doDtrom an 
oil well should be provided, ml will- be absorbed through tho 
porous wall as required. For high temperatures where oil will 
carburize, a higher percentage of graphite (6 to 15 percent) is 
used. 

Porous-metal bearings are used where plain metd bearings i 
are impracticable, due to lack of space or inaccessibility for 
lubrication, 'as in autOmorive generators and motors and 
vacuum-cleaner motors. Porous-metal bmings are manu- FlG. 35.— Car,- 
factured by Bound Brook OU-lcss Bearing Co.; Chr^ler Cor- whoel- Journal Bor 
poration; Moraine products Co., Dayton, Ohio; U. S. Graphite /Oil-saturated 
Clip., S«Ein.w, Mioh. , ; , . , . .ff jS,,. p„king .ia 

. ' " ’nirnstBMiiiiES S'**'.- ■ "-il 

’'"At 'low^speedsi shaft shouldera of collars hear against fiat bearing rings. 
The lubrication is semifluid, and the'Tricrrioii'iB comparatively high.' ' ' ' 


in 
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For.di®-cast automotive bushings, Heldt recommends the follo-wing-pro- 
portions-. D * l-.2d-foT main crank .bearings; D = 1.2d Cor connectine-rod 
bearings; t = .O.ld; e =' 0.26d; where d is the journal diameter, D the outside 
diametfCr of the bushing, t.the thickness of the flange, and ethe diameter of 
the anchorage lug. • ' ' ' ' ' • 

Generid practice for the thickness- of Babbitt lining and shells is ns 
follows:. Kg. 7,h = Hid +Hia.;S = 0.18 io. for bronze or. steel = 0.2d 

for cast iron, . PiQ. 7a, I = ^ + K* “i.; IT = 1.8f; Ifi =5 2.2J. 

■ Solid bronze or steel bushings, 'when pre^d Into ' the bearing housing, 
must be finished after pressing' in. Light press' fits and securing by sot^ 
screws or keys are preferable to heavy press fits and no ke 5 dngi since heavy 
pressure, especially in tlun-walled bushings, will set up stresses wbich wih 



Fig. 6. Fio.7. 

release themselves if bearings should run hot in 'service and will result in 
closing in on journal and scoring when cooling. 

TTnitorm Load Distribution. Misalignment between journal and bear- 
ing should never be so great as to cause metallic contact. .The maximum 
allowable inclination a of the shaft to the bearing is given by tan ct - 28/1, 
Whenever the deflection angle of the bearing iostallation is greater than a, 
either the bearing length should be reduced of, ^ that is not ioasiblo, the 
bearing should be mounted on a spherical scat 'to permit self-alignment,- ' 

As a general rule, fixed bearinp may be used for l/d ratios up to 2 and self- 
aligning seats for l/d ratios from 3 to 4. ; ' 

Oil grooves are of two kinds, axial and circumferential:, the former distrib- 
ute the. oil lengthwise in the hearing; the latter distribute it- around the 



Fig. 8. Fio. 9.— -Lubrication, and Drainage Grooves. 

Aalt at the oilhole, and also collect and return efirwhioh' would otherwise be 
forced out, at the ends of the bearing. Grooves .have" often been put into 
hearings indisoriminatingly, -^rith the result ’tiiai they scrape' off the oO and 
interrupt the film. " ' • ' ' ^ • •• , 
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friction in these bearihga rarieB from / = 0.03 at P = 45 to / = 0.08 at 
P = 16. 

, The performance of the bearing ^rnst rings is much improved by the 
introduction of grooves Tvith tapered lands as shown in Fig. 37. ' The lands 
extend on cither'side'pf the groove. The taper angle of the lands is very 
slight, 50 that a pressure -oil film is formed between the bearing ring and 
the coUar of the shaft. ■ ' , 

For high speeds or where low trictdoii lo^es ]-..•• 
and a low wear rate are essential, pivoted 
segmental thrust bearings are used (Kings- ‘p-,- 
hury thrust bearing, or Michdl bearing in 
Europe). The bearing members in this' type 
are 'tiltable shoes which rest bn 'hard steel , 
buttons mounted 










LKit^'vBfshii^fkrki 

Fig. 41. — Kingsbury 

The shoes are free to fonn automatically a Cylindrical Sections.) 
■wedge-shaped oil film between the shoe surface and the collar of the shaft 
(Figs. '38, 39,- 40). _ ^ ■ 

\ The inirumuin oil film thiclcneea ht in., between the shoe and the collar, 
at the trailing edge of the shoe, is approximately ha = 0.12's/nVl/P, where 
y.is the velocity of the collar, on the mean diameter, fpm and P = W/lb. 
As indicated in Fig. 38, b = I approx. The standard thrust bearings have 
six shoos. Load-carrying capacities of Kin^bmy thrust 
bearings are given in Table 3. 

- The coefficient of friction in Qngsbury thrust bear* 
itigs, refe rred t o the mean diameter of the shoes, is 
f « 2.7Vi^/JF* Figures 39 and 40 show typical pivoted 
segmental thrust bearings. They usually embody a sys* 
teih of rocking levers which arc used for alignment and 
equalization of load on the several shoes 
(Fig. 41). 

Sliding Bearings 

All sliding bearings (Fig. 42) to wear 
true must have the sliding parts of Fio. 42. Fig. 43. 

nearly equal lengths. Bearings made in 

this way will bo found not to •wear out of true. Oiling is accomplished in sev- 
eral ways, an acceptable method being that shown in Fig. 43. Short slides 
iff maay m&chiite tools are lubiKSted by oil pads or direct oil eppJieatioo. 
The weight of the table and work and thrust of the tool cause wear on tho 




Fig. 44. Fig. 45. 


bottom and sides of tho guides. To compensate for the wear in both direc- 
tions,' bearings are sometimes made V-shaped, as shown in Fig. 44. ' 

Simpler sliding bearings in machine tools arc made with ' provisiop for 
adjustment, as shown in Fig. 45, of which there are many modifications. ’ 
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,^oad vanaile inside a flwen dngU. 

Fibres 12, 13, and 14 are Buitable, provided there is about 45 deg 
between the 'axial' groove and the direction of the load IF. 

Rotating, load. 

For rotating shafts; a cirbumfdrential groove' at the inlddle ‘of, the bearing 
and an axialjroovo.on the no-lo^>wde (FigVlo). 

For stationary' .shafts and rotating bearings, a circumferbntiali.gro’ove m 
the bearing and'ian axial groove on'the no-Ioad side. Th.e.',' i ' y/jwix VW j>A 
oUhoie'is'iii th’e-'shaft at the mid-length of the bearing (Fig.- 

«)■ r'-',. 

Load difecifoh linceriflin. . j '.'•.'1 A| ,J,| 

Oil-ring.;b6aring3 ;(Figa. 10 and-12) may-beused although () i 'f ' 

they have* defects’J.under certain load du^fctions. With . 
forced or(drop feed, the oilhole' enters a jeircumferontial ^7, ' ' 

groove at 'the middle of the bearing and the axial groove is r'i 
omitted ,(Fig. 17). '‘'lArraageinents.’for introducing oil through; the rotating 
shaft can oe '.made; ' '/ f"' "T 


Vertical Bearings for:Continuous Rotation : 1 


Directii}n<}flaadknotan^and_c0TUtanl.^,_.,._^___ 

Drop feed (Fig. 18). “ 'For force feed, ‘put tiVhole'Qesrer the middle of the 



Fig. 18. • ' "Fiq) 19. “’'''FiQ.‘20. 


lubricant fed through the*Tun’ni^ i^a^t (Kg. ‘IS);'-' ■' 

, 'St^ionary shaft and ro'tatihg’bearing'OFig.' 20); ■■■' 

' pir^ion'ofTodd'vfli^lle^ihside'aheri^ ciijfe.*'" ''' ^ 

_■ The'fiiiiae cbhsiderationB hdld'^bd as for Ilb'^tzo^taIiearirig's^" ' ' 
'RUdiinffl^:' jrl 

Drop *feed ' (Fig., 21)'.“' For 'forw'f^fput the' hole* hearet' th0'‘ihiddle''pf 
thebe^ing. For feeding oiI;througb'the'joiu'Bar'(Fig. •22 );' '• 

^ For S'ls'^tioniu-y 'shaft'and ibta'tih'g'bearing. tiie oil is fed lhrou^"{h6‘'8haft 
^tmdUe raal poove js but‘oii‘'aje no-load flido of the -Joiifnal '(Kg;'23) ' 
;; (?uWe'b'ennni>fl''' :Directi6n;dl'ro^_^^ ‘Similarto 'Fig.^d 

'biit'dinit th'e'daisl’^bovo)’^-' •1''*'- •• ■. •' 
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''■G;'A;’-TmGAfi>‘‘': 


Rbferencm: _Alirena,“.Daa, KugdUgcr,” Springer. CUnedienstr Trons. AiS.M.B., 
Juno. 2, 1938. Goodman, !Brw‘ft«'Wg,lApg,i3andi24, 1923; June 19, 1925. Hertman, 
rroui.^'S.AiE,, Aug.>2, '1932;l Berto I,' pp. 155 
el sej. _ Ju'crgenameyer, Die Springer. . MetsU Handbook, 1939, ' Mui- 

zoU, “Fatigue Resistance o( Harj) Stew,” Subilimento Tipograf. Nat.. Trieste. Palm- 
greni^'Z.'Vi'cf,7;;"l924| 'p,’339; also TVan*. S.A.fe., 'Bet., ‘‘1920!’ Tim’osbenko, "Theory of 
Elasticity," MdGraw-HilL Wawrainidk, Awo. Teeh. Z., l§2'8,'No0. 8 and;12. 

MECHABIC^^ OF EOLLING jCOHTACT BEARINGS ^' T' 
,j contact {bo'twcon- ioomUian f .bcbringijs produced iy inserting 

rolling ''rriembwa''i)4twiB^ cbh^ehtriciw fMCS Of the itatibhafy''ahdrni'ovifig 

rolli:ig:liy^^?otaa^TOB|»>TemlrecA,'1K^ rolling e\emmts'inustnb» 
balls; r'-— w- '..•sa-i*"- • ’• 'dtiijn,' the foiling .elements 

,;provi'(3c(i;^^W8;tb’at'fdl 

the Cl .... jjj one', point of the 

main axisiof'Totati6n-OTdc*tlinti.lJie<(gcl>met^cal) sutn o,f all the individual 
angiilaurelocities-itequal-to-ibe.aiigular’velo'city of-rdtation arourid-tbe main 
axis. These theoretical requirements for pure rolling cannot always bo 
fulfilled. 

In Fig. I, the location ot the intersecting point on the main axis of rotation 
determines the direction of the load which the bearing can support. If tho 



■intersection ‘is al'inlmity 'tue’loacl m^'be ra’dial or annular. "Ti’itn 

intersection at the center of the bearing (Fig. 3), the loading is thrust or axial. 
With intersection in an uitermediate poeition, (Fig. 4), the load is angular. 
Notation. 

Dr = ErincU hardness number. 

Di = inner race diameter, in. 

di, dj = curvature diameters of two rolling bodies at their point of 
contact. 

fis', di" e= principal curvature dimneters of a curved surface (at right 
angles to each other), in. 

&r = curvature diameter of a subetitute rolling body in contact 
with a fiat surface, in. 

{d, = diameter of the contact surface for balls or the width of tho 
contact rectangle for rollers of length L, in. 

E = modulus of elostirity for tiie material, lb per sq in. 
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of the groove must be ample {or.pa8saige'6f"the oil flow. -An oil 'thrower 
mounted on the shaft is shown in Fig. The bearing bousing may be 
provided with a single (Fig. 27c) or'douUe^Uectmg groove, or with brass or 
aluminum strip scrapers (Fig. 27if),-to collect the oil creeping along the shaft'. 

Y 

■■'a ' ■ ' b c , d ' ■ ■ e f 

Fio. 27. — Scaling Find Grooves. 

For protection from dust, etc., felt packing rings arc often used (Fig. 27c) . 
The felt ring is soaked in oil to prevent charring by friction heat. In severe 
cases, additional protection by alahyrinthnmneria very effective (Fig. 27/}. 

Li lie -shaft bearings are purchaaablo iu 
standard sizes by steps of K in. for the smaller 
diameters, and by steps of H iu- for the larger 
sizes.' Hangers for line-shaft bearings may be 
purchased in types permitting ceiling, floor, or 
wall suspension. Figure 28 shows bearings for 
mounting in line-shaft hangers. 

Main Shaft Machine Bearings. Average 
practice in proportioning the diameters and lengths of headstock bearings 
in lathes is as follows: 

Front bearings: d = s/5; I « s/i. 
where cf(diara), f(Iength) and sfswing) 
are all in inches. 

Types of bearings are shown in 
Figs. 29 to 35. They include tho prin- 
cipal methods of lubrication and types 
of construction. 

Oiiless bearings (information by C. 

Claus, Bound Brook Oil-less Bearing Co.) is 
the accepted term for seif-lubricntlng bear- 
vini.vniDii, bjhr.'/uuL'a. 'jl ai^id. v. V/vud. 
form in their material. Graphite is used as 
a solid lubricant in one group, and another 
group consists of porous structures (wood, 
metal), containing oil, grease, or wax. 

Graphite-lubricated bearings (bridge 
beatings, sheaves, trolley wheels, bigh-tem- 
peraturo applications) consist generally of 
cast bearing bronze asa enpportingstrueiure 
containing various overlapping designs of 
grooves which are filled with graphite. 

The graphite is mixed with a binder, and the 
plastio mass b pressed into the cavities and 
baked to the hardness of a lead pencil; 46 perctot of the bearing 'area is graphite. 
Drilled holes are also nsod for ffiing the bronze bearings with graphite in plastid 
form or with preformed graplute plugs. Strip bronie with mdentations or grooves 
filled with graphite is used in sheet form or rolled to a butted cylindrical bushing. 
These bearings are 'manufactured by Bonnd.Brook OiHess Bearing Co.; Cleveland 
Graphite Bronze Co.; Merriman Bros., Bostim.^ , . , • ■ , . 


Back bearings: i = z/8; I = s/fl; 



odBiimfffuforwifFiilhi’i/Md 
JmSrnkfoT^kkad 

Fie. 29.— Riag-ofled Bearing, BoTid 
Bugliing. , 



Fie. 30. — ^Rigld Ring-oiling Pillow 
Block (Link-Bolt Co.). 



• Fig. 28.— Bearing . for 
Drop Hanger with Oil 
Ring Lubrication. 






bearings with rolling contact: 


The maxiinum compression stress p -.. in a roUer with diameter dr and 
length Z,(for L > d,) and in Uie flat st^ace wi^ which it is in contact con he 
written according.to Hertz ; 

= dPa/irJiyi 

({d,/2)» =4PA(1 

= '^oEI{vLdr)(l - 1/mi) = 0.35P<^/Wr 
^ = 4(1 —llrn'^PmMjE (with l/m = 0.3) 

By introducing the mean atreas pn in tlie pressure area, 

P„ = = TPan/i 

I = 4.64pn/.£ (with 1/m = 0.3) 

If ho is tho specific load, lb per aq in., produced by Po upon a rectangle with 
the area f surrounding tho rolling element, 

h =?,// * [p»(^)W4l/d,*, (= 14.3p„V5‘, for balls) " 

h = Po//. » Pi/dfE “ pn^LldfL, ( = 4.64pffli/P, for rollers) 

For materials following Hooke’s law and for stresses within the elastic 
limit, the specific load capacity of balls does not vary exactly with d\ Smaller 
balls have a relatively higher load capacity as 
indicated by the relation P* '= kt^/i + .002d). In 
tollers the relative load capacity appearo to be 
unsfloctod by tho diameter. For values ol Pn and 
fte, see under “Static Load Capacity.” 

Stresses in Axial or Thrust Bearings. If each 
rolling element (ball or roller) carries an equal share 
of the axijd load Po, then P« = fKn. 

The coefficient of utilization of the aiial bearing 
is given by ijif - nj, where Pis the ring area of the 5. 

bearing «sff/4(Da’ -di*). ij^is less than I in bearinp 
with retainers and equiJs I in full-type bearings. The 
previous equation can then be written P* = 5?sPfco and 
the specific axial bearing load pa = Po/P “ ijai®. 

In order to ensure equal load distribution, tbo rolling 
elaments must hare uniform size and at least one of the 
supporting outside faces of the races should be spherical to 
permit of self-alignment. 

The influence of speed on the load-carrying capacity 
of;thru8t bearings is particularly pronounced in ball thrust bearings. This 
is due to sliding and skewing of the baUs.driven by centrifugal force against 
the curved raceways in addition to the normally reduced dynamic load 
capacity. 

If 0 is the mean velocity of the balls, in fps, the reduced thrust capacity 
Po' lb, may be written as folIowsiPo' = 3.3P«/(v -1- 3.3) where Po is the static 
load capacity, lb. For instance, at 10 fps, Po - 0.248Pe. 

Stresses in BadiaV.or Annular Beurings. If the radial load Pr could 
be assumed to be supported by a flexibly yielding outer race, the load would 
be evenly distributed over all tiie rolling elements in the loaded half of the 
bearing and each element would support'the load Pj. The specific radial 
bearing ’load Pr could therefore'be written p, — Pf/I3,i = 

Because of the comparative ri^dity of the outer race, if the bearing is 
assembled with clearance and not under initial stresses, the rolling elements 
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for Marine Thrast Bearing. 


• For hardeaed-steel ; coUars on ''bronao rings, ^1111 interiiipted service, 
pressures up to 2,000 lb per sq in. are 
■permissible; for :contiiiuous low-speed - 
operation, 1,500 lb per sq in.; for steel ; 
collars on babbitted rings, 200.1b per 
sq,in.. ■ In raulticollar thrust bearings, ' 
the values are reduced considerably 
because of the difficulty in distributing' 
the load evenly between the several 
collars. 

■ Thrust bearings for marine senr- ' 

ice are sometimes made with adjust* n~ - TT ' n n- ■ 
.ble iorseshoe bearing ring, as aho™ 
in Fig. 36 and with provision forwater- 
cooling. The thrust collars -are.- 
formed by grooving the shaft -and., 
have an outside diameter D 
to il.9d, where d is the normal shafti J 
diameter. The thickness of each col- 
lar « w = 0.13d to O.lSd, and ’the 
distance between collars * « = 2w to 

Sm. The number of collars requir- , _ 'isi 

ed ='n =P/rt6p, where P = total n, „ .Jivp: , 
thrust on bearing, Ib^ d, -mean S' J S'?'"’” ^‘■"^'’'‘5’' 
diam of collar, in.; h = radial width, 

of collar, in., and j) = allowable bear- ' Shoes, 

ing pressure, lb per sq in., as followsf for cargo steamew, p = 40,to'66; for 
passenger steamers, p «s55'to80. According to ndwarth,,thecoofficieht of 




Fig.39.— LeffcHalfpfSk-shoqg^:.,,,., .■i-Ra.|.40.-r:Half Section of, 
aligning Equalizing, Horizontal.'/ ..,^punting for .Vertical Thrust, 
Thrust- Bearing for-Load in Either., ,j„:Bearingv..,ji, 

Aiial, Direction. . ,r(r..i, '..i -iT.;:— 
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at rest, local permanent deformation interferes with subsequent smooth bear- 
ing operation. ■ f ' ■ , 

With' very 'slow uniform Toiation, itiio non-brinelling static 'load may bo 
exceeded by up to 30 percent because the permanent deformation results in 
cold-working of the material and produces a uniformly distributed change in 
the shape of the race surfaces. • i 

The effect of race hardness upon the specitic load factor k,, for short and 
long cylindrical rollers is shown in Table 1. 


Table 1. Multipliers of Load Capacity with Varying Eace Hardness 


Brinell hardness No., 
kg per aq mm , 

Rockwell 0 
hardness 

Short sedid 
rollers (Hyatt) 

Long solid rollers, 
Bantam, needles 

ill 

60 

1.6 . 

i.o 

m 

58 

0.935 

0.969 

578 

57 

0.902 

0.940 

555 

55 

0.84 

0.675 

534 

53 

0.76 

0.769 

514 

52 

0.75 

0,700 

495 

50 

0,69 

0.500 


. Although the dynamic load capacity changes comparatively little in the 
range above a Itockwell C hardness of 60, the static capacity depends greatly 
not only upon the surface hardness but also upon the hardness through a 
substantial depth of rolling elements and races. 

The permissible mean stress pm varies substantially in direct proportion 
with the Brinell hardness numl^r B, of races and rolling elements. In 
modern bearings, “ 14.22XB, lb per sq in. 

In ball bearings: X * 0.85 to 0.96. 

In roller bearings with Ir ^ 2<i: X - 0.6 to 0.65. 

In needle bearings with L ? 4d: X » 0.375-0.46 down to 614 Brinell 
hardness and drops gradually, reaching 0.325-0.375 at 495 Brinell. 

The effect of high operating temperatures which reduce the hardness must 
be considered in selecting bearings of sufficient load capacities. The value of 
he of stainless-steel ball bearings even with a Rockwell C hardness of GO (as 
compared with 63 to 64 for standard ball bearings) is only about 70 percent 
of ko for standard ball bearings. 

Examples. Ball bearinf. A No. 307 Noima-Hoffman deep-groove radial bearing 
containing eight in. balls, with races baviog 63-64 wid bails having 63-66 Rockwell C 
hardness, has a static non-brinriling load capnri^ P» per ball of 6,250 lb. The sub- 
stitute radius dr from formula (2) with a groove diameter of 0,610 in, and an inner race 
diameter of 1.75 in. is 0.765 in. Tie static ke *” 6250/0.765* = 20,684 lb per sq in. 
With S =. 30 X 10*. vfi « 10,684B»/14.3 and the statio p, = 870,000 lb per sq in. 
This is equivalent to 0.92Bp X 1432 .with a Brinell number Bt ^ 667 corresponding to 
an average race hardness of 68 Rockwell C. 

,The dynamic load capacity of the balls is substanrially lower,' For an>average life 
'of 2,500 hr 'according to the mannlactiiTers’ load ratings, Pt becomes 2,540 Ib for 100 rpm 
and 1,240 lb at'lpOOO ipm with ih* and pBredneed aecordingly. . , 

. . Short Roller' Bearings. A Na R-345-L (No. 309 S,A.E.)^ Notma-Hoffman cylindrical 
Toiler bearing with twelve ^ in. rollers of 0.425 In. effective length, with 62-64 Rockwell C 
.races and 63-;66 .Rockwell CroBers, has a static non-brinriling capacity of 0,375 lb per 
roller. The substitute radius df from formula (1), with an inner-race diaiheter of 2.375 
iii.,iU.4Um.‘ The'.tetstie'los'd fc = 9375/0.425 X 0.414 = 54 , 3001 b per sq in. ■' With 
-B = 30 X'-m ii„> = '54.3m/i.6i and statio pn 503,000 Jb' per’ sq,- in.'-iThis is 
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Table 8. Capacities of S-shoe Staadard-duty Horisofltal and Vertical 
Thrust Bearings 

(Based on viscosity of ISO sco- Saybolt at operating ^peratureB. Capacjtiea given 
may be increased from 10 % to R-il -nseOfflly.ifl miaeaeed an same proportion.) 






Upm. 







Bpta 



Bear- 
' ing 

Area, 
sq ■ 

10(1, 

ZOO 

400 


1,800 

3,6dC 

Bear- 

ing 

use 

Area, 

eq 


■150 

200 

300 

500 

700' 


' 

Said load, tbonaanda of • 
pounds 


8a(c load, tHousands of 
pornids 


17 5 

1 44 



74 

79 

55 

19 

' 180 

40 0(1 

44(1 

4«(l 

55 0 

6(1 n 

65.0 

S 

le.fl 

7V 

7,7 

5 : 

51 

4ft 

5‘ 

71 

270 

51 IK 

5/,C 

ftl 1 

ft»|' 

T!.C 

84.(1 

7 


■1 


4 ; 

5 6 

ftl 

nr 

75 

'2ft4 

65 (K 

77. r 

V?f 

«Sf 

97.0II05.0 


57(1 

4Sf 

55 

ftft 

71 

Oft 

w* 

75 

'312 

DIHK 

«Kl' 

95.( 

105.( 

119,0123:0 


«1 i 

ft 7P 

74 

fif 

10 4 

15 ( 

IS( 

?/ 

'W 

9/ (W 

111/ r 

use 

127.0144.0 146,0 

inu 

« 1 

0 7r 

in f 

15 f 

154 

lot 

r/( 

79 

42(1 

lift (U 

17K r 

13;.( 

152.0 168:0 168.0 

1? 

77 P 

17 W 

I5.i 

IA( 

71 ( 

7fif 

‘W( 

51 

480 

»3'/ IK 

IM 1 

lh7( 

180.0 192.0 192.0 

m 

tl 1 

17 ?f 

7(1 ( 

24( 

7H 

35, ( 

%.( 
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Figure 9 illustrates the diffcreace ia- catalogue fatinga of ' tbroo , manu- 
facturers for the same ball-bearing size with thp-samc aizc and number of 
balls, but with different life erpectandes. 



10 20 40 100 200 400 6001.000 2.000 40006)50010,000 

Rpn) 

Pig. 9.— Eatings for No. 210 Single-row Deep-groove Bearings with Ten 
H itt* BaUs. 

Figure 10 shows multipliers for catalogue ratings of five ball-bearing 
manufacturers to obtain bearing lives at loads other than those on which the 
catalog ratings are based [see Eq. (4)). 

If both the load and speed of a bearing vary, an equivalent average load 
P,r at a speed nj can be obtained from the equation 
I Pav *■ \^nni/rtPi* +r}n}/n»P:* -[-••• TnUnMn* 


where n, n, etc., represent the time fractions; Pi, Pi. etc., the loads prevailing 
during each time fraction; and ni, m. etc. are the rpm at those times. This 
value of Pbv may be used in connection xrith Eq. (5). 

Annular bearings with revolving inner races have a smaller number of 


stress reversals for the same rpm than 
when the outer races revolve. There- 
fore the life espectancy with outer 
race revolving is lower than with inner 
race revolving, 

The type and size of the bearing de- 
termine this difference, and the manu- 
fsr turers supply suitable cwreeljon fac- 
tors for the ratings or speeds, which are 
always given for revolving inner races. 

SKF gives, for outer races revolv- 
ing, 90 percent of the carrying capaci- 
ties of self-aligning ball hearings and 
76 percent of the carrying capadiies 
of all other bearing types. The multi- 
pliers for Bantam needle bearings 
range from 1.2 for small bearings up to 
1.06 for large bearings. ’ 



Fig. 10.— Multipliers for Bearing 
Lines at Loads Other than Bated 
Loads. 


The ideal load and speed coaditionB upon which' catalogue ratings aro 
based do not prevail in nonnal field operation.' The life-influencing factors 
of shock, temperature, pre-loading, service conditions; accessibility, 


and lubrication are therefore employed to correct the calculated loads so 
as to find from the catalogue a fa'^g that will produce safe performance 


during the average life' upon which the rating ia based. These application 
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>l'/m'i^''Poi6BW8'ralio« -j >'■ ; ■ - .. ^ 

' 6oc2icient3'Of utiliaatibn of'Kcario^i I-' 1.' ''■« •' 

kt = the specific load produced l:qrP«upoii a rectangle of aroa''whiot 

is dr'^ for balls and ^L.for rpll^, lb per sq in. 

L = length of rolling demerit,’’ in. ' , 

n = number of' rolling elcmWita.'’ ' ' ' 

Pa = 8tatic\asial load ‘capacity f(tt'a''bcanrig, lb. , 

Po = theiload on' aroffing dement, lb. • ■,;* 

P, = static radial load capadty fw a bearing, lb. . , ^ , 

Pa - specific axial bearaig'liSid; Ib'persqlh.v’ '' 

p, = specific radial bearing load,’lb>i»r’8Q w* ■ 

Pn = mean compressive Blreas fcff the-contaot, area, Ib per eq in. 

,)• cqm_preaoye,8ti;^,foir.]tho contact area, Ib^per^qin. 

To obtain the highest lo^-<»iTying..capaci^, the ;8urfacess9^, races ;and 
lolVmg.elements must be accuratdy;&niahed a high suiince jjqllsb. 

Individual Load Capacily of'the Rolling Element" 

' The rel’ative' curvaturo'of a roUingelement m''fcont'act!rrith thouace deter- 
miiioa’'the strhaaea’. and dsformationetof-tbe contacb^^eurfaCeii IwhcH' . pressed' 
together. . -■■■■'.> vj '.‘‘’..i •' '■ 

According to Hertz, the curvature; diameter'df. of 'A) 'substitutb rollipg 
body in' contact 'with a fiat surlace canbo'.nsedm'pVace'of'-tiie curvatwe dia'm- 
eters d\ and dj.of two rolling bodies iQ'contnct with each' other.", i <■ •!' i ;; 

If a ball of, 'the diameter di ie in contact with a race haying, two ,prip,c|ipal 
curvature diajneter8"’(at right angles to each other) ds'iaud dj'?, ,the diameter^ 
d, of a substitute ball in contact with a-fiat wjrfacc may be :TOitteH;app,ro 2 a- 
mataly as follows'. , 


-Ml-v I.n;. .-'.ri-i.n 

‘ ‘ , , -<i u-'r'i • 

FoTiconcaveiSurfaces, the sips in ( 1 ) •and,(2).,ar6 negative.,;. .,, ; ,, ,,> , 

In.orderitp’kcep.dr os large as possible in’ t^I. bearings, so as to,, increase 
the carrying' capaci|ty, theTa^ii of i1he,.raceway, graves .are kept, .as^nearly, 
equal to'thb bail radius jas possible; „• •• ,, j,, ■ .-i 

Under load, the taco and rolling element flatten out at, ^he .contact surface., 
The area of this contact surface .^ualB.f^dr)?’^/.^ fpr'ballB and,-^dfL,for cylin- 
dric^ rollers, where Jdr is tho diamfiterjof.tlie.oontact surface.for.ballg qrjtbo, 
width of theicpnt^ct rectangles ior.roDcrs.of 'the length L, and, p;here,<ir is, the 
diameter of •^e;eubBtitute rolling clement ia;',contact.:mth,a.fiat, surface., 

The mean compression stress jvr lb per sq in., for this contact area is, 


' ' j);,i; = Poy(^cirt)V/4 (fdr'\»^y-‘’=I*l/t^;(fdr roUc^^^^ ' 
According to Hertz, the raarimumj compresMon-stroBaiProaifin a.bail.with' 
diameter d, and in a flat surface^'mth whicLit^is in .contact is l-Sp^, 

.V .',1 ''r, (Cdr/ 2).*,=fi‘i(i: r ^ 

Therefore , 1 j,, 


For metallio.bodies.the yalvie,of il/m maylbeifakeriiaslOiS' and with- 
‘ij", -..•I'S '=ii4.*28pi»/B-for balls; ; ' ( 
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, -The^ greatf;mai,qrity,,qf,ji;otiuiiCT8 ,are.-inad0 ,fromjB^esl; stampings. , .For 
high-speed-precision and idtra-prq^<m bearings, i^arefi^y rna^inedretamerg 
are^used, , usually., deaign^.M. that .the: •• - • '■ ’’ ,'.#6, outside 

of the’ inricr''race.'"TheBe' .• ; "ma'de'frdai 

fabric- reinf orced. phen ol pl asUcsi''' ’ 

Normal and Ertreme Bearing Speeds, j The speeds listed, by ^the manu- 
facturer apply usually only to standard bearing types. With precision and 
ultra-precfsioh bearings, these sprads cah, b'e'8ub8tahtialIy“exceeded"(6M 



" 024;5 6 7 M10nPBW1516l7!819202l22 
Basic SAE-BepnngNumber 
Fio. 11.— Limiting Speeds of Standard 


Fjq. 12.— Limiting Speeds of 
Super-precision' Bearings.-' r 

. »■ ■ - , ' .1 [ 
' ' J.-’l'-iV- 

Figs. 11 and 12). The limit speeds indicated apply t6 rotating inner ^aOeal 
For stationary inner races, the rpm &own hjuet bo multiplied by 0.6. 


EaU Bearings (Single-row Deop-grOoyc 
Angular and Duplex). 


Friction of Eolling .Contact Bearings 


The total friction is composed of rolling friciim, duo'ito elastic-defonnatioa 
caused by the bearing load^ and oldidino /ricfjon'dueito-.speed variations 
(acceleration or oscillation),; mnaufocturing-'inacciiracies,' tho ^rubbing, of 
foiling elements again^ guiding race surfaces and cages; the ,displacomePt of 
the lubricant, a-nd thd rubbing of bearing seals'. 

t' According to Goodman’s- tests; --the coefficient of (friction of cylindrical 
roller bearings dropped’from 0.0019 with increasing loads to 0.0013l'in .deep? 
groovo’ ball bearings; ifhe coefficient of friction' first dropped, from ■0;0025 
to 0.0014 with increasing load but upon further ioad'increase'it.increasod to 
0.0020. '■ Self-aligriing'baJl bearings diowed, wjth'jncreasing/lDadffirstfa.drop 
from’O.OOIS'to O.OOl’l' and then an'iin6nea88-.tb. 0.0014.-. . i v 
Muzzoli’s tests indicate a steadyldecrease' of itho ebcfficieritiOf friction ;with 
increasing load.in.cylindrical-rcffier 1»?4!188. withoub|phpwing.;the. reversal 
noticeable', -withibali .hearing;; lie coeffidepifof, friction., is lqw;er,than ^tat of 
ball .bearings;,; They,-, also, show, .deeprgropyc , bearings ,an^ar 
Ipad.-havc.a-gronter .friction incTfflao; with incre^ng. angular .loads, than^.yrith 
radial loads alone and that-angulvTOontBotibearings haye..highqr.fncj;ion.foi 
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in the bearing asis perpendicular to tiie direction bt' load Pr nre completely 
imloaded (see Fig. 7) and, in tbe axia coinciding with the load,' are loaded 
approximately 50 percent higher than liho indi^ridual uniform bearing load 
Po of a'bearing with a frociy yielding out® race. Consequently, the specific 
radial bad pr is only about two-thirds of the specific axial load pa or p, = 
Pr/DiL^Q.55prh. 

■ In single-row ball bearings, 'DjJj becomes Didf and ~ ndf/Dir oi Pr^ 

O . 65ftondr/-Di7r. The radial load Pr~/fcan/ 6 - where / is the rectangle sui- 

rouning a rolling element C- load is only pne-fifth of the aJrfal 

bearing ioad''mth the same number of bails; 

Stresses in Angular Bearings or Combination 
Radial-thrust Bearings. When radial bearings are 
used to support both axial and radial loads, an equi- 
valent radial bearing load P may be used in place ofP, 
in the preceding formulas. Themarimaai ball load Qb 
is given-by the equation Qa = SPrh cos a. The value 
of P is given by 

P = Pr + 3/P. (3) 

whore'}/ is a conversion factor and a the race contact Pia, 7 . 

pressure angle (Fig. 8 ). ■ 

, The average y values for SKF bearings, according to the manufacturers, 
are as follows; for barrel-type roller-bearings, 2 to 3; for angular-contact 
ball-bearings, 0,33; for deep-groove bearings, 1 to 1.5; and for self-aligning 
ball-bearings, 1.5 to 4.5. 

For single-row taper roller bearings, Timken gives the formula P = O.GfiPf 
+ ^a where k averages 1.5 for standard bearings and 0.75 for steep-angle 
bearings intended for heavy thrust. If the calculated P is less than Pr, the 
thrust load P. should he neglected and only the radial load Pr used. . 

Norma-Hoffmaa gives the following values for the equivalent bearing load 

P. 'With -single-row deep-groove ball bearings when 
P# > ^Pr! (Pa < HPf)! (Pr •* 0 ], the corresponding 
values ofP are 0.5P, -b LSP^; (P,); [UP.l. With 
the single-row filling-notch type when Po > HPri (Po 
< ^Pf)i the values of P arc UPt +2Po; (Pr). For 
double-row ball bearings, P =Pr + 1.25Po. For 
angular-contact ball bearings, the equivalent thrust 
load ia 2Pr +Pa. 

If a radial load Pr is imposed on an angulu-con- ■ Fia. 8 . 
tact bearing, it causes a thrust load P. which 
necessitates an additional beming mi the 'same shaft. If a is the pressure 
angle (Fig. 8 ), Pa = 1.22 P, tan a for ball bearings, = l,26Pr tan cr for roller 
bearings (Tuergensmeyer, loc, ctf.). 

' Static Load Capacity 

It is necessary to distinguish between static and dynamiq load .capacity. 
For the latter, see Relation of Load, Speed, and Bearing Life,,p. 1036. The 
permissible static load upon a bearing is the non-brinelling static load, 
just before permanent surface deformation takes place. Exact experimental 
determination of this point is difficult; the first sign of brinelling can be noticed 
after reducing the bearing load and levolvii^ it with an iridicator against the 
races, a slight jump occurring when the rolling element travels over the 
brinelling mark. If the non-brinelling static load is exceeded with the bearing 





BEARimS WITH ROLLING CONTACT 


Table 3. S.A.E. Standarda'tor Radial and An^lar Ball and Roller 
Bearings 

■ NcirmBlbore(rfiimer«ce.‘'I> = Outaidediameter, , ■ 

IF = Nonual aidth of individual Tings., , 
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Tolerances. For all dimensions +0.000 

For B Up to 19 mia 20^0 mm 35-50 mm 55-80 mm 85-110 mm 

Tolerance, in, -0.0003 -0.0004 - 0.0005 -0.0006 - 0.0008 

For 2) Open type, up to 28 mm, —O.OOOdin.; 32-52 mm, — O.OOOSin. 

Other types up to 30 mm 32-47 mm 52-80 mm 90-120 mm I30-I80 mm 
-0.0004 -0.0005 -0.0006 -0.0008 -O.OOlO 

190-240 mm 
-0.0012 

For IF Open type ±0.002 in.; otha types —0.005 in. 




RELATlON'OF'LOm'SPEED: AND-BEARING LIFE 


^equivalent-to 0;625SrTX' 1422: with AiBnndl nnmber Br = 667 correBponding to an 
average race hardness of, 63 Rockwel) C. »... ■ ' ' ' ' , , r , ' 

The dynamic load capacity of the r(rflet8 is agahi suhstantinlly lower. • For an average 
life of 2,500 hi.Po the load rating becomes 4,580 Ib at lOO r'pm and 2,140 Ib at 1,000 rptn, 

with ko and pm reduced accordingly.^ - . 

Lowfl RoIl^.2c«.riwg.L AIlo.‘i-?194 11.6.6. needk'toUer-bearing with 29 tollera q£ 
0.1205 !in.'dia'm' arid. 0.700 in' effective length, .mth 60-63 Rockwell C outer race and 
roller liardnesB and a. shaft hardrieea 60 Rockwdl C, has a static non-briaclliDg load 
capacity of 1,625 lb pecroUer: The substitute radius i from fonnnla (2) with an inner 
race (shaft) diameter of 1' in. is 0.107S ini The static load factor ht = 1625/0.1075 X 
0.7 = 21,620 lb per eq in. With.B =* 30 X-10«, p»* = 21,620 X 2/4.64 and static 
pn = 374,0001b per Bqin. This is equivalent to 0.42Br X 1422 with a Btinell number 
R, 627;Cone3pbnding to a shaft hardness of 60 Rockwell C. 

The dyhataic load capacity of the rcdlera is subsUntioJIy lower, and according to the 
load ratings of the manufacturer for a 3,000 hr life, P« becomes 905 lb at lOD rpih and 
5521b at 1,000 rpm. 

Relation of load, Speed, and Bearing Life 
In' correctly made, properly iiistallod and lubricated bearings, 'the 'life 
is determined by fatigue of the inateriai'of races and rolling elements in 
■contact with each other, and the time when fatigue failure occurs is dependent 
upoa both the magnitude of the. stresses and the actual number of stress 
applications. . 

Testa Avith many hearings conducted under carefully controlled conditions 
have provided the basis for the load ratings of the bearing manufacturers 
which are always based upon a certain life expectancy percentage. 

No uniform practice hais so far b^n established for the minimum Hfo- 
cxpeotancy' percentages. SKF, Norma-Hoffman, Timkenj Tyson, and 
Bantam, for instance, base their rating on a minimum life expectancy of 
SO percent of a large number of bearings tested under- identical conditions 
with regular lulnicant renewal. • ; ' • 

The Hyatt ratings are based on a '50 percent average life expectancy of 
large numbers of bearings tested without any lubricant renewal. ’ 

The average life expectancy of a large groul) of bearings is 3j^'t0'5 times 
their minimum life expectancy. Some of the manufacturers. ratings are 
baaed on average and some on minimum Uto expectancy. 

According to the tests of, the, bearing manufacturksi the life of a radial 
or angular bearing may be expressed by • , , ' . 

.H=C/NP^' '(4) 

whep H is the number of hours of life, N the rpm, P the load (actual radird 
l^r equivalent radial load from-forinula (3)), C a constant depending upon the 
]type and size of the bearing, andiane^nent-whicli is given as 3 for SKF, 
3.3 for Martin-Rockwell,’ and 3.33 for.Tyson beatings. ‘ 

If He is the avcrage'life of a'bearing as ra^ ,by, a manufacturer, a'n'dPe,, 
the average total b^ng load, lb, the espec^ actual beating life H can be 
’written as-' •' ’' ■ ■> ^ • ' '' ' ' 

■' ^ : ■' •' • (5) 

where F is the ratio of the catalogue load ra^g to Pftv ' , . ' ■.-, 

' HAa selected differently. by the,yariouB manufacturers. SKF uses 2,500 hr. 
(Bantam 3,000 hr, -Faimr.'and.New Departute-S.SOO hr, /Martin Rpc^oll 
.and Hyatt 5,000 hr, Norma-Hoffman 10,000 br, average bearing life, Timken 
landTysonratinga.arebased.onS.OOOiff ofmioimunKbearinglife.',. ' 
f . ,For.a;true compari6on.ofibeariiig;ra1anp,'itis;therefore essential tqponvert 
ithe catalogue-ratings to the- same average or minimum life expectancy., ./ 
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PBIKCIPAL STAKSA&S BSAfilNG'TTPES And 
COMPARATIVE OSABACXERiSTICS, > 

, ' I ' ' Rftdiri.Bidl Bearings "j •« ’l ■ 

Ftp. 13. Separable or me^eto ^iW.mthballsepajotpr. ^ j M , , , 

.Fit. '14a. Deep groove wilb uninterrup^ t»:ewa}:8, j Conrad typ|e, -built as Isingl^ 
and two-row bearings. ..With balla^Minitor. i 1 Ti ! i ! J , 

Fig. 146. Deep groove vntb filling. dcfle. More balk' than jConrad type. Built as 
single* and two-row'.bcarinR8''viti» ball aeparator. | ! 

, Angular Bali Bearfngs'l !'•.!'• ^ 1- i ' 

f»9. 15a. Single-row , type. Witt bBU|fiepantOT..,jl^sed nlMj^iu, .pairs as duplet 
bearing. 

Fie. 156. Two-row type with filling dots for aasembling. With^ball separator. 

Fip. 16.) Two-row .ielf-aligning type., With ball sepKStorij ^ ; V' 

• j ; Badlal Roller Boatings ' ' [ ' 

Fie., 17. Roller beatings.'ttith abort ^id'.cylindricai rollers! - Built with two lips on 
cither raceway, three' iips&nd four'lipe, also 'as fuU-type bearing without retoiner'but 
mth retaining snap rings with and wilboul inaer race|> > , ' 

Fig. 18.' Roller bearings with long solid oyliadriciU’tolIers of small (lianeter:(neeiile'' 
roller bearings). No' reiser. With and without inner race. Require ample diame^ 
tral and very httle oiroumierential play for Mtiafnctory. opgfation, -..priiiuaUyuscd for 
slow sp.eed and oscillating parte, espedally jn limited japsces. ^w 'also used success^ 
fully for certain hlghsri'SiieH applications such ae Diciol engmeljon^ciing rod big^pnd 
bearings, textile spindles, eic! Because of simultaneous rolling^ atic[i^iding of the needles, 
ampU lubricant circulation aftd, frequently, cooling are neciwry (or other than inlei- 
mittent short runs. 

Fig. 19. Roller bearings with short or long wound cylindrical rollers (Hyatt typs). 
With lotaincrs and solid or split outer laccsT. With and without inner race. 

- Searings with Tapered Rollers 

Fig. 20a. ■ With retainer. Race coaes intereect in one point of bearing axis. Lip at 
large'dianietSr of inner race takes up roller thrust and keepstrplls aligned. Lip intact 
either on spherical surface or in two points. Also built kaHwo-row bcaringiwitK one 
inner race and two outer races or one outer and two inner .race's.' f f V 

Fig. 206. With snap ring, Full type. Four>point coalacibetween extended’innef 
race lip and roller end face .1 >. 1 

’ Spherical Race Bearings ' ' . n 

Fig. 21. Self-aligning bearing with two rows of short barrel rollers (SKF type). 
Spherical outer race in one piece or in two parts for prelonding. Roller thrusi tnkeh on 
spherically shapdd surfaces of center flangc-on'inner race. , Two-piece retainer.’ ' 

Ftp. 22. Self-aligning bearing with hourglm rollers (Shafer. type). Spherical inner 
race. '^Retainer. Also bu&t as two-row bearing with one piec^-inner race. t. ,, 
Axiri or Thnut Ball Bearings 

Fig. 23. Hultirow fiat race ball bearinge with ratainer. Also built as single-row 
bearing. , , , , . . , 

Fifl. 24. Grobved-race rinrie-direction ball b^nga with retainer.^ ^ao built as 
eelf-contained type- with and without brilratainer: '^Two direction beating with three 
races and two Irowa of balls. v-, L _ ; i 

Fig. 25. Fo'ir-pointconteetrfn^e-dlKctionbcaringsfAubuta'typc). Gintactpolnts 
of each race located' in cone intersecting with similarfcone Of companibnirace in one 
point of bcariiig axis. Nsuslly built as self-contained bearing without ball retainer. 
Two-directionlbeanngs with llwee races and two roira of balls, r . - 1 ■ 

1 ' • Roller Thrust Bearings ' ; ' 

Fig. 26. SihgTe"’directioa. Bearings with cylindrical rollers. Short rollers stacked 
radially to reduce sliding, Thrust-taken <m wtaining ring of separator. Two-direc- 
tion bearings with three races and two' sets of ^ers. ' ‘ 

Fig. 27. Bearings with tapered roIlaB.' Race' ebnCs mterBect'in‘'one joint of bearing 
axis. Roller thrust supported on lips of races and by separator. Also built as self- 
contained bearing without ssparator. 
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factors are based li'pbn tbe Berries eipOTencs of tie indiridual manufacturers 
of bearings 17110'' should be conBulted regaitlmg them.' ' ' ' • 

Table 2. Corrections for Carrying Capacity of Bearings w^h Bevolv- 
ing Outer Eaces 


Bearing eeriee ‘ 

■ Multipliers for rpm , • 


' Marlin 

1 

wcU 

1 

Norma- 1 
' Hoffmaoi 

1 

1 

Fainir , 

1 - N.D. 

1 ' 

Hyatt 

1 solid 
roller 

I' 


i ■ "• 

i,j i 

i 

i.46 . 

1.3 


' 

1.5 

1.5 1 


1.6 

-1.6 

:1.7 -1 

I.6i 

1.3 

Standard heavy 

1 -l.R 

1.7 ' 

1.7' ' 

1.74 


Estra large, extra light 







I. 1.4 

1 




Extra large, medium 

1 






Clearance Is tbe isitial looseness of a self'coatained bearing. Play is tbe possible 
total morement (arial, radial, ot aogolaT)' 'of one race against tbo otbet Yjhsn tb« beat- 
ing is subjected to load. • . ; 

The play of installed bearings depends bearing clearance, fit of the races, icetpera* 
ture dt^eronoe of the races, elaaric deforniatioD.of tho races under load, the normal 
punning accuracy of the mounted bearing, -arid the special characteristics of the type 
used. The first three factors arc closely interrelated. • Inner races expand when pressed 
onto shafts, thereby reducing the elearaace, 'With cxt^c press fits, the race espaaaiou 
may eauae destructive loads upon races and roIUng 'elements. 

The bearing manufacturers have cslabligbcd practices for proper housing and shaft 
fits which should be closely adhered to, and where right press fits are>&ecessary It is 
possible to obtain bearings of appropriately greater clearance. For installarions where 
play must be avoided, preloaded angular-eonlact bearinp in pairs are available., . To 
avoid excessive loads from race expansion, correct shaft and hotising fita are particularly 
essential. Bcarings.vrith greater manufacturing tolerance or variations require moro 
play than precision bearings so as to avoid moonting damage. Bearings without self' 
aligning features with sufficient play pensit of slight /aisnlignment or shaft defioeridc 
but the maximum stresses upon the ruling elements are increased. 

Bearing Materials. Modem roUing-contact bearing races and rolling 
elements of bettei qu&tty atc'.geucraUy mado fioin liigh-carbon.clitouie'allo'y 
etoel, hardened throughout or aurfaco hardened.' .S.A.E. steel 52100, hea^ 
treated to a Rockwell C hardness varying from over 60 up 64; is very exten- 
eivdy'usedi These bearing steels-coirodo readily, .and therefore only neutral 
lubricants should be used. For the' eaine reason; the heoringa must bo 
protected against the intrusion of water, adds, alkalies, moiaturo, and active 
gases. Where liquids of this nature cannot be, kept out, bearings can be 
supplied in a number of standard azes from stautdess steel. Such bearings 
are widely used in gasoline pnmps-aad meters. . ' ,i .- 
According to Norma-Hoffman, a heat-treated stainless steel of an approxi- 
mate analysis of 0.95 to 1.05 carbon and‘17.0-18.0 chromium can be hardened 
to as Ingh as 60 Roriswell ChardnesB and over, , 

Separators for Rolliiig Elemerite. The pvirpose'of separators or cages is 
to hold the 'rolling elements in prtper relarioh to 'one race; to avoid contact 
between the rolling elelncilts'; to hold -Oie 'rolling elements in place 'when one 
or both races are'reindyed;’ to guide Ae rolling deriients if there are no other 
irieana provide by the race traclay'ajid to flsinpen noise. ■ " • ' ' 
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light /axid^loadjAhafli.-deep-BrQOV^^^-bearinEftbutj.'thati-.thftLvalueB appfoBch 
each other with heavier loads. ..gmist'l 
Ball and cylmdrical-short-roBwi-bearingso have'' low"''' sliding friction 
becansa of small 60 ntlact'jc^*’fiid pf^tifa etanrig accuracy^. With 
'T'^" .ajwaGMS incre^, and shaft deflection and 
to tteincreaBcin-filiding friction.- ■ 

Muzzoli’s tests:with:n 0 !Bdlc-,ibearingS: of 60 mm bore, 90 ram' O.D., and 
28 ram~width-with-79-needie8-of-3-mni diam-and 19.8 mm long showed coeffi- 
ciontfl .of friction ranging'^xom 010083 [imder' 440 lb, bad ,to 0.0044 wnder 

46,400 lb loadl i_ ^ | 

Wheii.,pufficaeht,wace _iS;av^aUp,',pil-bath lubrication- is preferabb pro- 
vided proper seals preyentj oil' leakage, i ■FOT'‘bntited lubricant space, grease 
is preferable. | ' \ “’a* | ■ 1 i , , ■ 

■ 'IfthTeffect of 8eals'i5di'8fe'^r9ed',''which in'propcrly desrgned instnUations 
can be Utircly avoided, the friction ofjrollm? contact bearing is ;tot only 
very low, but aiaol almost entirely iQdepcadent'.of apwd, load, and tem- 
perature; theistarting friction jaioiily;vcry little higher than tho:runnmg 
friction. j 1 ; : ; 

Undhr nortnal operating' conditions, the temperaturdTise is slight, but St 
high speeds and with large bearings considerable hest.'is generated andioil 
circulation is necessary to carry off. -tho boat. : t.- ' i , ' i' 

, I ^ ' 'iBmw'G’ STANDiEDS 

Various .types .of rolling 'contact bearingStarS now standardized as regards 
dimensfonsj in 'rises ranging from' fraction's of an- inch’ to 12 in.ibbre., tThe 
International and the major part of the S.A.E. standards for-ball and roller 
bearings arc based on metric' 'dimenaions. The S.A.S.'' standards for taper 
roller bearings are based oh inch diraenrions. ' | 

-The. regular radial and.aa^ar ball' and' roller bc'anngi S.A.B. - standard 
setws ate' divided into 'light '(200), medium (300)-, and heavy (400) 'aeries. 
Th'edast one or two digits of -tho bearing number, beriming with digit 04, 
represent one-fifth of the bore in .raillimctcr's, 'and digits'OO, 01,' 02, and'03 
represent 10, 12, 15, and 17 ram bore, respectively. , , i 
The wide metric ball-and rbHerlboaring S.A.E. rarics arehlsb ^i^^ded into 
light (5,200), medium (5,300), and heavy (5,400) seriesTrith the bote indicated 
in the same mbaner as.'ih the regular series. . 1 ; 

The S.A.E. standards covering ine and two directions ball thrust bearinga 
have not been generally 'adopted. ■ '' '! ; • 

Ball and roller bearing of the same BA.B. dimensions should not be used 
interchangeably in the same applications, because of difierent' requirenicnts 
for shaft and housing fits hnd, frequently, of different methods :for holding 
the races in position. Taper tcIIct bearinga with etandard bore and outside 
diameter require addition^ clearance space for projecting retainers. -• 
_In addition(to the IntimMtional M_d S.A.B.^ standard sizes, _tiie. bearing 
mmufocturcrs have a great variety of-other standardized sizes and types. 
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Fig. 32. Standard horizontal mounting for aioido' usd double-row ball bearincs. 
Felt seal Grease lubrication. 

Fig. 33, Loose pulley. Radial bearings with built-in frit seals. 

Fig. 34. Vertical high-speed spindle mouting. Oil-elreulatiou by dinger. : External 
labyrinth dirt protection, ’ ’ • 

Fig. 35, Self-aligning vcrtical-sbaft mounttog with radial and thrust' bearings.' 

Fig. 3G. Railway-motor bearings. Grease lubrieatioa with labyrinth seals. 

Fig. 37, Taper roller bearings with and screw-clearance adjuatment for outer 
races. 

Fig. 38. Leather shaft seal with mner-nce adjustment for taper roller beating. Out- 
side flinger added. 

Fig. 39. Spherical roll bod boaringe mounted maplit pillow blocks. Floating bearing 
held on shaft with snap ring. External labyrinth flingers, Grease lubrication. 

Fig. 40, Cam follower with needle rollers. 

Fig. 41. Printing-press roll with needle roller bearings and radial ball bearing for 
ixial stabilization. Grease lubricarion. Frit or leather seals are used. 








PACmGS 

BY 

r. C. THOEN 


Paddngs include gaskets, valve diaka and seats, sliding contact packings, 
and diaphragms. 

Gaskets are installed between atationary surfaces, which consist of parallel 
flanges, or concentric cylinders. Flat gaskets for flange joints may extend 
beyond the bolts, as in (Fig. l),but, once the portion beyond the bolt is of no 
value, the ring gasket (Fig. 2) is more economii^. The materials used for flat 
flange gaskets, their compression characteristic, and service for which they 
are recommended are indicated in Table 1. 

, For greater compressibility than can be obtained with a flat gasket, a 
thick gasket, instaUed in a groove, may be employed. Unless the material 
is very hard, it is not good practice to permit the gasket to protrude from the 
groove (Fig. 3) since it is liable to “mushroom.” Better practice is to 
employ a tongue-and-^oove conskroctiou (Fig. 4). 

Jn flange joints, the following rules should be observed: 

1. Employ bolts of sufficient aizo and number so that, after deducting the 
relieving effect of internal pressure, the renduid unit gasket load shall he 
to 10 times the internal pressure. 


Table 1 


Typo 

Service prindpnlly 

Cora- 


manent 

thick- 
ness, in 

SDO 

lb 

2000 

lb 

10,000 

lb 

10,000 
lb„ per- 
cent 



Me 

S 

U 

5? 

IS 

Qotbdnserted sheet 


Ms 

4 

7 

33 

I6> 

Corkboard 

Oil (low pressure) 

Me 

57 

f,b 

78 

58 

Gasket paper 

Oil (low pressure) 

Ms 

13 

22 

31 

14 

Bubbemed asbestos 

Hot water (boOer 

M 

11 

22 

34 

31 

Compressed asbestos 

AU services up to 
600 F 

Ms 

1 

IQ 

16 


Corrugated sheet- 
metal, with filling 
(Fig. 3) 

Steam, cul at high 
temperatures 

a 

8 

11 

16 


Metal jacket over as- 
bestos center (Fig. 
6) 

Steam, tnl at high 
temperatures, boil- 
ers, automobilo cyl- 

He 

2 

4 

8 


Spirally wound steel 
strip with interven- 
ing asbestos layers 
(Fig. 7) 

inders, etc. 

Steam, nl at hich 
temperatures, bod- 

Ms 

3 

4 

11 



Sslidmetal.inflat, round, OTa],orpofile(ng.8) crosisections, is used with steam, oil, 
and gases at very high pressures and temperatures. 

‘ Eubber compound coutaiaing about 70 percent asbestos fiber, 

^ Determined by cold compresaon of disks, 1 sq iiL area by thickness indicated, except 
iir case of semimetallic gaskets (Figs. 5, 6, 7) hi which a 3K X iH in. gasket was tested 
(zero point in all caeee taken at 7 lb per sq in. load). 

• Fabric threads ruptured. 

Compression is largely controlled by friction between platen and gaskef. . Smooth or 
lubricated platens, thicter or narrower gaske^ and, in most cases, higher temperatures 
give higher coreptessicus at all loads. 8et is increased by higher temperature and longer 
time under load. 
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■..'j:. BEARING STANDARDS. VM-y^ 
icrr: "Special-purpogoBiBiknk®''' 

Beariags with split taper^ a^pter^wes. ;For uee on strwght shafts ia 
any desired location. Also applied to deep^^ove bdl-bearing. and cylindrical short- 
roller bearings, tisually withiouter racenliaTing spherical iseats. Extended solid inner 
races with eetscrewB or olher locki^ devices are uacd'for the same purpose. 

■ Fis. 29; Snip ling beatinga.' .EUnionte 'the necessity. .for tnachining houring 
shoulders to locate bearings. ' Also applied to needle bearings. ^ ' [ ' . . 

Fig. 30. Shielded bearings;- Stamped disks attached, to outer races assist in dirt 
protection and grease retention. 'Made with single- and-two-row bell bearings. Used 
actenapely as prelubricated; tj’pea.fw inaocessible locatiOTS .with lubricant sufficient 
for estimated bearing life. i , i ! ' , : ‘ 

' I '.! Ball Bearings trtthUi^ound 'Races t ' 1 ' 

Fig. 31. Grooved solid inner race Tdth iw6*ineee held together by spun 

shell. Built in many mddiScafions lier radial, angular, mid thrust, loads of medium 
intensity and at moderate' speeds. ^ 

Table 4. ' S.A.E. Standards for Tapered Roller Beanngs ' 

( ' ■ (Figs. 20a and 206) r ,, ; ,m 

A, bore? B, outside diameter; C, width (shoulder to shoulder) ' - - 

Tolerances: -0.000: bore, ini or smaller, V-1-0.0006; Ow'2H in., +0.001; O.D., 
+0.001 in;; width, +0.008 in. , ‘ 


A, in. 

Light 

series,'. ' 

Medium series ^ 


..Heavy, series' 

; in,; 

1 Pt ir>-- - 

' £, in... 

C.Mn.' 

iS 

in. : ' 

Cl in> 

0,375 

1,2595 

0,394 . 

- • 

' 


■ ‘ 


'5.5M 
0.615 
' 0.750 
0,875 

1,3775 

1.615 

1,8504 

2.047 

0.433 

0.5625 

0.5661 

0.59) 

1.938 . 
2.240 '■ • 

; 0.7813 
'> 0.7625 




■ 1.000 

2,3125 

0.750 . 

2.375 . 

0.7813 

7 

fi|5 " 

0.9375 

iM25 

2,500 

0.6125 ( 

2.615 

; 0.9375 

2 

m-- 

1.1675 

1,250 

2,717 

0.7813 

, 2.750 - 

, 0.9375 

3 

\h , 

1.1563 

1,375 

2 844 . 

0,8125, 

' 3.000 

,. 0.9375 

, -3 

11751 

V .1.1563 

1.500 

3,000 ' 

• 0,8125' 1 

3.125‘ 

: 1.000 

t3 

4175' 

’ 1.1875' 

1.625 

3,1496 

0.6268 

3,375 

1,1875 

‘3 

75n ' 

..1.250 

. 1.750 , 

3.3464 

0.6125 

314375 . 

MBS 

14 

loot 


' 1.875' ■ 

3.500 

0,8125- 

3:6718' 

• 1.1875 

■ 4 

750.' 

• +.4375 • 

2.000 

3.6716 

0.6125 

3.875 > 

' 1.1875 

4 

175 ! 


■2.225 

3,937 

, 0.8268 

1 4.125 

! 1.1875 

4 

575 - 


i2.5Q0' 

'',4.3307 . 

, 0,86611. 

4.4375 . 

, 1.1875 

; 5 

375 ' 

' 1.625'- 

2.750 

4,6875 

1.000 ’ 

• 4,675 

., 1.1875 

'i 

909 •' 


,3.000 

5.000 

1.0615 . 

5.375- 

,, ).IS?S 

,6 

375 


‘3.250 / 

; 5.375 

1.1875 

5;5115..' 

1.4375 

'6 

' 17 

675 , 


.3.500 

5.625 

1.1875 

' 6:000' ', 

1 I.56K 

P5 , 


, 3.750 

5.875 

I. 250 - 

- 6.375- 

•'-.1.5625 

'/ 

500 


',4.000,. 
'4.250^ ' 



i 61625 ' 

' 1,625 

.7 

575 •' 






8 

375 

' 2.625 



PACKINGS 


2. Selcot ft gasket wide eoou^ (6 sapport, mthout eruBiinB, the original 
bolt load before deducting for the intemal pressure. Approximate values for 
crushing strength of gaskets at various thicknesses and temperatures can be 
obtained from the gasket mamufacturcr. 

Most leaky joints are due to insuffident hoU pressure. If, however, the 
joint is designed to bc.scIf-ti^teninB-uiidcr pressure, as in the boiler manhole 
cover (Pig. 0), a single bolt in‘the center is eufficient. 

Instances of gaskets packing concentric surfaces arc the mechanical joint 
ioT cast-iron pipe (Fig. 10), the condmiser tobo-sheel iemile' (Fig., ll), and 
the ammonia condenser fitting. There are also gaskets shaped like' cups and 
designed to be self-tightening under pressure, such as the gasket (Fig. 12) 
used with ‘‘boltlcss’’ autoclave doors. 

Valve disks are spedaiiaed gaskets designed tot joints that ate frequently 
broken and restored. Disks tor globe valves (Fig. 13) are usually encased 
in a disk holder with a swivd mounting, so that they do not rotate while 
closing. They are made of hard rubber or Balcelito. Hydrant valves (Fig. 
14) \ are generally bevel-seated; they arc niade of medium hard rubber or 
leather. Pump valves (Fig. 15) are described on p. 1621. Valve seats of 
rubber are used with metal valve disks on some pumps, such as the rotarj; 
drUlino pump (Fig. 16). 

Sliding contact packings include aU packings that operate against 
moving surfaces. A feature common to all of them is that they leak while 
in motion, although under favorable conditions the leak may be scarcely 
measurable and is frequently invisible if the fiuid Is a gas or becomes a gas 
on escaping. Leakage is increased by high pressures and low viscosity; 
it is minimized by deep packings and tight adjustment, but as both of these 
give rise to friction, it is not always possible to employ them, especially at 
high speeds. The only sure nay to eliminate leakage is to inject into the 
packing another liquid at higher pressure, permitting it to leak both ways 
from the point of admission. This is the basis for the use of the tvater seal 
in centrifugal pumps (Fig. 27) and for the force-feed lubricating of metal 
packing sets (Fig. 24) when operating against steam or gases. 

Sliding contact packings may be classified on the basis of the shape of 
the opposing surfaces — cylindrical, conical, spherical, or fiat. Examples 
of the last three are, respectively, the plug-cock lining (^g. 29), the ball-joint 
(Fig. 30), and the “rotary seal” when used in its restricted Bcnsoof a rotating 
collar operating against the fiat end face of ft stationary collar. Two types 
are shown; in the automobile water pump seal (F'lg. 81), the rotating Bakelito 
sealing member is supported flexibly on a rubber cup; in the domestic refriger- 
ator seal (Fig. 32) , the stationary seizing member (bronze) is suspended by a 
diaphragm. Cylindrical padongB may in turn be classified .according to 
whether packing is aoeranplished on the outoide perimeter, as in Iho piston 
packings (Figs. 17 to 20), or on the inside periihetor, as in the rod and shaft 
packings (Figs. 21 to 28). A second baem of classification is according to the 
type of motion — rotary, reinprocating, or helicfd (as in a rising kern valve 
packing), A third baeie of dossificatioivisiato automatic (i.e., Self-tightening 
under pressure) oi- non-automatic (i.e., tightened by external moans, generally 
n gland drawn into the opening of a stufeg box). , 

The siinplest piston packing .is the split ring (Fig. 17) conatructed'gcner- 
ally^of cast iron, aud'employed 'on pistons of, gas, oil, and steam enpues and 
compressors (see p. 848). Large pistons 'frequently employ segmental rings 
similar to metal tod packings (Fig. 24) but facing outward. These types are 
fully automatic, being driven against the cylinder wmll by fluid pressure from 
ithin. Split rings made from layers of cotton fabric, bonded with rubber 
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Table s. Criteria tot Compan&e fiollisf , Centaet Bearl2jj|.- 
(Cenitnt^)/, ^ 





?E AND PIPE FITTINGS 

BY 

C. W. ham',;''' 


Kpmg'StandardB 

Standardization in the piping indust^ has, made rapid progreBs m recent 
years. In 1908, .the A-W.W.A. adopted a act of specifications for ^’st-iroh 
■water pipe and fittings, largely replacing the specifications adopted by the 
New England Water Works Asaoeiatioa in 1902. Specifications for cast-iron 
gas pipe and fittings adopted by the American Gm Institute in 1913 were 
later revised and adopted by .the American Gas Association! The A;S.A. has 
approved numerous standards for screwed and flanged 'fittings. In the pages 
that follow, the significant porUons of .many of these standards are given. 

In June, 1935, the A.S.A., under the sponsorship of the A.S.M.E., issued 
The American Tentative; Standard Code /«■ Pressure Piping (A.S.A. 

1935) covering steam, gas and air, oil, and district heating piping systems and 
fabrication details of pipe supports, bends, joints, ,vplveB| fittings, etc. The 
code recommends, or,, presents as mandatory, comprehensive ap^ications 
of materials and products to, the piping systems indicated above. It is 
intended to serve as a guide in the drafting of regulations and as a standard 
of reference for minimum safety requirements for .those concerned with 
pressure piping. , References to the code and brief abstracts will he given 
in the pages that follow. The code may be obtained from the A.S.M.E. , 



Cast-iron Fipe 

Cast-Iron pipe is ostensively used for water, gas, sewage, culverts, drajn^ 
etc., in a wide range of sizes and for varying pressures, and is particularly 
adapted to underground and submerged service 
becahae of its comparatively high corrosion-resisting 
qualities. It is more durable than wooden-stave, 
wrought-iron, or steel pipe, but its first cost is greater 
for the ordinary sizes required in a pressure pipe line 
or in a distributing system. The tensile strength 
of commercial cast-iron pipe ,is uncertain, and, 
because of its low elasticity, it is not suitable for 
lines subject to the strains of expansion, contraction, and vibration, 
unless it is of very heavy weight. This pipe may be had in various 
thicknesses and weights with either flanged ends or bell-and-spigot 
ends. The latter are generally used for underground work, making a 
tight joint when properly put together, callred, and leaded. For, exposed 
piping, flanged ends are used, the joints being made up with gaskete. 
Flanged pipe has superior strength and tightness of the joint and is used where 
pipe linos can be well supported. The bcll-and-spigot joint possesses greater 
flexibility; provides for expansion and contraction, and is therefore especially 
suitable for water pipe and ahnostexclusivelyused for that purpose. . Figure 1 
shows the standard form of the joint for ordinary pressures. 'Other forms 
sometimes used in- the United States are ,tho boll-aiid-plain-spigot.ahd the 
tumed-and-bored joints. FJiun-end pipe with couplings for high-pressure 
gas mains and threaded pipe foricomwive liquids are also manufactured. 
Cast-iron pipe, fittings, and valvcB'have not been found suitable for sup'eri 
heated steam service. The Code for Pressure Piping (A.S.A. 
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Comit&i&Uve Features of ttie Ptiscipal Bearing T;poa 
The oriteria ot Table 5 may be used fm compariag the important characteristics of 
rolling contact bearings for the purpo'se’of tlieictappropriate selection, 

Load Criterion (L.O.). Eipreased-in.pound per square inch projected bearing 
area. The loads have been chosen, arbitrarily, but mth o view to a fair comparison 
of the iodd' capacity of tlie differ6Ri'--typ'Bi'-'The'principid manufacturers’ load 'ratings 
at 300 rpm of bearings of the same inner race bore (or shaft dismetcr};haveibeeE con- 
verted into capacities .for the samorappnaimBte minimnoi Iifo;CKpectency;pf-3,p00 hr 
and )then. divided ,by the projected bearing, area (oatade diameter, miaus, bore .times 
width).; Averages from .the calculaW fignics foi bearings K -t® upprox 4 in. bore arc 
used, unless |Otherwise stated. Eithw the lad^ L.C.'of the arial'L.C. are pven and 
also the conversion factor X. (LlC.' EadiiQ) = X‘^.C. Arial)^ 

Shock Criteidon fSli. C.). The rcoprocals <d ^ recommended safety f&ctors'for 
shock as compared with a safety factor 1 for 8tMdy,lo'ad and' speed conditions are 
liscd as criteria', bearings that'require the’largest'sUdck saJety' factors therefore haring 
the lowest relative shoclc'resistancQ'or'orilerioni;' The shock'-eriteria are listed ior 
US, umforze, steady loed;T^, moderate ahockpand'ES, extreme and , indeterminate 
shock. ' ' '-i| .-ii -1 V 

Speed Criterion (Sp. C.). The avenge 'maximum rpm- with rotating inner ’races 
of beorinea having and 4-in. bore ofinnot race (ot ahaCt (Uamotet) ate aa 

criteria. For medium and heavy series 8.A.E. dimension, bearings, .the bores of cor* 
respanding light se,rie8 bearings with the aome outside diameter apply. ., . 

Friction Criterion (Fr, C.). The relative megDitude.are expressed aB'L ()oj\')j 
ML (medinin lo-w), M (medium), MH (TOcdhim high), H (high). 

Acoustio Criterion (A.C.). The relative bearing noise is expressed by S (illent), 
FS (fairly pleni),lind'N( noisy) at speeds from approximately ;H to }i the maximum 
bearing rpm up to maximum bearing rpm. j 

MlB&lignment Criterion (M.C.). Expressed -by internal ' ability to compensate 
for misalignment and shaft' deSegUom , EM is extreme misalignment (:l:5 percent); 
SM, slight misalignment (±1 percent) j'and NM, no misaligoment. 

Aried Location Ctitorion (A.L.C.). Expressed by the numbef of beariagi'(l.u,2) 
needed to stabilize a shiift ^embly axially. vi 

Mounting and Maintenance of 'Rolling Contoct Bearin;! - 
It 19' essential -iiO protect rolling contact bearings from tlid eSects oJ dirt, 
grit, and splash by suitable seals,' wbicli ^ould prevent lubricant leakage. 
Grease is used -with limited axial space, in po'orly aoceBsible looa'tidns, add 
in prelubiioated hearbi?^. The principal seals used kaiher, oad oirk 
(usually for liquid-splashed or submerged bearing ihatallatioas)', and labyrinth 
seals, alone or in combination, -with .other seals. For high Bpeed'applications 
labyrinth seals only should be used. . "Where oil bath lubrication is, employed, 
there should be ample axial space, lor “ihe di^laced' lubricant in rotation 
vrithout churning. , 

The most important advantage of rollii^ contact bearings over plhla 
bearings is, their ,, availability as. complete units, standardized over a 'wide 
range -of sizes, and 'with definitely known load-charaGteristics.-j.Ia-a'dditiott, 
they are largely free from leakage ot'lubricmiti 'have bw'startine iriotidn, 
can bo operated at, great speeds, require litlJn'r^air, 'and ,, edver-'any desired 
We expectancy. Lubrication is noceas^ OTdy.at'-loug.lnte'^ols.'',;' „ , 
The disadvantages are'higher,fiM\(5ost,y;tl][e 'impossibility- of quick -or 
temporary repairs, the more ecmiiirated‘sl^t‘and''h6.UBing' design,' greater 
noise' (especially at. high-' speeds), •lower,irMFtanc8''tb^8h'o'ck,' gonoraLnon- 
ayailability.M cqmpl&telyjsplit^ypes; robaten^ljr.larger'.bearing-diameters 
except with certam'types'of needle bearmg3;''to<i'th6 serious'effedtsbf dirt 
and grit. ' 
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states that gast iron shaU not be us^ for any se;;riqe_ pyer ^SO^j^d not for oil 
over 300r. 7.-, Jy'.ia 

The specifications of ,tha A.W.W.A. for bi^i'and^pigot pipe aro now used 
generally, as the .manufacturera’-standard -throughout -the United States. 
Standard ’dimensions aro given in Tables 1 aud'^. BrackettiS ‘formula for 
the thicknesVof 'cas’Wron pipeds'r ,=|0.^''^ ('Pj^f')r/3;300^jin which jT 
is the thickrieag, in.;"P'the‘hiaii'inum*static pressure, lb per sq mi, 'for. which 
the pipe is design'cd;P’,the'aIlowance made for water ram; and r the radius, in. 
This gives a large factor of stfetyto cover meqUalities'of -the castings, str^ns 
brought' on the pii» from .other oausea f^anjthe water pressure, and '.to pye 
sufficient ;thickness to' ensure ^'e.jnpe agai^t breakage in; ^li^ping and 
laying. For ordinary waterwcfflcs-coiiiditiona for pipes, 42 to 60 in. diam, 
70 lb i:«r,Bq.in., is enough for.P', •bul'for.Bmaller.pipe'Brackelt.^bws.the 
following ydlues: , • , i. V ■ . - ' . ' li' 1. • , ' '' ‘ ,• 

Diam of pipe,' in. = 3G '> ' ' 30 24' ' 20 ^ 16;.' .'•'12, ;'’' lO to'S 

lb per spin:. = 76;'. ? 80 ’ , K ' 90; /'llO;;' 

' .Tables.. Weight of LeadRequiredfor Cast-iron <1 ' 


Bell-and-gpigdfc Pipe i ; 




For city work where great damage would be caused by'breQl£agc‘,''md ‘for 
single linos with no reserve, where an interruption of the supply would-be, a 
very 'serious matter, ■ tKe pipes may -be niade thicker than* eomp\jted' K^'llus 
formula. See the A.8,A. projkised iiew'method of determining thickness. 


The employment of cast-iron, pipe for gas supply sod distribiition is second in 
Importance only to its use for carrying water,. In this country theJjellrond'spigot.typa 
of joint, similar to that for water (Fig. 1) haa cencrall}' been found to meet oil rcqujre- 
ments for gas. Abroad, however, precticewaries and the tumedandbofed joint is pto- 
forred by .many prominent usefs. Standard bcU-^nd-apigot.gaa pipe has dimensions 
andweightsapproximately thesameas’wster^peofCLajs A, Table 1. Standard heavy 
gas pipe has dimenaons and wel^tammilaiiy 'approximating Cla^s B, 'Table 1. Stand- 
ard flanged gas pipe has dimenrions and weights appraximately the'eame' as flanged 
water pipe of Class A; Table 5. ' " “ 

The specifications oi the American das Association are the, gehefall}^ accepted 
standards for cast-iron gas pipe'and fitiinjjti. These BpccificatlooB are based largely on 
those of the A.'W.'W.A. ;(see above). While the fiange diameters, bolt mrcles, etc., of 
the American Standards for steam (seep. 922) have bcengcnerally adopied'by the manu- 
facturers of flanged pipedor water,- the standards of the American Gas Association arc 
used lor flanged ps pipe.' ; 1 ^ j I 

'Pipe Joints. The most commo'n method of making the beU-and-spIgot'pipc joint 
isby pouring and calking the lead into the bell. In the built-up sections of cities, where 
streets are crowded!und«rgfound with «ther structures, and'surfacef{nif5c|is heavy, 
the tendency-seems to be to mcreose-the thickness-of metalr and tomsc'excluBivfily 
(evenifor gas) pipei having bells calked .with lead, as securing .the'mos'tflexible joint. 
Such pipe with lead joints are also pr^e^le'triicte'c<uiditton8''of siibsoili 'asuii'newly 
made ground, indicate a possible subadeoce. One advantage of a lead joint is that if 
it leaks, simple recalking will usuaily emrect the tooubls, whereas a cement joint must 
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iron joint. By making the tapers of slightly different pitch, the joint provides 
for flexibility whiJe remaining tight. 'Two bolts to the'joinfc ^re sufBcient, 
except for pressures 'above 175 lb per aq in. “Universal"' 
cast-iron pipe is largely used for carrying gadand water and 
is suitable for all pressures and services. The pipe is tested 
■with hydrostatic pressure of 300 to 500 lb per sq in. :A11 
universal pipe and special castings of ngiven diameter and 
of any cla^ are interchangeable with -those of a different 
class. Standard 'laying lengths, 6 ft. Thicknesses and 
weights are given in Table 7. 

Fittings for Cast-iron Water Pipe. Flanged fittings' Fid.’4.—“'Uni- 
of the dimensions, of the American Standard for steam are versa!” C. I. 
not often used with cast-iron water pipe.' The longer fit- .pipe, 
tings of the A,W.W.A. are generally preferred because -i , ' . ■ r 
of lower friction loss. The dimensions of the flanged fittings iof, this class 
conform very closely to the dimenmons of the bell-and-spigot fittings of the 
A.IF.W.A. The flange thiclcnassee ooDtorm to those of the American Stand- 
ard (see pp. 923 and 924) and they are drilled to American Standard tem- 
plates. These fittings, both flange and bell-and-spigot type, • are . made 
in a great, variety of forms known as “Standard Special Fittings." For 
dimensions and weights, see manufacturers' catalogues, or standard specifica- 
tions of tho A.W.W,A. 


Table 5. Standard Cast-iron Flanged Pipe for Water* 


•i 

■5 

S 

'■9 

1 

Cuss A ' 
Head, 100 ft; 

48 lb pressure 

Class B 
Head, 200 ft; 

86 ib pressure 

Cues C 
Head, 300 ft; 

130 lb pressure 

Cuss D 

Hesd, 400 ft; 

, 173 lb pressure 

■g 

U 

I'a 

H 

Weights per 

8 

|.S 

.Sa 

Weights per 

It 

2'S. 

H 

Weights per 

'o 

u 

2'a 

H 

Weights pec 

'8 

Nf ^ 
H-JO 

i" 

i 

££ 

wSs 

J® 

£ 

- 

sC 

n5| 

Sin 

0 

n5 h 
gs 

5 

nK9 

n 0 

IftK 

0 47 

14 6 

I8R 

0.45 

IS 5 

199 

0 48 

16 4 

211 


0.42 

IH(l 

73S 

0.45 

711. 1 

254 

0.48 

71 3 

7// 

0,52 

22.8 

797 

6 

0.44 

H 4 

33/ 

0.48 

.31 1 

391 

1) SI 

32 9 

41/ 

0 55 

•35 3 

451 

« 

045 

W7 

492 

0 51 

42.1 

54/ 

»S6 

48 (} 

m 

DM) 

56 2 

643 

10 

11 Kll 

'll C 

666 

II 57 

58 » 

76/ 

0.62 

65 5 

K'3| 

II 68 

.71 4 

• 914 

17 

II M 

67.0 

OhO 

0.62 

76.4 

i.tiw 

(168 

85 4 

1 mil 

0.75 

93 7 

1,220 

H 

U.W 

02.3 

1 IIMI 

II 66 

94 V 

1 73(1 

0 74 

108 1 

1 391) 

0.82 

119.2 

1 540 

It 

II hll 


1,260 

0.70 

It4(. 

1,500 

o.ao 

13) ) 

1 7in 

0.89 

14/ 5 

1,910 

IK 

U.64 

110.3 

1 470 

11 '/S 

13/ « 

1 /Ml 

II 117 

162.4 

7 07D 

0 96 

178.4 

2,290 

211 

0,67 

137 4 

1 770 

0.00 

163 1 

7 17(1 

II 97 

190 6 

2 440 

1 1)3 

212 3 

2,730 

24 

(( 7ft 

l«ftft 

2 4(0 

«.(J9 

217.5 

?m 

1 (14 

757 6 

3,300 

I (ft 

285.0 

3 69(1 

■111 

II m 

266,1 

3 490 

1 03 

317 6 

4080 

1.71) 

•366 9 

4 760 

1.37 

421,2 

5,440 

Kt 

II 09 

•36K7 

4 740 

1 15 

418.7 

5,500 

1 36 

497.7 

6.5M 

1.58 

581 9 

, 7,560 

40 

1.06 

427,2 

S 664 

1 '/I 

497.0 

6,590 

1.48 

601 6 

7i921 

1 n 

703,4 


47 

1 10 

4ft4ft 

6,160 

1,28 

547 7 

7,-200 

1 54 

657.4 

8 640 

I./8 

754,1 

10,000 

4a 

i.26 

600.0 

8,120 

1,42 

607.2 

9,130 

1.71 

832.7 

11,000 

l.% 

950.8 

12,600 


* flange dimensions and driiling conform te^“A]neiic)>n 125 lb Standard" (see Table 
27, page 923)-.- Thicknesses conform lo tboae of the A.W.W.A. (see Table !). 


Cast-iron soil pipe 'and fittings are of .the hub and 'spigo’t forin,' similar 
in design to the cast-iron ■water pipe shown in Fig. 1. .Tapped opemngs and 
pipe plugs are threaded in accordance Trith .the American Standard .taper 
-pipe thread, A.S.A.-B2. ; , • . -■ '• 









PACKINGS 


or Bakelite, are employed for ryater pmr^w,, gasoline pumps, etc., and are 
sometimes arranged soHhnt they can tightmed by a gland as in (Fig. 18). 
Cups are fully automatic and arc very ti^t; they are usod principally for 
slow-speed applications, such as the air hcast (Rg. 19). See also p. 852, 
The Bridgman piston (Fig. 20) is a modification of the conventional piston 
designed to be self-tightening under- pressure; it has been used for high- 
pressure gas experiments and employs a rubber ring. 

, The endringsusedin the aquarerpdorplunger packing (Fig. 21) are gen- 
erally molded io ah angle' of 30 d^gto thc'Tertical, either in manufacture or by 
contact iwith the gland and bottom of tho box. Many materials are employed; 
such as leather'or' braided flax 'saturated -with wax for cold 'wateri'laminated 
iubberised-cotton fabric for hot watw, low-pressure steam, ammonia; etc.; 
rolled robberized-asbestos fabric for steaiii and air; 'and 'rolled or twisted metal 
foil for high 'temperature and high pressure conditions generally.' The nested 
If , and nested conical pwkinga {Fig8. '22 and' 23) are semiautomatic and 
generally superior in performance to the equore rings-^-they are made from 
the, same materials and used for the same services. ' The' floating metal rings 
(Fig. 24) are made of numerohe radial or tan^Ual segments to enable them 
to contract on the aWt; they 'are aaaembled gcimrelly in pairs to break jointa, 
and with garter springs to' hold thism together. They are used for steam, 
gas, or air under the moat severe conditiduB of temperature and pressure, and 
aresuppliod with lubricating oil. For 'general' stuffing box design see p, 853; 
for pipe expansion joints, p. 940. ■' ' : 

Among the rotary shat packings, the labyrinth packing (IHg. 25) differs 
from all the preceding in’that no attempt is made. to hold to close clearances; 
leakage being controlled by forcing tiie cscaping'fluid to travel in'a'circuitous 
path (see p. 852 and 1198). The liquid seal (Fig. 2C) likewise does not oper- 
ate on close clearances; it depends on the principle of the U tube, the natural 
weight of the liquid in the example shown Mngmagnified by centrifugal force. 
Both these arc usd for steam turbines (see p. 1200)-. Squarb'packings as 
well as themested-V and' conical types -are ailso largely employed for rotary 
shafts,- Where it is desired to effect complete eealing, as on centrifugal pumps, 
it is cbmmou practice to inject water or-othcr fluidunto the packing by way 
of the 'H-shaped ;lantern ring shown' in Fig. W. iSquare .packings for 
rotary shafts are' made, in-general, of theisamc materials aa thc corresponding 
reciprocating j)ackiiya. braided aebiatoB vam with'n hindar rjf jmd 
graphite being perhaps the'niOBtpopultM:type,'forboUi centrifugal pump and 
valve-stem applications; Plastic packings consisting of loose mixtures of 
asbestos fiber, graphite, 'metal, and a binder are bcing'used to an incvcosing 
extent. ' ■ ■ • i ■ v . . a 

' ’' Cups with an inside lip, flometiniee known -as b'at packings', are widely used 
M oil-retaining rings qn rotary shafts. ' They'kre of'Ieather or rubber;composi* 
tion (Fig, '28) an'd are provided'generally with'an iiitei-nal spring and.a metal 
case which is pressed iiito a'ccrrc^nding-caVity eurroundingithe shaft. ■' 

Diaphragihs are used for- the same purposes as sliding contact .packings 
and are entirely' leakier, aItiiougltf'Bomewhat'limited'’as to travel. . The use 
of the oylindrical'metal d_iaphragm''(bellow8)'a8"a.rotary seal suspensiOn-is 
^ownin (Fig. 32). Tn the diaphfagm'Tralyei(Fig.!33)'thediaphragm replaces 
both the conventiohal 'stem pah'^ng'aad 'valve 'disk; : Diaphragms of rubber- 
ized-cottoil'fabi'ie"are;u8cd iB‘’i)ump8'(Fig.'i35);£Uid ih-rQbtor8i(Fie..,34) to 
operate valvU'and 'mt'chM. d 'Wbta'Oorrectly-d^ncd, they ;are made with 

sWVio '.permit' a'' natu;f^'ro)litigiMotiMf.>‘'iTbe!TubbeTidiaphragm';in the 
'Aber&iOmlutj pliihp' (Fig; Sfil'is-utn^al'in-that ihe-diaphragm is , under fluid 
pressure'da both' 'aides 'ah'drs'fii'erefohi'ubske^d'.'T ■ f-o;;;.,.; 
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sure gas m&ins. _ It u alsA.ut&ctmtriein se^ni-fu^jof uajform thiclcness,.;, For- list of 
sizes, types of joints used, e^.i gene^.csiaiogue'of^ U. S. Cast Iron Pipe and 

iTabie 8. Cast-iron Soil Pipe and Fittidgs | 

. , (A:S_A.A40:i-;-1935) - I ■ ■ 

. 'Apprtmmatc in pounds^ • ''' • ; , ,] • ,• 



• laopea up VO ^in, ' • 

^ Weights of pipe include the hub. Laying lengths of pipe are 6 ft. From the'data 
given for staple-nttings, weights of other fittings may be estimated. For data oni pipe 
sizes 8, 10, and IS in. and other data, see A.S. A. AdO.i-1935. 


, Steel Pipe and Tubing 

.tlesignation of Pipe Size. CommefeiM sizes of wrought^iron and steel 
pjpsv siid /xths.® aw JeninTOJ ijr /lutir jmuzujmJ ixuddo diams/arirnm to J2 in. 

Above 12 inl.diam, pipes and tubes are usually known- by their . outside 
diaineters (O..D.), The outside diameter of all classes of pipe and tubin'g 
heavier than standard is the same outside' diameter, as standard, theiextra 
thickness always being-on tbe'inside. 

Ih'ordering pipe 12 in. and smaller designate weight desired, and in order- 
ing tubes designate thickness desired. ' ' •• •■ - 

Standard' pipe (Table 9) is furnished in 'sizes % to 12 in., in random 
lengths, threaded both ends, with roupW^’ on one end; ’ The length measure- 
mont is from end^to end including cotq)liiig.'' .Extra strong pipe (Table 10) 
is heavy pipe -used fot high steam, gae,' and -hydraulic pressures. 'Sizes. are 
H'.tb 12 in., and ’rartdom lengths 12.'tb'22 ft. Double extra strong pipe 
(Table 11) is suitable for very; iu^'prea^es. ''Si^s' are K to '12 -in.', and 
random length's 12to"221't. Outsi^'diameterpipe runs iiirize'g from id.H.’ 
up. Extra strong, double extra, ^trong^ , 'and., outside,, diameter 'pipe, ard 
furnished with plain ends and in random, lengtiiB unless otherwise ^ecified. ; 
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Table 1. Standard Weights »ttd TMcImesses of Cast-Iron Bell-and- 
Bpigot Pipe for W»tar 1) * 

5 (American Water Works Amoc,) 


IS • 
12,9 
■ge 

z 

K*= 

-1 
S tt 
a = 

< 


CrAsa B 

.200 Ubesd 

SO lb pr’mmc 

Class C 

300 ft head 

130 lb pressure 

" Class D 

400 ft head 
173 lb pressure 

5*55 

a""-* 

4- -5 

|;3 

‘R a 

gs 

li 

.3 ' 
H 

is” 

0;5 

Wt 
p« tti 

lb 

Z 

1® 

o| 

Wt 
per It, 

-lb 

H-t. 

^.9 

■li 

Wt 
pet ft. 
-lb 

a 

•Me 

o d 
•a- 

H 

0, 

Wt' 
per 
ft. ■ 
lb' 

■8. 

10 

12 

14 

Itf 

18 

20 

24 

?0 

36 

42 

48 

54 

60 

7Z 

84 

1 

0.42 

0.44 

0.46 

0.50 

0.54 

1.57 

0.60 

0.64 

0.67 

0.76 

0.88 

0.89 

1.10 

1.26 

i.35 

1.39 

1,61 

1,72 

4.80 

6.90 
9.05 
II. lO 

13.20 

15.30 
17.40 

19.50 
21.60 

25.80 

31.70 

38.00 

44.20 

50.50 

56.70 

62.00 

15.30 

67.50 

20.0 b.45 

30.8 0.48 

42.9 5.31 

57.1 p.57 
72.5 fi.62 

••'89.'6S,66 

108.0 6,70 

129.0 6.75 

150.0 0.80 

204.0 6,89 
292 0 U03 

392.0 1.15 

513.0 1.28 

667.0 1.42 

800.0 1.55 

917.0 1.67 
IIW.O 1 ,95 

1630.0 ^.22 

5.00 

7.10 
9.M 
li.K 
I3.2t 
15.30 

17.40 

19.50 
21160 

25.80 

32.00 
38:50 

44.50 

50.80 

57.10 

65.40 
16.00 

83.50 

21;? 

35.3 

47.5 
63.8 
82.1 

102.5 

125.0 

150.0 

175.0 

233.0 

333.0 

454.0 

592.0 

750.0 

933.0 

1100.0 

1550.0 

2100.0 

oM 

0.51 

0.56 

0.62 

0.68 

0.74 

0.80 

0.87 

0.92 

1.04 

1.20 

1.36 

1.54 

1.71 

1.90 

2.00 

2.39 

s.w 

7.10 
9.K 
ti.4( 
I3.5( 

15.70 
17.C0 

19.90 

22.10 
26.30 

32.40 

38.70 
45.10 

51.40 
57.80 
64.20 

76.90 

23.3 

35.8 
52.1 

70.8 
91.7 

117.0 
M44,0 

175.0 

203.0 

279.0 

400.0 
546.0’ 

717.0 

908.0 

1140.0 
I340.D 

1900.0 

0.52 

0.55 

0.60 

0.68 

0.75 

0.02 

0,89 

0,% 

1.03 

1.16 

1.37 
1.53 
1,78 
1.96 
2.23 

2.38 

5.00 

7.10 

9.30 
[i.40 
13.50 

15.70 

17.80 
19,90 

22.10 

26.30 

32.70 
39.20 
45.60 

52.00 
58.40 

64.80 

,25.0 

■•38.3 

55.8 

76.7 

,100.0 

129.0 

158.0 

192.0 
229, (] 
307. C 

450.0 

625.0 

825.0 

1050.0 

1340.0 

1580.0 

I 

1 

IMM 

mmi 






. * AU.fieishts are approximate andiaelude alionraoce iorhcU; proportionate aUon’aDce 
to be made for any variation. , , ■ 


I'ftble S. Cafit-iroQ Beli-and-spigot Pipe for Fire lines and Other 
, . High-pressure Service , . , ' 

Standakp Wpionre an» Tbicsksbbsb 
'■ 'i . (Ainefican Wafer Works A**oc.) ' 


-^0 ' 
1-2 < • 

’ Class E 

SOO ft head 

217 lb pressure • 

Class F ' 

: eOo^ft bead’ 
200 lb pressure 

Cuss G 1 
' 700 ft bend \ 
1 '304 lb pressure i 

' Class H 

! 800 ft head 

1 347 Ib'preesure 

Si!"'" 

Thick- 

,Lh pec 

, TTnct- 

.Lb peril 

Ttuct- 

hb per 

Thick- 

, Lb per 


nm, {a. 

ft 

[ ucss, in. 

i; ft:,. 

sees, la. 

it:' ; 

ness, in. 

tt 

6 ! 

,0.58 .. ! 

42.5 

: :,8.63 

44.3 

0.65 

45.1 

1 ^0.69 . 

50.5 


0.66 '1 

, 63.9 

: 0.71 ; 

66.8 1 

0.75 

72.3 

1 D,£0 ,• 


10 1 

0.74. 1 

86.9 ' 

0.80 

■97 8 

0.86 

I0I.4 

■ 0,92 

107,3 

12 ' 

0.82'' •' 

1V4.6 • 

0.89 

m.8l 

0.97 

i 12&;2 

1.04 


14 

• 0.'90. 

145.6 1 

0.99’ 

158.8 1 

1.07 

175 1 

• 1. 16 

! 187;5 

16 ’ 

- 0.98 . 

180.7 i 

'1.’08 

196.5 1 

’ 1.18 

218.0 

• 1.27 • 

233.8 


1.07 ' 

221.8 ' 

1.17 

239.3 

1.28 

268,2 

1.39, 

287.8 


1.15 

265.8 

1.27 

V«7 3 

1.39 

,321.8 

I.5I : 

345.8 


• 1-31 - 

359.1 

1.45 •• 

.392.3, 




30 • 

•1,55 

530.9 

•1.73' 

S8.8 





, '36 

-.1.80 • 

• 738.1- 

2.02 

621.0 






•.Laying lenKths,- 12 ft; ali weights are apprrajmste and include allowanc? for bell; pro- 
portionafe allowance to be made for any vstiatiinu . 
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• Table Hi Bouble Extra' Strong Pipe 



American Standard Wrougbt-iron and Wrought-steel Pipe 

; (A.SX B36.JO-1039) 

. The dimensional standards for pipe ore based on products such as arc 
Covered by tfae A.S.T.M. and A.S.A. epeeificatiens of Table 12. Notoinsl 
■w'^1 thicknesses are given in Tables 13 and 14 for steel and wrought-iron 
pipe, respectively. Actual waU thcclcnesiees should not be more thjM 12^ 
percent belo^v the nominal wall thicknesses of the tables. Screw threads of 
threaded pipe and couplings should conform to the American Standard 
A.S.A. 52 (Table ll) or, for threaded lino pipe as used in the petroleum 
and gas induBtries, W A.P.1. 6-L. 

Recommended values of S (see “Thickness of Pipe,” below) are ^ven in 
Table 10. The user should compute the exact value of wall thickness for 
his conditions as described bdow and then select a thickness from Tables 
13 and 14. 

Line Pipe Specidcations (A.P.I. b-L), tensile strength, min, lb persqin. 
Pumace welded; Bessemer. M.OOO; O.H.; 1, 43,000; Claes II, 48,000: 

-wrought iron, 42,000. SeamlesB or electric welded: O.H.; Grade A, 
48,000; Grade B, 60,000; Gmde C, 75,000. Seamless or furnace welded: 
O.H. ifron, 42,000. Seamless carbon-molybdenum alloy steel pipe 
(A.S.T.M. A206-38'D : 55,000 lb per sq in., for temperatures 760 to 1000 F. 
Seamless alloy-steel pipe (A.6.T.M. A158-38T); 00,000 -to 75,000 lb per 
8q in., for temperatures 750 to 1100 F. Scope: Pipe for line pipe purposes, to 
convey gas, water, or oil. Sizes covered, in. nominal size to 24 in. outside 
diam. Couplings for threaded line pipe arc of epeciai design. Threads on 
pipe and in couplings are subject to olScial gage limits, 

, Thickness of Pipe. The foMowinff notes, covering power piping systems, 
have been abstracted from Section I of tiie CJode for Pressure Piping (A.S.A. 
B31.1). ■ : 

' For inspection purposes, Ae mininium thickness of pipe -wall to be used for 
piping at different pressures and for temperaturea not exceeding those for the 
various materials given in Table 16 shall bo determined by the formula: 

' ■ i ' = (P1)/2S) +C 

where »= minimum pipe wall thickness, in, allowable on inspection; 
P = rfiaximum internal seiVicc pressure, lb per sq' in. gaga .(plus water 
hammer allowance ia case of cast-iron pipe conveying liquids) ; D = outside 
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‘be'eritireJy otit eut andfemnde.'arid'^'dSt'and'JridcemtotisIhcrir.; to tbe pips are 
litelytoiinterfeT'e'withithsip'Brfebt.bwidmg (rf.yw'neT- joint. I'lCsttspWoiot® S'l® 
pipe are fairly coimiibn'practic8/Bad,_to a smafe .extent, •{orfwatcr^ipe. ., 

Ca 5 tgron pipe ehouldfibe fmadeiofift-adt iindi topeli' qufility of iron land 
siould lie'subjecte'd to a teatipreSure of/at.least twice the. worlungipressure. 
A good grade of (JaSt iroh'fihowsrJthfeioHowing'pTOpertiesrrtensile ifitrecigth, 
2bi000-Ib-per-sq-itti;-’ait<j8t'bar. leX.2;ii.'in ^(ioA ^ould'suppprtia'central 
load of 2,5 oO Ibwhcii' placed' flatwi^ 6ri-supporte;24 in;;apart;:if‘ loaded to 
bViaMng.dt ^ditld'show a deflection of notlf^ .than; OiSOiinebefore' fracture. 
Cast-iron pipe is coated by dipping in hot coal-tar pltoTiivamish before, being 
lajd,in tbq.t^und. ' /.r,;'.' n' ;< 

,i Fieriblb. Joint Pipe. . .The^heceiity. for creasing stbams^and other waters 
ways and of laying pipedineh in'to them' haa'devcloi^ various forms of flexible 
joint pipe adapted to layirigHinder ru 
water, winch', when balked with'".' ( P 

lead, aro' capable' of imblidn ■ ■ 
through several degtfcea' without 
leakage; Figures ’2 and 3 shlfwi’ 

'two styles of such jointS'Which^ 
have 'an' adjustment of 10 to 12 
deg in standard sizes. . The lead-, 
flexible joint (Fig. 2) is the one 
generally used; Figure , 3 , sbo'ws •. 

a more-expensive joint intended. .... 

for usein awiffc water where there ia danger of pulling:npart; it can bo calked 



^ Fw., 2. . 

2'’ Flexibl/Pjp6 Join’ts'.' 


In seleoting the thiclaicss of n pipe for.a submerge line, .the interna! service 
pressure ia spidom the determining faclor,jM .ample ^lowanc© should be made 
to.'minimize the rjsh of breakage in-laying and io.,with8tand external shocks 
from .floating ice ^ or other. objects. 'The , tbicknesaes and weighty given In 
Table 4. are [ia accord with good practice.' . , 

• Table 4. Thicknesses arid WefgbW-of'llexible Joint Pipe' 


> "2 , ' ' 

1 .'. ! 

1 

P ' 

'.|o ( 
‘.'2 ‘ 
H ^ , 

¥-5 - 

M.C 1 

'•®®5 

'g£'' 

'Ui' 

1 

•flail- 

gisar 

I '’:-; 

! - ^ ■ 
i <8i( f 
- i 

1 

7'I.S' ' 

• 3 ; 
,H ' ' 

’tj*® 

w 

.9j£ 

O'" 

6 ' • 

■B ■ 

O.'fS- 

'■500' 

Ii 9. 

! 46 

''n.-; 

10,87" 

i2250.; 

60. ' 

' r 6 

D 

'OS? 


'9,' 

l 18 . 

1 fB - ' 

. 0,75' 

■2300; 

! 73. 

' ' 8 ^ 

B 

'0.51 

670 

'-14'.. 

• !«»' 

■:D.. 

'•'.0.951 ' 

'2760 ■. 

•i 73- 


r) ' 

0.60 

780 • 

i|4' 

: 20 

‘B -' i 

:0,80, 

2625.- 

' 92 

‘ ■ JD 

’ 

•0,57 

»C 

■7!> • 

. ill 1 

' io; 1 

1.03 

.'3220 

■ H 

' Id ■ 

D 

' 0,68 

1880 ' 

'22i- 

'24 . 

Bl 

• 0,89 

3530 

i17 

' 12 ■' 

B > 

0.62 

- 1210 • 

• ,'59' 

■' 24 V 

- -Dl 1 

! 1,16 

'4300 

il2 

; -''2 ' 

■D ' 

0.75 

■1«0 i 

■■Vi- ■■ 

7 -30 :■ 

: ur 

?1.03: , 

5100.. 

il46' 

- . 

B ' 

v0,«i 

'!«« 

iM" 

V 30 V 

' 

fl.37'. 

•6400' 

'146. 

' M — 

• -D 

0r82'- 

1750- 

. 

- 36- - 


.i;i5 . 

-.-7000_ 

..177,., 

16 ' 

■ii 

0.70 , 

■ I960. 


...36 • 


• 1.58 

•, 7900 

,177 


*,Jouitafurni 0 hed.withBcro.»'cdr Bs^d, or beH-wid^piBOt ends, .us specified., Class B 
for 200 ft head,' Class' D.fdi.400.'ft‘hcad;- 'Wddm'Bsaea bcnform to thosc'of the 
A;W;W;'A. .(see Table 1). •« -i-;' .'U n'Vu;;., ‘u;,.. i-u---,;.. 

' '''‘tfriiTorsal’' 'pipe 'M''’baht*on"iSpe*Wthj'hdb-and-apigot' Cuds, 

the contact surfacee of which are machined on a taper, ■''givihg'aii-'ifbn-to- 





Tbe schedule numb«t8ar« approximate valunof 1000P/6(aeo p. 908 for thoaymbol8)i 
Tbioknesses include a null tolerance of 12.5 percent. Tbickneucs In black type in 
schedules 30 and 40 agree with those of standard weight pipe, Table 0; those in schedules 
GO and 80 with extra strong pipe. Table 10. 

Table U. Dimensions of Welded Wrousbt-iron Pipe 

(For temperatures not exceeding 750 F) 
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■ ' 'Table $.^’Cast-ifbn Jlanged pipiefor'Hi?h-pres3ure:Sflr7ic0 

’ ' " ■ ' •- '■ gTA'NDAWD‘'WEldnT8‘jlin>'THIl3XNESaES* ' 


_ Nominal 

,, CliABS -E • , 
500 ft headl 
217 lb pressure, 

' CirAfiB F ,• 
'1.600 ft, head. 
^0 Ib'prOTDtd 

. Class G : , - 
■ 700 ft 'head, 

304 lb pressure 

Clabb H 

800 ft head, 

347 lb pressure 


Thick- 

■ Th'- 

Thiek- 

'tb' 

'Thick- 

'Lb" 

Thick- 

Lb ■ 


n(!as;-in. 

per ft 

ness, in. 

per ft 

ness, in. 

per ft 

ness, in. 

per ft 

1 61 ' 

i0,58 ■ 

•37.7 

■; 0.61' 

1 39,5 

0.65 

42.9 

'0'.69 

457 

. ■ ■ ic 

'.0,66' 

,.54i7 • 

:0.71 

(60.6 

^0.75 

65.1 

0.80 

68.8 

10 

074 

■ 78,8 

! 0.80 

S4.7 

0.B6 

97„S 

0.92 

98,5 

12 

0.82 

104.2 

0.89 

112.4 

0.97 

124.6 

1,04 

132 9 

14 

0.90 

iTi 1 

0.99 

.146.3 < 

1.07 

160.2 

1.16 

.172.6 

It 

3.95 

165,0 

1.05 

450.5 

1.18 

199.1 

' 1.27 

215 0 

18' 

1.07 

202.3 

1.17 

'219.8 ■ 

: 1.28' 

244.6 

' 1.39 

264.1 

■ 20 

1.15 

Ml 1 

: 1.27 

262:5. 

.i',1.39 - 

'294.4 

1.51 

318.3 

24' 

I.3I 

328.5 

, 1.45 

361.6. 

,-1.75 

446.2 

1.88 

476.9 










36 

1.80 

674.2 

2.02 

748.7 






♦■Weishts are approximate and do not include lOangca. For each flanged joint, add 
weight of 1 ft of pipe; laying lengths.' 12 fti Flange dimensions and drilling conform to 
" Araerioan 250 lb standard’’ (see Table '27, p. 024). ThioHresses conform to those of 
theA.W.W.A. (seeTableZ).: 'j (.'.-.■I . ... '..i . 

Tabu 7. Standard Waigbte aud TbictaaaMs o{ Universal 
,, Cast-iron ?ip« ; 

'{Central Foundry Co.;i 


V 

U 

z 

Curb No. 100 
100 Ib pressure 

Class No. 130 
130 Jb pressure 

Class No. 175 ' 
175 Ib pressure 

Class' No, 250 , 

' 250 Ib'pressure . 

ll 

'■s 

Estimated 
-weight, lb 
per 

1 

Estimated 
weight, lb 
"per 

1 

!a 

Estimated 
weight, lb 
pcf”- 

' J 

1.1' 

'..■3 

'Estimated 
weight, lb 
per ■ - 


6 ft 
length 

Ft 

C'fl 

length 

Ft 

6'fi 

length 


6 ft 
length 








0 35 

834 













0 37' 

•13 


0 47 



4 

0 37 

18 

103 

0.40 

(fB( 

. II7V4 

043 

m 

12114 

0.45 

2135 

17734 

6 

0:43 

31) 

180' 

■0 45 

■41 

■186 

0 4/ 

32 

IM ■ 

1151 

3534 

7H 

B 

0 47 

444 

7654 

0,49 

. 46. 

■m 

0 525 

-49M 

■ .29534 

0.58 

, 5335 

31934 

III 

0 ill 

Ml 4 

■m 

0.53 

. 6’33* 

-,3«I 

(1.58 

'nW3« 

^;4I]634 

11.64 

• 74 

444 

1/ 

II 53 

m 

453 

0 57 

. 8034 

483 



572 

0 70 

V/H 

585', 

14 

tl ShS 

94 Vi 

567 

U.6U 


597 ‘ 

0 66 

'10734 

645 

II 76 

174 

'744 

16 

U.6U 

115>i 

'693 


-'123' 

•738 

0./2 

134- 

'804 ' 

iUibi 

156 

936. 


Inside diam, in./; 2 • 4 • , 6. ■: 8,. . -,10' 

Bolt siaes, in HX4 H X 4)i Ji.X5_{. KXB\ H X 1X7^ 

Ineidediam'.in.. 12 i ->ni-U. :.r.l6 ' .23 - v , • . ; 24 30 

Bolt Bices, in , 1 X 8 IK X 9 ,.;1K X 9H IK X llK iM'X 12 2 X 12K 


DeLavaud Centrifugally -Cast Cast-iroa Pipe.i' The utilixation of , centrifugal 
force In the manufacture of cast-iron pipe baa developed a method that produces pipe 
superior in 'many roepeote.tp that cast in, sand moldi. A metal mold is rotated hori- 
sontally as the molten metal is fed into. the mold BO th&t rotary force throws the metal 
against the mold, forming the. pipe. . .Thre proce®. fences from the metartho impurities 
aiid pves it a’ very homogeneous slruHure.' 'The 'outstanding feature of this pipe istho 
great increase in' strength' tcBuliiagfrrHn^e^^oWffl.' Belvig 'frce.fiom'Mo'w holes and 
impurities' anduf’closer grain than Band^eaht pipfci it is of particular value for high-pres- 
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PIP£ AND PIPE FITTINGS 


TablQ 16. Allowable- iS Values for' Pipe In' Power Piping Sjttemg 


SeamlMs sUel, I 

Grade A 

Grade B 

Grade C 

Seamleae steel, 

Low carbon 

' i£edium carbon 

Seamless steel.... 

Electric-fusion-'welded 
steel (high nressure 
high temperature eer- 
' ■vice), 

Grade A 

Grade B 

Grade C '. 

Electrlo-fusioB-welded 
steel, ■ 

Grade A< 

Grade B“ 

£lectrie-fusion>welded 
' steel large eUe 

Elect ric*Te8istance*Treldcd 
steel. 

Grade A 

■ Grade B 

Lap-welded steel 

Lap-welded steel 

Lap-welded steel 

Forge-welded eteel, 

Grade A 

Grade B 

Butt-welded steel 

Butt-welded steel 

Steel or wrought Iron, 

riveted ioint 

lap-welded wrought iron. 
Butt-welded wrought Iron 

Seamless brass pipe 

Seamless copper pipe 

Seamless copper tubing. , . 
Seamless copper tubing. , . 
Cast-iron pipe, centrifu- 

fially cast^, 

Cast-iron pipe, pit-cast^. . 


A.S.T.M. A106 
A.S.T.M. AI0$ 
A.S.T.M.A1D6 . 

A.S.T.M. A53 
A.8.T.M. A5J 
A.S,T.M, A120 


A.S.TJtf.A155 
A.S.T.M. A15S 
A.S.T.M. A15S 


A.S.T.M. A155 
A.S.T.M. AI35 
A.S.T.M. AlOb 
A.S.T.M. A5} 
A.6.T.M. AIM 

A.S.T.M. AIJ6 
A.3.T.M. AIM 
A.S.T.M. A53 
A.S.T.M, AIM 

A.S.T.M. AI38 
A.S.r.M. A72 
A.8.T.M. A72 
A.S.T.M. B<5 
A.S.T,M. B4Z 
A.8.T.M. B75 
A.S.T.M. B88 


9,60D 9,000 -7,020 5.800 
. li«0 11,500 9.1M 7,520 
. 15,000 M,000 IIJOO 9J00 


. 6,100 7,400 5.900 4,900 
9,000 8,200 'A600 5,451 
9,900 9.000 7,200 6,070 


To tbe ininiin\im pipe wall thickness calculated from any of the above S values, the 
manufacturing tolerance, demanded for the pipo considered, must be added to obtain 
the nominal wall thickness. (See AB.A.-B36.) 

“ Pipe in accordance with A.P.I. spedficarion 5L may be used. 

^ The several types and grades of pipe tabulated above ehnE not be useu at tempera- 
tures in eicess of the maximuin tcmpcrafurca for which the S values are indicated, 
if it is desirable to use .in adjusted valae of S for carbon-steel pipe at temperatures below 
700 F., the curve of Fig, 5 may be utilised. 

' If plate material hanng physical propurties other than stated In Section 6 of A.S.T.M. 
Epedfication A139 is used in the manufacture of ordinary electric-fusion-welded steel 
pipe, the allowable stress shall be taken as 0.15 times tbe tensile strength for tempera- 
tures above 700 F but not over 750 F, and 0.16 times the tensile strength for tempera- 
tures of 700 F and below. 

^ Cast-iron pipe shall not be used for lubricating oil lines for machinery and in any 
case not for oil having a temperature abovs 300 P. 

TS B ultimate tensile strength retire mateihti. ... 

E efficiency of the joint. 





Nominal' weight -i 

T,oV /». IK . 
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PIPE AND PIPE FITTINGS 


lovr-carton seamless steel (A53) or Vrroi^t iron (A72) are suitable. Pipe permissible 
for tliis service may be used for kmpenturea above 450 F if tbe proper S is used ip 
calculating the pipe-wall thickness. 

Valves below 3 in. may have inside stem screws. Stop valves 8 in. and over must bs 
by-passed. Bodies, bcimete, and yokes shall be of cast iron, malleable iron, steel, 
bronse, brass, or monel. Flanged-steel fittings must conform to the 300 lb American 
Standard B16e; if of cast iron, to the 250 Ib American Standard BlGb or for screwed 
fittings, BlOd. Mallcablc-iron swewed fittings shall conform to the 300 lb M.S.S. 
SP-31, except that the 150 lb American Standard BlOe may be used for pressures not 
greater than 150 lb. Welded fittings may be used. 

Steam Pressures from 25 to ISS Lb, Temporatuie Not above 460 F. Pipe may 
be of steel, wrought iron, cast iron, copper or brass; valve bodies of cast iron, malleable 
iron, steel or brass. Fittings shall be of 125 lb American Standard with screwed (B16d), 
flanged (BlOa), or malleable-iron screwed fittings (Blfic). 

Steam Pressures 25 Lb and less, Temperatures up to 460 F. Pipe may be of 
steel, wrought iron, spiral riveted steel, brass, copper, or coat iron, Flanged fittings 
shall conform to the 25 Ib American Standard B16b2, Screwed fittings shall be of the 
125 lb American Standard BlOd or of the 150 Ib American Standard BlBo for cast iron 
or malleable iron, respectively, or the M.S.S. SP-10 for bronze. Welded fittings may 
be used. 

Table 17. Capacity of Pipea and Cylindrical Tanks of Various 
Diamstets in Gallons per Foot of Len^h 

(For oapacities In cubic feet, uee table of areas, p, 33) 




iQip: 


24 


Pipe Bends. For theory and design, see p. 497. rips bends of any size 
and '^hape can be obtained to suit almost any condition arising in practice. 
Various shapes of pipe bends me shown in Kg. 6, some limiting dimensions 
of which are given in Table 15. Their uses may be broadly classed as follows: 
(1) For steam lines to protide flexibility and compensate for expansion and 
contraction; (2) to reduce the number of jmnts in a pipe lino; (3) to avoid 
obstructions such as columns, ^pe foundations, which otherwise would 
require several pieces of pipe and fittings; (4) to reduce friction in piping; 
(5) for coils in heaters, refrigerating systems, eto. 
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diam of pipe, in.; 5;= allowable stiess in material, lb per = allowance 

for thieving, mechanical strength, and corrosion, in. 

Values 'Of 5, for varioUB materials and teinpcraturos' contemplated shall 
not exceed those given in Tabic 16. (Continu^ on p. 911.) 

Table 12. A.B.A. Speclflcationa for Tensile .Stiengtb of Pipe 


A,S.A. 

dtaig- 

n&tioa 

A.S.T.M. 

1 desvg- 
naUcin | 

1 Style of pipe 

1 

Tenalfl min,' Hi per aq in. 

Scope 

B36.1 

i 

A53 

Welded and seamless 
steel 

Welded: Bremer, 60,000; O.H. 
45,000. Searalcss: low carbon, 
46,000; medinm 62,000 ' 

{•>) 

B36.2 1 

A72 

Welded wrounhtiron '' 

40.000 

(5) 

B36.3 

A105 

Lap-welded and Beam- 
less steel for high 

Welded: O.H. 45,000. Seamless; 
Grade A, 48,000; Grade B, 62,000; 
Grade C. 75.000 

(c) 

B36.4 

A134 

Eleotri(>fusion-welded 
sted, shea 30 in. and 

See A.S.T.M. Standard A134 

ii) 

B36.5 

A135 

Eleotric-rcsistanoo- 
welded steel i 

Foraa-welded Bteel 
LocK-bat bVmI ' ' 

Grade A, 48,000. Grade B, 60,000 

U) 

636.6 1 

A136 

Grade A; 45,000. Grade B. 50,000 

(f) 

B16.7 1 

A137 

Plates: 55,000 to 65AIOO. Lwk-I 
bars; 40,000 to 50,000 ' 

(4) 

B36.8 

A13S 

Riveted steel and 
wrought iron 

Plates: Steel, 55,000 to 65,000; 
wrought bon, Claes A, 48,000; 
Class 6,47,000 

Kivet bar stock; Bteel, 45,000 to 

m 

B36.!i 

A139 

Electrio.fusion-wdded 

Grade A, 48,000. Grade B, 00,000 

ii) 

B36.il 

A15S-36 

Electri^fu8ion•weldcd 
sted pipe for high- 
temperature bi^- 

GradeA, 45,000; Grade 6, 50,000; 
Grade C, 55,000 

w. 

G8.7 

km 

Black and hot-dipped 
galvanized welded 
and seamless stwl ' 

8ameasB30.1 

(i)' 


_ (o) Commercial eteel pipe for general uses, also for coiling,' bending, flanging, and 
Bimilar forming operations wben so specified. 

(6) Commercial wrougliWron pipe for general uses, also for coiling, bending, flanging, 
and other special purposes. 

W, Lap-welded and seainlees sictA l»po lot high'lempciatwe aeivice. SnitablB for 
bending, fian^ng, and similar fomun^ c^einUons. 

(d) Covers pipe 30 in. diaia .and over in wall thicknesses up to % in., fabricated from 
steel plates by electric-fusion welding. 

W Pipe up to SO in. intended for conyeyu^ lietuids, gas, or vapor at temperatures 
below 450 P. Adapted for flanging, bending, and siiaUar forming operations in Grade A 

[f) Covers sizes 14 to 96 in., wall ilucknesses Ji to IJ^ iiu. forgo welded from steel 
plates and intended for various uses. 

(c) Covers sbes 20 to 72 in,, wall thioknesacs Ke to in., fabricated from plates with 
-d-snaped lock bars for the loagitudinal seams. Bidtable for conveying liquids or gases. 

(a) Shop-fabricated pipe suitable for emveying liquids or gases; made Irora. steel or 
wrougnt-iron plates with riveted seams. 

(tl Covers sizes S to <30 in. in waH thieknesBes not over in,, fabricated from steel 
plates by electric-fusion welding.- • Intended for conveying liquids, gas, or vapor at 
tompemtures below 450 F. Adapted for flan^g and bending. ' 

. (Jl Electric-fusion-w^ded steel pipe lavice an outade diaraeter of IS in. and over for 
hrgh-ternperature and high-pressure service.' Suitable for bending, flanging, corrugating 
and similar forming operntiema. Welding in accordance wtb Par. U-SS of the A.S,M.e’ 
code for unfired pressure vessels. - ■ ' ' , " ’ 

(«) Commercial steel pipe for ordinary uses auch as- low-pressure steam liquid or 
gas lines. Not'mtended for coiling Or olosebwdinB, nor forhighltemperature service. ' 
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PIPE AXD PIPE P/rm*ffS 


• The radii of pipe bends and lengths of iangents should preferably equal or exceed the 
TniniTTiTim values pven in Table 18. Bends aith pl^ or beveled ends, for welding, 
can be furnished without tangents, but for conreoience in erection it is recommended 
that they ha^-e tangents at least equal to the Tninimum lengths given in Table 18 for 
threaded ends. Bends with sHp^m flanges can be furnished with a miwimTitn lengch 
of tangent equal to the length through the hub of the flange. Those fitted with welding 
neck flanges can be furnished without tangents. When possible, however, the use of a 
tangent is recommended for convenience in erection. 


Table 18. Limiting Simeusions of Pipe Bends 

(Letters and dimensions refer to Tig. 6. .Ul dimensioiis are Is inches) 
(From Crane Co. catalogue) 






WBOVGHT-IROS AND WROVGHT^STEBL PIPE 


911 


TsUo 15. A.M. X.iso Pip» 

(A]] neigbta and dimeneions are nominal) 


e 

.a 

to 

Weight, 
lb per ft 


-S 

8 

s 

w 

1 

B 

a 

fi 

2 

.g 

Si 

•5 

rt 

wS 

H 

Couplings 

Test pressure, 
lb per sq in. 

“s 

M 

bi" 

V 

0 

1 

s 

.s 

f 

g 

g 

■a 

a 

)J 

S 

« 

2 

t 

£ 

3 

■3 

a 

2<; 

feSl' 

« Uo 
>-] 

fo| 

"f « 
0* 

oi 

|| 

0" 

h 

tl7S 

0.24 

0 068 

0.405 

(1 769 

77 

146 

0.5B2 

7IVI 

1,000 

1000 

1,000 

u 

0 4S 

(1 41 

0.(188 

It. 441 

0 «r 

(8 

l’,6 

0.724 

'/III) 

l.OOl) 

i,(iim 

1IHHI 


(1 W 

II “ih 

0.091 

11,674 

» 49: 

IK 

14ft 

0.S9S 

■71)1) 

1,000 

1 IKK) 

IIMIII 

44 

fIM 

(1 84 

0 109 

(1 M' 

0 67? 

14 

1^4 

1. 085 

yiiii 

Mum 

1,000 

MKKl 


1 14 

1 14 

0.113 

l.OM 

0 8;- 

14 

7H 

1.3)6 

7011 

1,000 

KHm 

11)00 

\ 

1 70 

1 67 

0.1331 1,315 

1 ft4< 

nv4 

/■•H 

1.575 

m 

hOIKl 

1000 

1,1100 

IM 

2'« 

2 7.7 

Q.14Q 

1 6M 

1 38( 

m 

2lft 

2,054 

1 'iOft 

2.500 

/,51H1 

7500 


7 74 

7 71 

0 144 

1 9(W 

I 6(1 

1(44 

Z'-ft 

2.294 

1 hill 

7,KI(1 

750(1 

/Khl 

? 

7 74 

4 45 

ft 144 

2,374 

7 06; 

im 

146 

2.870 

r/iw 

1,900 

7 700 

7,500 

2H 

S90 

4 79 

0.203 

2 874 


8 

4^ 

31K9 

1700 

2,11Kl 

■IM 

7500 

3 

770 

7 47 

0 7(6 

3 40f 

3 06f 

i 

44ft 

4.014 

li’iOO 

I.91H) 

/ IlHl 

■/too 


9 24 

9 lU 

0 226 

4.IIUC 

3 54J 

8 

444 

4.628 


1,7110 

i,9im 

2,100 

4 

IlflO 

10 79 

0 747 

4 Wi 

4 0/6 

8 

4ift 

S.2I6 


1,600 

1800 

7000 

5 

)5W) 

14 61 

0 244 

4 461 

4 04; 

8 

5H 

6.420 


1 4111) 

1,67)0 

woo 

6 

19 44 

IH97 

(ITWI 

6 674 

6«6S 

8 

S4ft 

7.482 


11011 

1400 

1600 

IS 

24 44 

74 69 

0 277 

8 674 

8 071 

H 

6^ 

9 591 


950 

1100 

1,700 

i 

79 44 

26 44 

0.322 

8,625 

7 981 

8 

6^ 

9 591 


1,100 

1,100 

1,400 

0 

.42 74 

11 20 

0.279 10.750 

(1 197 

» 

64ft 

11 918 


800 

900 

1000 

D 

a 74 

44 74 

0,307 10,730 

0 m 

8 

64ft 

11.958 


850 

950 

1 IflO 

0 

41 R4 

40 46 

0.365 10.740 

(1 m 

8 

6tft 

11 958 


11100 

1700 

1,100 

2 

44 44 

44 77 

0.330 12,750 

•/(Ml 

8 

6^ 

13.958 


him 

90ft 

1,000 

2 

il (4 

49 46 

0.375 (2.750 

/ f8KI 

K 

6«ft 

13.958 


9(10 

1000 

1,100 

4 (),r>, 

w.oo 

44 46 

0.3751 

4,000 

1240 

8 

7lft 

14 446 


800 

m 

1000 

!) (UX 

M 14 

46 47 

0.375)15.000, 

4.250 

8 

74ft 

16.446 


750 

8D) 

95£i 

6 O.P, 

64, '411 

67 47 

0.375116 flOO'15.250 

8 

7lft 

17.446 


7011 

8011 


y 

74 'id 

69 70 

0,393ll7.000 16.214' 

8 

74ft 

16.683 


701) 

800 


8 a.ii, 

81,70 

•/6«4 

0.4{l9ll«.000 l7.182i 

8 

744 

19.921 


700 

750 

850 

u au. 

90.00 

85. W 

0,409j20,000 19.182 

8 

77ft 

21.706 


60U 

700 

800 


The permissible variation in rreight for any length of pipe is 10 percent above and 
3H percent below; but the carload weight ehail not be more than percent under lie 
nominal weight, 

Furnished with threads and couplinp and in random len^hs, unless otherwise ordered. 
The weight per ft of pipe with threads and couplings is based on 6 length of 20 ft, 
induding the coupling. 

Lap-weld not furnished in sizes below in. 


The value of C shall not be less than the following; 

Typo of pipe Value of C, 

Cast-iron pipe, centiifugally cast or cast horizontally in 

green fisnd molds 0,14 

Cast-iron pipe, pit casl 0.18 

Threaded steel, wrought-iroa or non-ferrous pipe (n = 

number of threads per in-) 0.8/n 

Grooved steel, wrought-iron or non-fcrroua jnpc Depth of groove 

Plain end ated, wrought-iron or non-fetioue pipe or tube 
for 1 in, sire and amallet Q .05 


Ffain end steel, wrought-iron or non-ierroua pipe or tube 
for sizes above I in 


(Continued on p. S13.} 


0.065 
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PIPE AND PIPE FITTINGS 


tioa of Grace Co. are even in Table 19. Steel tubms cannot be bent to tbe 
absolute limits of brass or copper. 

Tubular Products. The foliovme material from the catalogue of the 
National Tube Co. covers tubular products such as boiler tubes; steel tubes; 
oil'Well pipe, casinfi, and tul^g; mgnal pipe; trolley poles; cylinders and 
shipping contmers; seamless mechanical tubing; aircraft tubing; tubular 
forgings; etc. 

These products are made by mther of two basic prooessea, welded or seam- 
less. Welded products are made in ^es H to 06 in. diam and, in certain sizes, 
in lengths up to 40 ft. Seamless products are mads in sites from H to 28 in. 
and, in certain sizes, in lengths up to 45 ft. Three processes are used in 
making welded products: butt weld in sites H to 3 in.; lap weld in sitei 2 
to 24 in.; and electric weld in rites 30 to 06 in. Seamless products are also 
made by three proceeees: pierdng in rises up to 14 in.; rotary rolling in sixes 
14 to 28 in.; and cupping in sizes 5H to 30 in. 

Table 21. Standard Dimensions of Lap-welded Steel or Charcoal- 
iron Boiler Tubes 


1 

S 

i 

II 

Circum- 

fereace 

IQHBII 

Length of 
tube per 
IQ ft of 

i" 

f 

1“ 

2 

ii 

1“ 

5 

1! 

II 

h 

S-2 

1 

Id 

s- 

B 

*3 . 
E.2 

t! 

a 

I’i 

1.2 

ii 

U 

f 


1.5M 

(1095 

n 

5 498 

4 901 

2.405 

3.911 

0 494 

2 183 

.448 


I.SiO 

n(195 

13 

6 W 

5 686 

3.142 

2.573 

(1 569 

1 909 

: III 



2.060 

U 095 

n 

7 069 

6 47? 

3.976 

3,333 

0.643 

1.698 

.854 


2U 



12 

7 854 

/,169 

4.909 

4.090 

II 819 

1 528 

674 




0 109 

12 

8 639 

7 954 

5.940 

5.035 

DW 

1.389 

5M 




II UN 

12 

9 475 

8 740 

7.069 

6.079 

0 99f| 

I 773 

373 




(1 17(1 

II 

ID 710 

9 456 

8.296 

7.116 

i.ieo 

1 175 

269 




U 1711 

II 

iH,m 

1(1 74/ 

9.621 

8.347 

1 7/4 

1.(791 

,17? 


«ji 


U.12Q 

II 

II 7M 

II 077 

11.04$ 

9.676 

1,359 

I (118 

088 

4 6S 


WMsa 

Ifl 

17 566 

II 774 

12.566 

10.939 

1 6'/7 

0.955 

1 024 

5 53 



n 14S 

9 

15. /W 

14,778 

19.635 

17.379 

7 756 

0 764 

II KI2 

7 U 



II 165 

8 

I8KSO 

1/ 813 

28.274 

25,249 

3.025 

0.637 

1 673 

10.28 


7.670 

II 165 

6 

25.133 

74.096 

50 266 


4.052 

U 477 

') 49H 


10 

9,594 

u m 

6 

mnn 


78.5«l 

72.292 

6 248 

0.382 

U,39t 

iPl 

12 

11.542 

0.229 

W 


HI 

113.038 

104.629 

8.469 

0.319 

0.330 



Note. In estimating effeetiTe steam-beating or evapDratiog surface of tubes, the 
lurface in contact with air or gates of combustion, acoording to manner of application, 
as whether internal or extemai, is to be thus taken. For beating Uquida by tteam, 
superheating steam, or transferring beat from one liquid or one gas to another, mean 
surface of tubes to be computed. 

The steels used for tubular products conform to standard i^ecifioations. 
For example, the A.F.I. sperification 5A gives tensile strengths as foUowe: 
seamless steel, Grades A, B, C, and D, 48,000, 70,000, 75,000, and 05,000 lb 
per eq. in., respectively; open-hearth wrided steel, classes I and II, 45,000 
and 48,000 lb per sq in., respectively; Bessemer welded stool, 50,000 lb per 
eq in. 

Seamless mechanical tubing is avriiable in a wide range of diameters and 
wall thicknesses. Diameters of round tulnng range from K to 20 in. outride 
diameter and wall thicknesses from 20 gj^ ffi.W.G.) to 2 in. Oval, square, 
and rectangular shapes are also avmlable. Bound tubing is listed in a range 
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Plam^Qd pipe iBchdes pipe joined by flared compression couplings, lapped 
joints, and by welding, U, by any method that does not reduce the wall thick- 
ness oi the pipe at the joint ■ . 

Water-hammer allowance for cast-iron pipe to bo added to P in the formula 
is as follows; 

Pipe size, in <-10 13-18 , 20 24-30 36-48 54-84 

Witei-bamTaM allcwRCM, per sq in. 120 HO . ICO 95 90 85 

Eaviug computed the exact nominal thickness, ns outlined above, a schedule 
number may be selected irom Tables U or 14 the thickness of which is not 
less than the computed value.' 

For preasure-temperatvive ratings of .catbon-stcel pipe at temperatures 
below 700 F, Fig. 5 may be used. For higher temperatures, the S values in 
Table lb apply. u. 

Physical and Chemical Properties of g 
Pipes, Tubes, Etc. The design of piping for 
operation above 850 F presents many problcma o> 
not encountered at lower temperalutes. For m 
the properties of steel applicable to bigb-tom- « 
perature service (as well aa to oidinniy semcc) ^ 
for pipes, tubes, fittings, bolting material, etc., J 
sec p. 571. For a discussion of creep proper- ^ 
ties, see p. 428. See also recent publicationsof 
the National Tube Co. | 

A.S.A. Code for Steam'HpIng £ 

(A.8.A. B31.1-W5) j 

Quantities in parentheses are A.S.T.M. Specific®* ^ 
tion numbers. ^ 

Steam Ptasaures from 25Q to 1,600 Lb, Tom- _ _ _ 

peratures 450 to 760 P. For pressures in excess of VerAfiVs TpmnPpa F ~ 

400 Ib per aq in,, the pipe may bo seamless steel ^ * 

(Al06}flr, forhigb-prcsBureibieh'tempcraturcsemco, FiO'. 5.— Pressurc-tem- 
dectric-fusion-welded steel (A165). For prcssuiia perature Rating Chart for 
between 250 and 400 lb per sq In., the pipe may be Carbou-stoel Pipe, 
lapwelded or seamlesa steel (AlOC), or,for bigb-ptes* 

sure, hl^tcmperature service, ^ectxl<i.fuaioa.we\4od steel (A155>, dectric-iesistante- 
welded Bteol (A1S5), or seamless sted (A53). For pressures not greater than 260 lb per 
eq in., the pipe may be eloctric-fuson'wdded steel (A134 :ot A139), forge-welded steel 
(A.136), welded steel (A63) , or wrougbtiron (A72). •iFoiclosc coiling or cold bending, the 
pipe may bo low-carbon or Grade A seamless steel (AIK and A15G}, wrought iron (A72), 
or Grade A electric-welded pipe (A135 or M39). '^en the temperature is higher .than 
750 P, unless otherwise prohibited, the properS value may be obtained from Fig. 5. 

'Valves and fitting must have fcngc openings w welded ends and valves must have 
eiternal stem threads. Valves must be of cast or forg^ steol or of forged or cast noji- 
feiTous material. Malle.ablc iron may be used-up to-300 Ib-preasurc and 8D0 F. For 
3(2) [1>^] in. pipe and pressure from 260 to 400 (W to 000) [600 to 1500! lb, forged and 

casHted screwed valves and fittings may be substituted. Jlalloabk-ivon screwed 
fittings (300 lb M.S.S, SP-31) may bo used lor pressures not greater than 300 lb and 
temperatures not over 500 F. Valves g in. and larger should have flic b3--p2ss of at 
least in., cotnmetcial else. Wdded fittinga may be -vaed' of the sume maleiial ana 
thickness us tho pipe with which they arc to be used. ' ■ . 

■ Steam Vreaauras from 126 to 250 Lb, Tampetature it&t 'Above '450'P. Pipe 
may be eiectric-fusion-welded steel (A-134 or A139), forge-welded deel (A13G), welded 
steel (A53), or wiouEht iron (A72). Copp^ and brass may be used if the tcmperatuio 
does not exceed 406 P. Cast iron may, also be used, ■■■ For close coiling oi' cold-bonding, 
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PIPE AND PIPE FITTINGS 


The Bleeye-type coupling illuateated in Fig, 7 is particularly auitable for 
plain end pipe and is ■widely used.- A gasket is used to make a tight joint. 
Advantages of this coupling are low cos^ the .use of Unskilled labor in making 
the connections, and the fact -that smdl changes in alignment and grade 
can be made with regular, stntight lengths of pipe by a movement in ,thc 
coupling. This type of coupling is used extensively in bng oil lines, on high- 
pressure natural gas 'lines, and on water 
lines. . 

Pipes and Tubes of Copper, Brass, 

Lead, Tin, and Aluminum 
Brass and copper tubes are listed by the 
manufacturers in even outside diameters 
and in wall thicknesses conforming to Stubs 
gage. Brass and copper pipe arc available 
in “standard” and “extra-heavy” iron pipe sizes (Table 23). Toobtointhe 
approximate weight per foot of brass and copper pipe or tubes, use the follow- 
ing densities: ydlow hrasa,' 0.307 lb per cu in.; copper, 0.323 Ib per ou in. 



Fro. 7. — Sleevc-typc Plain-end 
Coupling. 


Table 23. Weight of Yellow Brass and Copper Pipe 


STAiTDino Ibon Pipe Stna | Bstra-hbavt laox Pipe Sues 


Site, 

in. 

Dlraensiens 

Approx wdsbts 

Bimensions 

Approx weights 

Inside 

dUm, 


Brass 

Copper 

inside 

diACQ, 


Brass 

Copper 

disci, 

in. 

Per lin 
ft. Ib 

Per lin 
ft, Ib 

diam, 

in. 

Per Iln 
ft, lb 

For lin 
ft, lb 

•ji 

0.2SI 

0.405 

0.246 

0.259 

0.205 

0.405 

0.353 

0.371 


0.175 




0,294 

0.540 

0.593 

0.624 

Tt 

0.494 

0.675 

0.612 

0.644 

0.421 

0.675 

(1.805 

0.847 


0.625 

0.840 

0.911 

0.958 

0.542 

0.840 

1.191 

1.253 

H 

0.822 

1.050 

1.235 

1.298 

0.736 

1.050 

1. 622 

1.706 

1 

1.062 

1.315 

1.740 

1.829 

0.951 

1,315 

2.386 

2.509 

IH 

1.168 

1.660 

2.557 

2.689 

1.272 

1.660 

3.291 

3.460 


1.600 

1.900 

3.037 

3.193 

1.494 

1.900 

3.986 

4.191 

2 

2.062 

2.375 

4.017 

4.224 

1.935 

2.375 

5.508 

5.791 

214 

2.500 

2.875 

5.S0 

6.130 

2.315 

2,875 

8.407 

8.839 

3 

3.062 

3.500 

8.314 

8.741 

2.692 

3,500 

11.24 

11.82 

. Sfi 

j.nitr 

f.W 


rr.4T 

/.jsr 

4'.iWir 


(^.sr 

4 

4.000 

4.500 


12.93 

3.618 

4.500 

16.41 

17.25 

5 

5.052 

5.563 

15.40 

16.19 

4.613 

5.563 

22,51 

23.67 

b . 

6.125 

6.625 

18.44 

19.39 

5.750 

6.625 

31.32 

32.93 

8 

8.000 

8.625 

30.05 

31.60 

7.6» 

8,625 

47.00 

49.42 

10 

10.019 

10.750 

43.91 

46.17 

9.783 


59.32 

62.40 


Pluubbr's Sizes 



Diam, in. 

Lb per ft 


1 Diam, in. 

1 Lb per ft 

in. 

Outaids 

Inside 

Brass | C(q>per 

in. 

Outside 

Inside 

Brass 

Copper 

'• H 

0:654 • 

■0,521 

0 . 452 ! 0.475 

m 

1.245 1 

1.060 

:■■ b233 

1.297 

;9i 

- 0.768 

0,631 

0.554 1 0.5B3. 

IH 

I'.soa ' 

1,3]l- 

1 l;606 

'1.689 

16 

. 0.875 

0.728 

0.682 [ 0.717 

•146 

1.756 

1,564 

1.844 

1.939 


1.000 

0.836 

0.871 0.916 

2 

2.007 1 

I.eiS' 

1 '2.123 

■' 2.232 
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Trom teste on pipe bends made by Crane Co. [Vain World, Oct., 1915), tbe following 

facts were established: . . . , iv 

1. Extra-strong pipe bends have practically the same expansion value as the cor- 

responding shape full-wei^it pipe bends. , , , ... . ■ ,i * *i.. 

2. The tangents ordinardy furnished on pipe bends do not add materially to the 

f ?! BSImade to a shorter radius than 5 or 6 dmmeteiB o£ the pipe have practicaUy 
no expansion vtlue, as they will buckle when bending. 



4. Bends are superior to the ot^sway pipc^sid-Ctting stiuctoe becanse they arc 
more flexible and do not throw all the load on joints. Comparative teats showed 
that the built-up structure invarinbly leaked at the flanged joints, and in many cases 
before the fitting had been eticssed near to the maximum allowable fiber stress. 

5. A U bend has twice the expanaon value of a 00 deg or quarter bend of the same sire 
and radius, and an expansion U braid 4 times the .expansion value of a quarter bePd 
or twice that of a U bend. A double offset etpanaioa U bend has 2}i times the etpaa* 
sioQ value of a 1) bend, and IK ^mes that o! an expansion U bend. 
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PIPE ASD PIPS FITTINGS 


Commercial sizes of aluminUBl tubing are listed by the manufacturers 
in even outside diameters and in thicknesses conforming to Stubs gage. 
Aluminum pipe is availalJe in “standard” and “extra-heavy” iron pipe 
sizes. To obtain the approiimate imght per foot of aluminum pipe or 
tubing, a weight of 0.098 lb per cu in. may be used. 

Lead pipe is supplied in strai^t lengths, in coils, or in reels. The sizes 
and weights in Tables 24 to 26 are from the catalogue of the National Lead 
Co. The data in Table 25 conform to tiie standards advocated by the Lead 
Industries Assoc. 


Table 26. Sizes and Weights of Block Tin Pipe 


Inside 

diam, 

Outside 

Weight 
per ft, 
os 

Inside 

dmtn. 

Outside 

dian. 

Weight 

Inside 

diam, 

Outside 

diam, 

Weight 

per 

ft, 

Me 

H 

M 


Maweant 


H 



a 

Me 



Ms fuU 

7M 

ii 



Me 

H 

IM 

H 

■Mi 

i'A. 

H 

'Ms 

lOM 

Me 

Me 

2H 


M scant 




15 

M 

M 

3 

a 

Mfuil 

1014 

M 

Mfull 

S 

a 

Ms 

4 


% 

12 



10 

a 

Ms 

5 


Mo scam 

4M 

H 

full 

11 

K 

Ms 


Me 

•Ms 


H 

'Ms 

12)4 

H 


7 

Ms 


t 

M 


17 

H 

HfuU 

i 


'Mz SCSDl 

4 

M 

\Hs 

20 


MeM 

4 

li 

H 

5 

IHs 

22)4 


iTscant 



HfuU 



IMi 

n 

Me 


m 

M 

=Hz . 


1 

IMe 

16 


Ms 

SH 

« 

%full 


1 

[MsM 

17 

H 

U scant 

4 

M 

'Ms 



IMt 

m 

M 

Wfull 

i 

M 


I0»4 


IM 

22 

H 

Ms 

5M 

a 

M 

12M 


IMs 

26 


FITTINGS FOR WBOITGHT-IEOH AND STEEL PIPE 
American Standard Cast-iron Pipe Flanges and Flanged Fittings 
For Maximum Working Saturated Steam Pressure of 86 Lb, 12S Lb, and 
250 Lb per Sq In. (Oage) 

Sizes. The sizes of the fittings in the foUomng tables are nominal pipe sizes. In the 
25 lb standard, the nominal pipe size is the same as the port diameter of the fittings for 
dJi sizes. In the 126 and 269 Ib standards the nominal pipe size is the same as the 
port diameter of fittings for pipe having inside diameters of 12 ia. and smaller. For 
pipe 1.4 iiu aoA Uig,® , ^ wKwapondieit outside of the, 'pipa ia pvan, utd 

consequently the fittings will have a smaller port diameter. 

Pressure Rating. In the 25 lb standard, the sses 36 in, and smaller may also be 
used for maximum non-shock working hydraulic pressures of 43 lb per eq. iiuor a maxi- 
mum gas pressure of 26 lb per sq in. at or near the ordinary range of air temperatures. 
In the 125 lb etandard, the sizes 12 in. and smaller may also be used for maximum non- 
shock working hydraulic pressure of 175 Ib per sq in. gage, at or near the ordinary range 
of air temperatures. In the 250 Ib standard, the sizes 10 in. and smaller may also be 
used for maximum non-shock working hydianlic pressures of 325 ib per sq in. at a tem- 
perature of 260 F, and for ma-ximum non-ahoek working hydraulic pressures of 400 lb 
per sq in, at or near the ordinary range of air tempcnturcs. 

The physical requirements of these flanges and fittings shall be as follows. Mini- 
mum tensile strength for light (medium) {heavyl eastings 20,000 (21,000) [24,000] lb 
per sq in.; light castings arc defined as those hainng any section less than H in. thick, 
heavy castings have no section less than 2 in. thick, and medium castings arc in between. 
Sulphur content not to exceed 0.J2 percent. 

Facing. All 25 lb and 126 Ib cast-iron flanges and flanged fittings shall be plain 
faced; i.c., without projection or raised face. All 250 lb cast-iron flanges and flanged 




Table 20. Round Seamless Steel Tubing 

AfPROX WhoHT IM Lb PER.FTf 


iflicK- 1 1 1 1 

1 |m|lls|-2 \2H \2ii |j...| i}i I A. I I S..[51j. 



M/ intermediate' siies (H. U\ IH. iN. 3M.'3^. 4%,' 4^, 'and 

* * m' one-hslf of sumof vdgbtsoinei^liipgertLTid fimaller tabulated siiej. 






924 


PIPS AND PIPS FITTINGS 


Table 27. Templates for'Crilling Cast-iron Pipe Flanges, Flanged 
Valves, and Fittings, — (Continued) 



1 

nk 

iMs ■ 

2HU: 

344 

4 


4f 

?« 1 


0.808 

^ 970 

iX2U 

m. 


34 

3Me 

m 

4 

34 

44 

713 


0.606 

1 1570 

1WX314 




31ir, 


4 

k 

‘A 

•243 


1.2(16 

1335 

113X33i 



% 



44 

44 




1505 

2X434 


m 

m 


5H 

644 

5 


•’41 



'2.41b 

' 20% 

213X314 


8W 

5^Ms 

8 



3V4 


2.4161 2D30 

3X554 


Wn 


3M 

8 


^4 

344 


2,416 

2460 

313X613 


10’ 

m 








'2 416 

^1211 

4X714 

5 

II 

IW 








2.416 

436S 

5X813 


I2ti 

m 

m 


1034 

12 

44 

44 

334 


4 h'74 

4915 

6X9J4 


15 


14 



1 

4M 

3 


504 

4400 

sxm 

10 

m 



1514 



m 


6 60 

•4675 

10 X 14k 

12 

20V4 

2H 

mr. 

17^4 

16 

114 

m 

34* 


11 111 

m 

12X16H 

MO.D. 


18131s 

•2014 

7(1 


m 

W4 


13 6« 

'4'/45 

13M X 19k 

160.D. 

2514 

2W 


22H 

20 

111 

14* 

6 


r/ 66 

2255 

15kX21M 

180.D. 

28 

24k 


24M 

'24 


134 

6M 


71 4'4 

4505 

i? X 23M 

20O.D. 

!5yi4 

214 

23^e 

27 

74 

114 ' 

134 

643 


21 4'4 

4M5 

19X25H 

240.D. 

■ 35 

24i 

3031, 

•4? 

'74 

m 

134 

743 

043 

31.06 

451111 

23 X 30k 

30O.D. 

•4) 

3 

344 

373(, 

3944 

n 

f-f4 

2 

«« 

2013 

48 89 


29 X 37M 


5lj 

43'Ms 

46 

n 

2 

2^ 


1144 

■h '/(( 

5355 

3413X44 

420.D. 

i'l 

i'Ht 


>244 

36 

2 

244 

«4 

l'2 

82,90 

5945 1 

4CIHXJ05( 


63 


53llo 

6034 

40 

2 

214 

lUH 

13 

92.08 


46X 58H 


See Introductory Notes.” p. 922. 

• The stress shown is thst of internal pressure only assumed to net on a circular area 
equal in diameCer to Che outside diameter (I) of tne ring gasket covering tlic Hangs 
to the inside of the bolts for the 26 lb standard, and (2) of liic raised face for the 260 lb 
standard. 

fittings shall have a raised face Me »». high, of the diameters given in Table 27. The 
raised face is included in the miiumum ilango thickness and center-to-faco dimensionsi 

An inspection limit of iMa hi. shall be allowed on all center to contact surface 
dimensions for siies up to and including 10 in. and iM« larger than 10 in. 

An inspection limit of ±Mg im shall be allowed on all contaot-surfaoe to contact-surface 
dimensions for sizes up to and including 10 in. and ±M larger than 10 in.' 

Dimensions. In the 25 lb standard, the flange diameters, bolt ciroles, and number 
of bolts are the same as in the 125 Jb Aroorican Shindard (A.S.A. B16a-1939), with 
reduction in the thickness of fianges and bolt diameters, thereby maintaining inter- 
changeability between the two standards. 

The center-to-face and faco-to-face dimenaiona of 25 lb standard fittings are the same 
as for the 1251b standard. ! ' , ^ 

Bolting. Drilling templates are in multiples of four, ao that Cttbigs may bo made to' 
face in any quarter. Bolt holes sbaD straddle the center line. For bolts sinallor than' 
IM iu-i the bolt holes shall be drilled H bi. larger in diameter than the nominal size of 
the bolt. Holes for bolts IM in, andlarger shall be drilled M io. larger than nominal 
diameter of bolts. Bolts shall be of steel witb standard “rough square heads” and' 
Ibc nuts shall be bf steel with standard “ron^ honagODal” dimensions; all as given 
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PIPS AND PIPE FITTINGS 


Table 28. General Dimensions of Flanged Fittintrs — Straight Sizes.— 
(CWtnuetQ 



r 


5 

2 

6ii 

644 

2 


4)4 

iKs 

« 

1M 

4W 

5H 

m 

9H 

/M 



5!4 

H 

)4 

li^ 

4W 

6 

2H 

11 

8)5 

2)4 


6)4 

‘He 

M 

2 

5 



im 

9 

2)4 


6)4 


)4 

2h 


7 

314 

13 

10)4 

2)4 

5)4 

7)4 

1 

He 

3 

6 

m 

m 

14 

11 

3 


8M 

m 

He 

m 


m 

4 

l^^ 

12M 

3 

h)4 

9 

IHe 

He 

4 

7 


4H 

16)4 

BH 

3 

7 

10 

IM 


5 


10^ 


IBM 

15 

3)4 


11 

m 

‘Me 

6 




21M 

17)4 

4 

9 

12)4 

m 

a 


10 

14 

6 

25H 

20H 

a 

11 

15 

m 

‘He 

in 

IIH 

1614 

7 

29t4 

24 

5)4 

12 

17)4 

IM 

‘He 

12 

n 

19 

8 

3JM 

UV, 

6 

14 

20M 

2 


MO.D. 

15 

2U4 

8W 

37t4 

31 

6)4 

16 

23 

2M 

l« 

lfiO.D. 

I6H 

24 

9M 

42 

34)4 

/)) 

IK 

2)M 

?)i 

1)4 

(SO.D. 

(8 

2614 

to 

m 

J7M 

8 

19 

28 

m 

fH 

20O,D, 

m 

29 

lim 

49 

41»4 

K)4 

?n 

111)4 

2)4 


240,D. 

2214 

34 

1? 

57M 

47)4 

10 

24 

36 

2H 

1H 

30O.D. 

m 

41H 

15 




31) 

43 

3 

2 


(For wsigbta, see Table 30.) 


deaiga of heads, nex&goctal nuts for pipe sizes 4$ to 06 in. in the 125 1b standard and 
18 to 48 in. in the 250 lb standard can be coavenieotly pulled up with box wrenches. 



Fig. 8. — American Standard 25 Lb, 125 Lb, and 250 Lb Cast-iron Flanged 
Fittings. (25 Lb and 125 Lb Have Face: 250 Lb Fittings Have iKs In. 
Raised Face.) See Tables 28 to 34. 






LEAD PIPS 


92i' 


Thin brass tubing comatonly used fw' ornamental work, 'brass hand 
railings, etc., is not of the proper M 2 e to take the standard pipe thread andis 
too thin for pressure work. Brasa pipe is not liable to corrosion. The 
average' ultimate strength is about 18,000 Ib per'sq in. 

Copper pipe deteriorates rapidly under high temperatures and repeated 
stresses. ' At a temperature of 360 F, its strength is reduced 15 percent, 
and on this account it should never be used for high steam pressures and 
temperatures. 

Table 24. ‘Welghte amd Dimensions ot Lead Tubing® 














Tee, Aedueinc Tee, Aedudng Cross, Rcducinc Aedueing Lateral 
SiaoOutlet, SideOuUei. SideOuUet. 

Fig. 9,— lieducjng Tees, Crosses, ‘and Laterals. 


. Additional dimenBlons for larger sizes of the. 25 lb standard are as follow: 





54 

.60 













34 

37 

41 




Table 3^. Weights of American Standard Cast>iro& Flanged Fittings, 
(Strught Siees), Lb 
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T»M« 2T. Templates for Drilling Cast-iron Pipe Flanges, Flanged 
Valres, and Fittings 

AusKiCiUr SrANOARa 
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in the Amorican Standard on -Wrench -Head, Bolto. and Nuts and Wrench Openings of 
the National Screw Thread Commiawon .(aee p. 767).*' For bolts, 1% in. diatn and 

larger, holt-studs with a nut on each end_are teeomincndcd. 

HextLgonal nuts for pipe sires 1 to 48 in. in the 125 lb standard and 1 to 10 in. in 
the 250 lb standard css bo convauently pulled op with open nrenohes of minimum 


liAle 28 . Geuetal BimetiBioas of Fb-ngod Fittings— Straight Sizes 
Amhbjcan Stan&abo , : 

(All dimenaians in inohea. l«tten refer to Fig- 81 - 
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FIFE AED PIPS FITTINGS 


Bolting material including nuts and Tnuheis are based on a bigb-grade product 
equal to that given in A.S.T.M. Standard Spcdficationa for AUoy-ateel Bolting Material 
for High Temperature Service No. A96-33 and witb phyeical and chemical requiremrata 
in accordance with the tables ^ven under A.S.A. B16e-I939. Commercial steel bolts 
should not be used at steam preswrea over 250 lb per sq in. and temperatures over 
450 f. Nuts should he ol carbon or all<^ sted. Wadrers when used under nuts should 
be oi forged or rolled carbon steel. 


Table 32. * Steam, Water, and Oil Pressure Temperature Ratings for 
Carbon. Steel fl^ugedPlttmgaaiid.0Qm9&n.iQtLElaaees 

(Otber-tliaii ring jdnte) 


Btoam and water pressure rating (P>i- 
mary) — 

150 

300 

4M 

600 

900 

ISOfl 

Hydrostatic shell test at 125 F 

350 

7S0 

1000 

1500 

2000 

3500 

Service temperature, F 



!» 

VN) 

a 

1000 

1500 

2500 



400 

640 

960 

1440 

2400 


Ell 

41.'. 

620 

930 

1395 

2325 


200 

4-4) 


900 

1350 

2250 

.100 

i<N» 

4« 

5S0 

070 

1305 

2175 


IHO 

470 

560 

040 

1260 

2100 


170 

405 

540 

810 

1215 

2025 


IMI 

WO 

520 

700 

1170 

1950 


I50« 

375 

500 

750 

1175 

1875 


140 

3ft(> 

400 

720 

1080 

1800 


101 

345 

460 

690 

1035 

1725 


170 

3% 

440 

660 

990 

1650 


no 

315 


630 

945 

1575 

750 

100 

300* 

400* 

600* 

900* 

1500* 


Maximum elcam and xrater pressures 


800 

85 

250 

355 

500 

750 

1250 

850 

70 

300 

270 1 

1 

400 

600 

1000 


Maximum oil pressures 



• Primary service pressure rating. 

BoltlnB. • Drilling templates areinmultiplMuI tour, h> that fittings may be made to 
face in any quarter, Bolt holes straddle the center lines. Bolt holes are drilled H in. 
larger in diameter than the nominal Bze <A bolt. Bolts or bolt studs threaded at both 
ends may be used and shall be equipped with cold-pniiched or cold-pressed semifinished 
nuts of American Standard rough dimensions, chamfered and trimmed. 

, All bolts and bolt studs having diameters from ^ in. to and including 1 in, and the 
corresponding nuts shall be threaded ^rith the American (National) . Standard Screw 
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Spot Tacinff, The bolt holej ol 25 Ib, 126 lb and 250 lb cast-iron flanges and 
flanged fittinga shall not be apot faced for ordinary service. When required, the 
flanges and fittings in siiw 36 in. and larger may be spot faced or bafek faced to the 
miniwuni thiotneBS of flange with a plus tolerance of H ^ 

Seducing FittingB- Reducing elbows and nde-ouQet elbows carry same dimensions 
center to face as atraight-siie elbows careeponding to the size of the larger opening. 

Tees, side-outlet tees, ciossea, and latenda msee 16 in. and smaller, reducing on the 
outlet or branch, have the some dimenaion center to face and face to face as straight- 
siiss flttMigB corresponding to the eiic td the (atget opmuig. Sizes 18 ui. and larger, 
reducing on the outlet or branch, are made in two lengths depending on the size of tha 
outlet as given in the tables of dimenuems. 

Tees, crosses, and laterals, reducing on the run only, have the same dimensions center 
to face and face to face as straight-siie fittings corresponding to the size of the larger 
opening. . • 

Reducers and eccentric reducers for nU reductions have the some face-to-face dimen- 
sions for the larger opening as given in Table ^8.'- 

Special double branch elbows whether straight or reducing have the same dimension 
center to face as straight size elbows corresponding .to the size of the larger opening. 

Side-outlet elbows and eido-outlet toes shall have all openings on intersecting center 
lines, 

SIbows. Special degree elbows ranging from 1 to 45 deg have the Bame center to 
face dimension given for 45 deg elbowe, and those over 45 deg and up to 90 deg shall 
have the same oentei-tchlaee dlmenmons ^ven lor W deg elbows, The angle designa- 
tion of an elbow is its defleotion from etraight line flow and U the angle between tbe 
flange faces. 

Screwed CompaJlloa Flanges. Sorewed companion flanges in the 25 lb standard 
Bhalluotbs thianer than these in the 126 lb standard on sixes 24 in. and smaller. Other 
types of flanges may have ihickncseea as givea in Table 27.' 

Tablo 29. G«n«ral Dimanslona Cast-iron Reducing Tees, Crogges, 
and Laterals 

25 Ls, 126 Le, akd 250 Lb Aubucah Btanpakd 
(All dimensions in inohes. Letters refer to Fig. 9) 



Tees ond oroescs 

Laterals 



Center to 

Center to 

k 

Face to 

Center to 

Center 
to face, 
run, 

E 

Center to 
face, 
branch, 

F 

1 

Is 

face, run, 
A 

face, outlet 
B 

S a 

face, run, 

C 

face, run, 
D 


So 

ID “ 

251b 

and 

1251b 

2501b 

251b 
and 
123 lb 

250 Ih 


125 Ib 

2501b 

1251b 

250 

lb 

125 

lb 

250 

lb 

125 Ib 

250 lb 

1 


a from 1 to 36 in. inelQeive have the aamo center-to-face £men- 

to 

\i 




lions ae straight-use fittinga of the larger size 




18 

12 

13 

14 

15W 

17 

8 

26 

44 

25 

41 

1 


!7H 

42M 

30 

14 

14 

15V4 

17 

18H 

30 

7B 


27 

44 

1 

4 

29X4 

46 

U 

16 

15 

f7 

10 

2m 

17 

H7 

44 

am 

41 

14 

i 

44H 

43 

30 

20 

18 

20Hi 

?3 

m 

14 

39 


39 



42 


30 

24 

20 

20 












* Bhort-body pattemi are used for sizes 18 in. and larger. Long-body patterns are 
used when outlets are larger than given above, and therefore have the same 
u itratght-eiie fittings. 
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Table SO. Weights of Americoin StandMd Cast-iron Flanged Fittings, 
■ (Straight Sizes), ■•Iib-^((7onfmiiccI) •• 


Nominal 

90 

45 

90 deg 



Cross and | 
side- - 
outlet 
-.-tees 


pipe 

size, 

-in. ' 

.dog 

elbow 

deg 

elbow 

radiua 

cdbow 

outlet 

dbow. 

•Tecs 

(not 

ribbed) 


125 Lb Stahoabd 



5 

4 

7 

8 

9 

11 

10 

, iw ■■ 

• ■ 7 

, 6 

9 

•10 

11 

. 15 

13 

-m 

2 - 

9 

8 

II 

13. 

, - 15 

19' 

17 

14 

12 

16 

20 

1 . 2j 

28 

25 

2)5 

19 

17 

23 

28. 

; • 30 

39 

36 

3 

24 

20 

28 

34 

37 

48 

44 

3)5 

4 

31 

27 

37 

.46 - 

49 

'63 

'59 

41 

36 

48 

59 

64 

82 

75 

5 

52 

45 

62 

74 

i 81. 

. 105 

96 

-6 

68 

60 

85 

96 

- 105 

• 135 

125 

8 

110 

!4 

145 

150 

165 

210 

210 

10 

175 

145 

239 

240 

270 

330 

340 

12 

250 

220 

350 

340 

- 380 

470 . 

520 

14 O.D. 

350 

270 

479 

■ 470 

530 

650. 

660 

15 O.D. 

470 

360 

670 

QO 

700 

650 .. 

950 

'18 OD. 

seo 

420 

840 

760 

860 

1040 

1150 

20 O.D. 

740 

540 

1080 

970 

noo 

1330 . 

1480 

240.D. 

1160 

800 

1640' 

1510 

1730 

2080 

2(180 

30O,D. 

1850 

1430 

2800 

2350 

2710 

3210 

3680 

•36 O.D. 

2800 


4459 

3500 

4050 

4750 . 


42 O.D. 

4Q10 

3380 

66i0 

4930 

5790 

6710 


46 O.D. 

SSllO 

4680 

9250 

6520 

7620 

8740 . 



250 Lb Stamdabd 


1 

9 

7 

10 

13 

14 

18 ' 

15 

m 

11 

10 


17 


23 

20 

■ m 

16 

15 

■9 

24 



30 

2 

20 

[8 

15 

30 



'37 

■ 2)6 

30 

23 

34 

43 


Wm 

! '57' 

3 

40 

35 

44 

55 



73 

3)6 

49 

44 

55 

71 



91 

4 

65 

58 

72 

94 


130 


5 

w 

76 : 

98 

125 

■ , 135 

. 170 

165 

6 

115 

105 

135 

. no 

' . 180 

230, 

230 


185 

155 ' 

.220 

260 

■ 280 

350 

360 

10 

290 

240 

■350 

400 

I 430 

540 

570 


410 

' 340 

. ;510 

560 

620 

770 


iHO.D. 

560 

440 ' 

‘710 

790 

870 

1090 

' 1180 

16 0.D. 

750 

'620 

.960 

1040 

1150 

1430- 



• 970 

780 

1260 

1330 

1490 



20 O.D. 

1220 

960 

1630 

. 1670 

18B0 . 




1840 

1430 

2470 

2490 

2600 


4020 

BSB 

3120 

•2230 



: 4740 

' 5760 

' 


All weights listed aie for fittings faced and drilled, based on minimum'thiolcness' and 

dimensions given m preceding tables, without allowances for variation.' Cast iron is 
assumed to weigh 0.26 lb per cu in, • ! . 
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PJPB.AUD PIPE PITTIEGS 


■B 

' £ 
a 
o 

.Bjioq JO s«g 

■SKXS'S'S' SX*SS SSS X 

Bjibq JO 
jaqmnj^ 

tBaSNNIS'tf'O'O'O'O'O 

Bpito jjoq 

JO irejQ 

5S ssss s;s:is:s; x ss;?; 

inp\T"rT'0«s« a— rvi«o.(viQfNop40j 

tantninini 
oSnsjj jo 
, Esan^iqi 

JR SSXSSSJSSS 

p 

msip apj^no 

■<-«n>n<or«<oo>a N«uNs>iAoojNje«« 

900 lb Standard 

BJlOq JO Bllg 

Bjpqp , 
jsqmni^ 

5 : : : isi SSSSSJRSSSi S 

®£ : : : : 

: : : ; 

- - • -CO (oooNN>ooosese 

ap^o )foq 

JO uit!(X 

uintninpi 
OSOBB JO 
Bsanqjtqx 

"jol : i I -S S SSS S SS 

On" ; J ®""'^‘''*SSScNp3i*! 

s i i : :S X SSSXSS 3S. 

s8 — NNNNmmtftwm 

99000 JO 
TQBip dpiBinO 

s'® : : : is SSI SS S 

£ ::::«■ =£S2s5afisR? 


’ »jioq JO etig 

SJSSXSJSSSSS SSSSSSSJR 



1 

£ 

O 

O 

jsqcanjtj 

r,CMMr,A 

spjio ijoq 

JO 'nistQ 


Qnmpnn 
oSoBp jo 
siOTTraior 


.82n^,io 
incip epistno 

xs.'R-'sX'WL^ ^ :p ^ -T 

•n^^tft'O'Orswc'Ofn'^'OOi^^KO^NK 

400 lb Standard 

fijpq JO eng 

§ : : : : ; :SSJJS SSSSlRSS 

a-o ..:::: 

sjpq p 
jeqion^ 

i : i i i 

epjjo fjoq ’ 
JO nisiQ 

^sS •• •• •' i ; ••sss SSSSS 

j»|« 

nintnpna 
sSsep jo 
Bsaaqaiqx' 

sSnsp JO 
iBBip spjsijno. 

■ ! : i : i i :*SSSXSSSSX 

■gP fSNNNfSfSfO 

sg 

8 :::;:: s S S 

Eti ...... -o— (sift(s©in>neee'0 . 

fttio edid lemmoij 

QQDOP 

SS- XX S S' - 66666 ' 

— NN<nc^'nin©«oN»'o»p^ ' 


See introductory 
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Tni# ^*8. Tte dimensioiis o{ true Y'a, strut^t uzes, t.T4 givfta ui Table 28. Otbet 
forms ate considered special and should be made to suit conditions. 

Laterals.' Laterals (Y branches) both strai^t and reducing sizes 8 in. and larger 
siiall be reinforced to compensate for the mherent weakness in the casting design. 

The American Standard covers also dimenuotis (not included in the Tables) of base 
elbows and base tees and anchorage bases for strught tees and reducing tees. , 

American standard cast-iron pipe flanges and flanged fittings (A.S.A. B16bl-1631) 
are available lor inaximum non-oboeh workji^ bydrauUc pressure ot BOO lb per eq in. 
(gage) at ordinary air temperatures. 

Sizes of Wrenches for Boltin? Up Flanges. Tests made by Crane Co. 
(Fofoe World, Sept., 1913) shoTr that a compression of about 12,000 lb can 
be obtained by one man using a 16 in. wrench on to 1 in. bolts, a 36 in. 
■wrench on 1>^ to in. bolts, a 60-in. wrench on 1>$ to in. bolts, and a 72 
in. wrench on \}i and 2 in. bolts. Sq'uiiro nuts give 20 to 25 percent less 
compression than hexagon nuts with a pven effort on the wrench. Uough- 
cut or uneven threads reduce compression 10 to 15 percent. Lubrication of 
threads and bearing surfaces increases compression about 50 percent over 
that obtained with dry threads and surfaces. It is not necessary to over- 
strain bolts specified in the American Standard if proper wrenches are 
used, and almost impoBBible to ovcrettaln bolts larger than I in. diam. The 
following over-all lengths of box wrenches are recommended (interpolate 
for intermediate sizes): 

8iMDfboIt,in H H y* H 1 IK IH 2 m 

Length of wrench, in 7H 9% IIH 13K 15 19 23' 27 30^ W 

American Standard Steel Fipe Flanges and Flanged Fittings 
Foe Maximum Working Steam pressure of 160, 800, 400, 60D, 900, 1,600 and 
2,600 Lb per Sq to. (Gage) at 780 F 
Introductory Motes 

Pressure Batings and Tests. These standarde diall bo known as the “ American 
150, 300, 400, flOO. aoo, 1,500, and 2,500 lb Steel Flange Standards {A.S.A. B16 b- 1939),” 
said pressure designation being the recommended rating at a temperature such as given 
in Table 33. This table shows recommended ratinga for various temperatures, together 
mth hydrostatic shell test pressures for one eet of cont^tloos. For similar tables for 
other conditioaf, refer to AS.A B16o-1939. 

Sizes. The size of the fittings and companira flanges in the Tables is identified by 
the corresponding nominal pipe «ze. For pipe 14 iu. acd larger, the corresponding 
outside diameter of the pipe is given. 

Uatcriale. The flanged fittings and flanges ihould ba aitbei ateaV castings or steel 
fwgings of the grade complying with the AS.T.M. spccificBtions recommended under 
these standards for the various pressure-iemp^aturo ratings for which these standards 
are designed. A few of these characteristics selected from A.S.A. Bl6e-1939 are given 
in Table 33.- 


Motes to Table 81 

* The weights of screwed companion flaaem in the 25 lb standard, onskeBSAla. and 
smaller may be assumed to be the same as in the 125 lb standard {seo “Introductory 
Notes," p. 927), ■ 

‘ Also length of threadfi in 125 lb standard. 

_ All 250 lb caet-iron standard flanges have a He mieed face. This raised face is 
included in the minimum tluckness of flange dimenmons. Sises 14 in. and larger are to 
be used with outside diameter pipe of the some sizes. 

All blind flanges for sizes 12 in. (19 in. O.D.) for 125 Ib standard and 10 in. {\7}i in. 
O.D.) for 250 Ib standard and larger must be dished,’ with inside radius equal to the 
port diameter. 

All weights listed are for flangea faced only, based upon minimum thicknesses riven in 
the table above without allowances for varu'timi. 



Tablo 37. Center to Contact Surface of American Standard Steel Flanged Fittings 
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Thieadi Coarse Thread Series, Medii^.Kt,‘C3aas S'^'e p; 761).‘. Bolts and holt studs 
vhoae diameters aTe'TJ^'in. 'and'lwger-Bhall'lttTO'apeci'al threads of the American 
(National) form whose pitch is H in* (8 threads pet la.). It is lecommonded that these 
special threads bo allowed a pitch diameter tolerance of ~0,006 in. and. a lead tolerance 
of±0.002 in. , . ! '. I 

Bolt studs with a hut at each end are recommended for high-temporature service. 


Table 33. ' Pl^sical Characteristics of Steels for Flanges and Fittings 



Steel' 

east- 

ings*} 

■■'! 

AUoy-eteel boll - 
material^ - 

Forged-steel 

flanges' 

Class 

A. 

, 1 

Class 

B 

. ,1 

Class' 

^j' 

Class 

I, , 1 

Class 

II 

Tensile strength, Ib per sq in. . 
Yield point, min, !b per aq in , 

Elongation in 2 in., min, percent 

deduction of area, min, percent.. . ... 

70.000 

36.000 
22-- 
.30 , 

95.000 

70.000 
20 

-.50, 

105,000 
M,000 : 
20 1 
50 1 

125,000 : 

105,000 

16 

.'59' 

60,000 

30,000 

i2 

35- 

70.0CK1 

36,000 

\t 

24 


. fl Carbon.stoel (A.S,T.M. A(l5-36). 
t(A,8.r.M.A9M3). • . ■ 

«-(A.8.T.M. A181-87]. 

Phosphorus mas., O.QS percent; sulphur nai, 0.0S percent. 


The allowable working fiber stress, consideriog iotenal 'allowable w^rkbg'pressure 
only, in bolting material for valve bonnet flanges, oleanout flanges, etc., shall hot exceed 
9,000 lb;psr.eq in. assuming the pressure to actiuijon an) area circumscribed by, the 
periphery of the outside of tbo contact surface. ’ | 

'All flanges shall bo spot faced or back faced parallel to iho flange face. Metal removed 
in spot facing or back facing eball not reduce .the thicknees of the flarige below the mini* 
mum given in the tables. Spot facing does not apply to forged steel flanges if the back 
of the fiange is parallel to the flange face. ' - ; ; ! . 

Metal Thickness. Minimum mciat thicknesses specified in,tbo tables ars based 
On an allowable fiber stress of 7,000 lb per eq in. using the modified Barlow formula 
of the A.8.M.F. Boiler Construction Code for bylindrical sections and adding 60 
percent to the thickness thus detbrmin^ to, compensate 'for the shape'of tbo fittings. 
The minimum commercial casting thicluicss is considered to bS'^^ in., therefore the 
standards do not show thicknesses less than this. 'Tbeimmimum thlckn^s in thrae 
standards means the minimum thickness in any part. of the finished costing. ' 

The modified Barlow formula is as follows: For {up^ having nominal diameters' of 
\i to .5 in., P = 25(t -- 0.065) /B —.125. . For inpea of nominal .diameters over 6 in., 
P = 2S(t - 0.1)/B, where P is the working pressure, lb per sq ini, f is the thickness; of 
wall of pipe, in.; Bis the actual outtidediameier of plpe.in.; and 8 is 7,000 lb per sq'in. 
' Slag Joints. 'The dimensions used for.ring and groove joint facings were developed 
by a committee of the A.P.I. The eonespohdii^ dtmetieions and ring numbers incor- 
porated in this standard {B16e-1939) are identical mth those igiven in A.P.I. Std. 
No. 5:G-3-1937. , The dimension for the dq)th of groove is added to the basic flange 
tUckness which makes it necessary to include sepmte tables of dimensions for fittings 
having the ring joint facing. , ’ ’ ' 


Notes to Table 34 . ' 

'*■ Included in the minimum flange thickness dimenaons. A Jfc in. raised face is also 
permitted on the 400, 600, 900, I;500, and 2,500 lb flan^ standards, but it must be 
added to the minimum flange thirisnesscs. Begulsr facing for 400, COO, 900, 1,500, 
and 2,500 !b flange standards is &,}i in. rmsed face not included in minimum flange 
wicknoBS dimensions.^ ' ‘ 

A tolerance of Hi iu. is allowed un'thoinmde and outride diameters of ail facings. - 
Gaskets for male-female and tongue-groove j<uat& shall cover the bottom of the recces 
With minimum clearances taking into account the tolerances stated above. 
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union of the -gasket type, at the center a-female scroir union having a brass 
to iron seat that is non-corronve and a ground joint that eliminates the need 
for a gasket, and at the right a flange union of the gasket type- As in the 
case of other pipe fittings, unions and-union fittings are available in the Tarious 
pipe sizes and in materials and designs suitable for any service conditions. 



Fio. 11.— ‘Types of Pipe Unions. 


Verj' large flange unions can be made by bolring together two screwed com- 
panion flanges. 

Expansion Joints for Steam Pipe Lines. The linear espannon of a long 
pipe must be taken care of by the use of some form of expansion joint or bend. 
The coefficients of expansion o of three metals used is pipe manufac- 
ture, within the range of tempera- 
tures common to boiler practice (32 
to S92F}, as determined at 
Bureau of Standards, Washington. 

D. C., are as follows: charcoal 
iron, O.CI00006S61; Bessemer steel, 

0.000006930; seamless open-bcarth 
steel (hot-flnished), 0.000006SS3. 

The length of n tube at ( F a Li 
= L (1 + ai) in which L is the 
length of the tube at OF. See also p. 497. The theoretical expansion in 
100 ft of iron or steel pipe, carrjTng steam of various pressures and tem- 
peratures, based on an outside temperature of 32 F, is as follows; 


Geg^ f.'csjjLV, Ifr 

in 30 100 125 150 175 200 Superheated steam 

Temperature cf steam. F 274 338 353 366 377 38S 420 500 550 600 630 

Expansion of 100 ft of 

pipe. in. 2.03 2.72 2,89 3.05 3.19 3,31 3.73 4.77 5.48 6.23 7.03 


Table 38 gives the linear expanrion in 100 ft of cast-iron, wrought-iron, 
steel, brass, or copper pipe according to the A.S.A- Code for Pressure Piping. 


Table 38. Thermal Expansion of Pipes 
(Total expanaon in inches per iOO ft above 32 F) 


Temp, deg F 

• 

lOG 

150 

200 

250 

300 

350 

400 

450 

500 

600 

700 ' 

Steel and wrought iron 

n 5 

09 

1.3 

1 7 

7’ 

2.6 

3,0 

3.5 

4.0 

m 

6.0 

Cast iron 

f) > 

OK 

1 ? 

1 6 

1 9 

7 i 

7. '/ 

3 1 

3 9 

m 



08 

1 4 

2U 

75 

i 1 

i t 

4 i 

49 

Sft 

m 


Brass and bronze 

0.8 

1.4 

2.1 

2.7 

3.4 

4.1 

4.8 

5.1> 

8.2 

1 





. . 



K-i- 

1 

-Hi- 


H 


Fio. 12. Fiq. 13. Fis. 14. 
Figs. 12-14.— Copper Expansion Joints 
for Steam Lines. 
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Fitting Dimeniions. An inapeetion limi of j: Ha in- allowed on all center* 

tO'Ooatac'tsnifaoediroenBionBforaUeaup'toandinclB^g 10 in., and ±H« ii'- on sizes 
larger than 10 in. An inspection hmil oi ±He in. shail he allowed on all contact- 
surface to contact-Burfaoe dimeasions-for wea up to and inoluding 10 in. i and ±H in.t 
on sizes larger than 10 in. 

When elbows having longer radii than apeufied in the standards are requked, the use of 
pipe bends is recommended. 

Laterals. The 45 deg laterals of the larger sizes may require additional reinforce- 
ment to compensate for the inherent wealcnesa in this shape of castmg. 

Valve DimeDsions. The center to contact surface and contact-surface to contact- 
surface dimensioriB oi valves for the various pressures shal! be in accordance with the 
proposed American Standard dimenaiona for ferrous flanged valves. 

Beduclng Fittings. Ileducing fittings shall have the same center to flange edge 
dimensions as those of straight-size flliingB of the largest opening. 

Side Outlet FlttlDgs. AH side-outlet fittings shaQ have nU openings on the inter- 
secting center lines. 

Welding Neck Flanges, The materials, fariogs, s|k>!' facings, etc., conform to the 
requirements given for other flanges, with the additional provision that the carbon 
content of the steel shall not exceed 0.35 percent. 

Templatea for drilling and center to contact surface dimensions of the 
American Standard ISO Ib Steel Flanges and Flanged Fittings are the same 
as for the American Standard 125 lb Cast Iron Flanged Fitting Standard 
(Tables 27 to 29). 



{a). (b) (c) (d) 

Fig. 10.— Welded Flmige Jennts and Ring Joint. 

Templates for drilling and center to contact surface dimensions of the 
Americmi Standard 300 lb Steel Flanges and Flanged Fittings are the same as 
for the American 600 lb Steel Flanged Fitting Standard for sizes H to IH in. 
(Table, 35) ; and the same as for the American 260 lb Cast Iron Flanged Fitting 
standard for sizes 2 to 24 in, (Tablw .27 and 28). 

Flanged Fipe Joints ' . ; 

The usual form of pipe joint is that made up by bolting together flanges 
cast OT forpd integral with the pipe or fitting threaded flanges, loose flanges 
on pipes with lapped ends, and flanges arranged for welding. These forms are 
ulustrated above Table 34 and in Fig.,lQ. The threaded joint is satisfactory 
for low and medium steam pressuroa. The. lapped joint is permitted in 
the same sizes and service ratinp as for jointa with integral flanges. It is 
extensively used in high-class work. Witii the ring joint a higher pressure 
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malleable-iroa screwed fittings'of the Americaa Standard are given in Tables 
41 and 42. 

Tho normal amount of thread engagement nccossary to make a tight 
joint for American Standard Pipe Thread jointe as recommended by Crane 
Co. is as follows: 

Size of pipe, in H H H H H ^ iyi IH 2 

Length of tW, in M H H H *At H 

Size of pipe, in 2H 3 3H 4 5 6 8 10 12 

■Length of thread, in 1 IHs IK IM We IKe IK IJi 

Table 41. Dimensions of American 150 Lb Standard Malleable-iron 
Screwed Fittings (Straight Sizes) * 



(Ail dimensions in inchee) 



The Manufacturers’ Standardization Sodety of Valve and Fitting Industry 
(M.S.S.) has standardized malleable-iron and bronze screw fittings for several 
pressures. 

Brass screwed fittings' are made in boUi the 125 and 250 lb standards. They are 
used for feed-water pipes where bad water tnakee eteel pipe undesirable. Brass fittings 







Table 36. Dimensions of American Standard Companion Flanges 
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is such that when the pipe is threadeci to tbs American Standard dimensions, 
the end of the pipe wiU practically touch the shoulder when screwed in. 
They are especially adapted to plumbing work and vacuum-cleaning pipe 
installations. 

Table 43. Dimensions of American Standards 12S, 150, and 2G0 Lb 
Pipe Plugs" " 



(Ail dimensioiu in inches) 



Ammonia valves and fittings must provide a high margin of safety 
against accidents. Flanged valves and fittings have .tongue and groove 
faces to assure tightness at the joints and against blowing out gaskets. 
Gaskets are of load or compressed asbestos sheet. Screwed valves and fittings 
have long threads and are recessed so that the joints may be soldered. . These 
valves and fittings are made of malleable iron, ferrosteel, or forged steel, 
depending on the size and stylo. Valvee we all iron, with steel stems, and 
Lave specia] lead disk faces or steel disks. No copper or brass must be used 
in their construction. Flanged valves are generally interchangeable ,with 
flanged fittings. All' valves and fittings for ammonia are tested to 300 lb 
air pressure under water.. For dimenrions of valves, fittings, and specialties 
for ammonia, refer to. catalogue of Cruie Co. 

VALVES’ ^ 

Tables 45 to 48 give tbo dimensions and working pressures of representative 
valves 'suitable for steam lines.' These types represent but a very small 
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can be maintained with the same total bolt stress than is possible with tho 
flat gasket type of joint. ' The welded joint eliminates possibility of leak- 
age between flange and pipe. It is very successful in lines subject to high 
temperatures and pressures and heavy expansion strains. The welding- 
nock flange is available in the various pipe siaes. Specific requiromonts cover- 
ing the application of all the types of joints in common use are outlined in tho 
Code for Pressure Piping (A.S.A. B31.1). 

Facing of Flanges. Various styles of finish aroused on the faces of flanges, 
having for their purpose the retention of the gasket used to make a tight 
joint. Those in general use are as follows: (see Table 34) plain straight 
face, plain face corrugated or acored, male and female, tongue and groove, 
and raised face. See pp. 897, 934. 

The plain straight face has tho entire face of the flange faced strmght 
across and may be used with cither a full face or ring gasket. The plain 
face, serrated or V grooved, ia a plain face upon which concentric grooves 
have been cut with either a round-nose or V-shapod tool. This finish is 
sometimes of advantage when the service demands an exceptionally thick, 
loosely woven fibrous or soft metric gasket, because tho roughening of the 
faces of the fianges tends to keep the gasket from blowing out. The male- 
and-female facing consists of a recess in one flange and a corresponding 
raised lace or projection on the other, extending from the inside oi the pipe 
nearly to the inside of tho bolt holes. In the tongue-and-groove facing, 
the tongue or raised face and tho groove or recess are narrow rings located 
between the bolt holes and the port. The tna!e-and-female and tho tongue- 
and-groove faciug have been extensively used, particularly on hydraulic 
lines, and to a more limited extent on high-pr^sure steam lines. Both of 
these types, however, have in common soveral objectionable features from the 
standpoint of manufacture, erection, and maintenance. These objections 
ate removed hy the use of the raised-face facing. wHch consists of a high' 
narrow rmsed ring on each of the mating flanges, whose inside diameter ia 
the same aa that of the pipe or port It is particularly recommended for 
high-pressure steam and hydraulic lines. Gaskets used in this type of joint 
are either soft fibrous material or soft metal and extend from the inside of 
the pipe to the bolt holes, and only the small portion in contact with tho 
narrow raised face is subjected to the compressive effect of the bolts. The 
iollowing advantages are claimed in the use of the raisod-face type of facing: 
all mating of flanges eliminated; any valve or fitting may be removed from 
the line without springing the line apart; the gasket is automatically centered 
by its outer edge coming in contact with the bolts; the outside edges of the 
flanges are far enough apart to make it possible to determine whether the 
joint has been properly made. 

The Bursting Pressure of Flanged Fittings. Results of hydraulio-pres- 
Bure tests on flanged tees and ells made by Crane Co. [Valve WoHd, Sept., 
1913) are approximately expressed by the formula: bursting point, lb per 
sq in. = iS/D, where t ~ thickness of metal in the body of the fitting in 
in.; S = 65 percent of tho tensile atrength (T.S.) of the metal for fittings 
Up to 12 in. diam (60 percent for larger diameters), and D = inside diam of 
fitting, in. A factor of safety of 4 to 8 should be used, depending on the 
size of the fitting, The formula is based on average of tests of 62 fittinga 
made irom cast iron (T.S. = 22,000) and “ImoBteel” (T.9, - 33,000). 

Unions may be classified as screw uniona and flange unions, Typical 
designs are shown in Fig, 11, where at the left w represented a female screw 
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Table 45. 



Dimensions of Standard Gate Valves 

(Crane Co.) 



(Iron body with brass trimmings: sites 16 in. and smaller for steam working pressures 
up to 125 lb : for steam linos larger than 18 in., 150 lb cast-steel gate valves are recom- 
mended. All dimensions in incbes. Letters refer to dimension sketches above. For 
drilling templatee, see Table 87.) 


Size, A 

S 

B 

B 

K 

B 

fl 

S 

F 

T 

0 

No, of 
turns to 
open 

2 

7 

6 

H 


im 

8 

15 

m 

3K 

3 

6 

2K 

7H 

7 

‘Ms 


1291 

8 

I6M 




l\^ 

3 

R 

mm 

H 


1494 

0 

I9H 


494 

314 


314 

m 

8V4 

‘«s 

mm 

1594 

9 

2m 




n 

4 

9 

9 

‘He 

VA 

16H 

10 

2494 

lOH 

394 

414 

8H 

5 

10 

10 

>9(6 

794 

l« 

17 

29M 

IflM 

6M 

414 

11 

5 

KJM 

11 

1 

Em 

2IM 

12 

92M 

10^1 

m 

414 

13M 

B 

II Vi 

liH 

IH 

«94 

26 

14 

41 

12 

lU 

i 

m 

10 

19 

16 

IMn 


91 

16 

50 

12Ji 

m 

594 

21 

12 

M 

19 

IW 

1194 

% 

10 

57i4 

m 

H)4 

6)4 

2! 


service in locations where the projecting thread is not likdy to be injured; Inside screwa 
should be used for underground work (aa in water or gas pipes) or wherever the project- 
ing spindle is liable to injury. Brass bodies are softer and will stand loss abuse than 
iron or steel bodies. They should not ordinarily be used for sises larger than 2 in. to 
3 in. Iron bodies with brass moauUngs mc recommended for larger sites for water 
lines, steam and hot-water heating eystems. and for saturated steam up to 250 lb pres- 
sure. For the higher steam pressures and temperatures, cast-steel valves are generally 
used. All-iron valves are recommended for oil w gas or for fluids that corrode brass. 

Cocks. The ordinary plug cock operated by a handle or wrench is a form 
of vdve in comparatively small rizes soitaUe for ordinary service only. The 
Code for Pressure Piping requires that where cooks are used for high-tempera- 
ture service they shdl be so demgned as to prevent galling, either by making 
the plugs of different material from the body of the cock or by treating the 
plugs to ensure different phymcal properties. By means of special derign 
features that eliminate the tendency to leak and stick, the plug-cock type of 
valve has become available in large Blace and for severe service conditions. 








•■\:\SCRBWED PITTINQS'. ' 


941 


I ;.Figure .12 is a corrugated copper eapanslon joint for low pressures. 
Tipre la sWs a globe-fcype joint and Fig. 14 a non-coUapaibU joint, 
.both of copper, and for low-preaaire work;. Face-to-face dimensions of 
isome of those joints, eompilcd-feom nmnufacfcurcrs’ catalogues, are ^vea 
in Table 39, 

Table 39. Face-to-face Dimenaiofns of Copper Expansion Joints 
Size in.. 4 6 G 8 10' 12 li 16 18 20- •••24 -30 36 42 ' 48 

9 9 10 11 11 12 12 13 W. ..14 .16 17 ,19 20 

G,in....'8 9 9 10 11 11-.12 12 13 13.. .14. 16 17 19 20 

,S,in.....6M SM ,6 , 6 C,6,6, 6, 6K 7, 8^ 8H 9,-9 

Cast-iron standard and double (ocpnnsioa.joints are shown In Figs. 15 and 
16, and the ditnensiona of various aizes are pven in Table. 40. Cast-iron 



/ Csst-irou Espaoeion Joints for Steam tines. 

double expansion joints aro of the same ^neral proportions as standard 
expansion joints and arc more porUculaHy designed for underground work. 
Table 40. Dimensions of Expansion Joints for 125 and 250 Lb Steam 
Working Frossure 
(Wolworih Company) 

(All dlmcnsioQB in inches. Letters refer to Figs. 15-and 16) 

Site, In 2 2H 3 3>i 4 5 6 

A, 1251b 14K m IBJifs I20j< 20^X8 

A. 250lb.' 15H 1C .ITK' 18»K« WH 22H 23^ 

B, 1251b 28 28K. 29K'_30K 31^4 

Size, in 8 10' 12 14 . . 16 ' 18 

A, 1251b 21’K« ■ 23K6 . 24K« 255i« ',27 ’ 

A, 250 lb 25«'. .,29J4.. .31 ,'33 34J| 

B, 125lb.. 37K .W'43 45 ■ ; 48H • 

The rubber expansion joint baa become established part of the pipe- 

lino equipment of the modem power plantj .'Its special field of application is 
on low-pressure and vacuum ’lines in condenser ap^icationa, etc., and is recom- 
mended for water pressure up ,to 25 lb, where the maximum temperature 
does not exceed 180 F. Sizes may be obWned up to 72 in. (see manufacturera’ 
catalogues). . ' 

Screwed Fittings 

Screwed fittings are made in cast iron, malleable iron, cast steel, 'forged 
steel, and brass. Plain standard fitting are generally usod.for low-pressure 
ps and water, as in house plumWi^ and railing work, while the beaded fitting 
is the standard steam, air, gas, or oil fittai^. • Screwed, fittings .are supplied 
with a large factor ofsafety. .jThe questions of ^etrengtb involve much more 
than the pressure from within the pipe which induces a comparatively low 
stieasi'ntheniatenay. . The greater strains come from expansion, contraction, 
weight of piping, settling, ..lyater hammer, etc. Dimensions of ,caBt-iron and 





, Bored fo maich 
\IR of pipe 

Li 

Welding Mfpple Welding Neck Flange 
Fia. 17. — Fittings for Weldiflg. 

larly in low-temperature work where cork insulation is used. The present 
tendency toward higher steam pressures and temperatures is loading to the 
elimlnalion pf as mahy.goskets as poamble and to the sealing of steel fianges' 
by 'welding. ■ ■ ' ' • ■ ‘ ' 
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may be had in iron pipe aiies. Forged-sted soreved fittings ate made for cold water or 
oil-working pressures up to 6,000 lb per *l in. hydroatatie. The A.S.A. has approved 
a standard (A.S.A. A40, 2-Z9Sa) /or braes fittugs for flared copper tubes for jnarimura 
cold-water aervioe pressure of 175 lb pet eq in. 

Tabla 42. Dimensions ot American 125 and IfiD Lb Standard Castr 
iron Screwed Fittings (Straight Sizes) 



(All dimenuona in inches) 


123 lb 


250 

Ib 


Size 

A 


E 

C 

A 

if 

F 

C 


nsi 

0.13 

C.38 

0.73 

0.94 

1.17 

0.49 

D.BI 

H 

flit 

1.12 

0.44 

0.80 

1.06 

1.36 

0.55 

0.68 


1 t'>! 

1.34 

0.50 

0.88 

1.25 

1.59 

0.60 . 

I. DO 

H 

1 H1 

1.63 

0.56 

0.98 

1.44 

1.88 

0.68 

1.13 

1 

1 to 

1.15 

0.62 

1.12 

1.63 

2.24 

0.76 

1.31 

IW 

Alt 

2.31 

0.69 

1.29 

1.94 

1.73 

0.88 

l.» 


1 14 

2.63 

0.75 

1.43 

2.13 

3.07 

0,97 

1.69 

2,2) 

3.28 

0.84 

1.68 

2.50 

3.74 

1.12 

2.D0 

2H 

?7fl 

3.86 

0.94 

1.95 

2.94 

4.60 

1.30 

2.25 

3 

3(18 

4.62 

1.00 

2.17 

$.38 

5.36 

1.40 

2.50 

3H 

3,42 

5.20 

1.06 

2.39 

3.75 

5.18 

1.49 

2.63 

4 

3 71 

5.79 

1.12 

2.61 

4.13 

6.61 

1.57 

2.81 

5 

4SII 

7.05 

I.I8 

3.05 

4.88 

7.92 

1.74 

3.19 

i 

3 13 

8.28 

1.28 

$.46 

5.63 

9.24 

1.91 

3.50 

8 

6.36 

10.63 

1.47 

4.28 

7.00 

11,73 

2.24 

4.31 

10 

8.08 

13.12 

1.66 

5.16 

8.63 

14.37 

2.58 

5.19 

12 

ltd 

15.47 

l.,S 

5.97 

10.00 

16.84 

2.91 

6.00 

I40.D. 

10.40 

16.94 

2.00 


11.00 

16.40 

3.10 


160.D, 

11.82 

19.30 

2.20 


12.50 

20.98 

3.43 



The 125 Ih standard (A.S.A. B16d-1927) covers also reduoing elbows and tees, The 
250 lb standard (A.8.A. Bl6d'1927) covets only the straight bUos. 


Railing Fittings. Fittings of special construction and of lighter weight 
than standard steam, gas, and water pipe fittings are widely used for hand 
railings around areaways, on stairs, for office enclosures with gates, and for 
permanent ladders, Hailing fittinp are made in various, styles, generally 
globe-shaped in body, with ends reduced to take thread and recessed to cover 
all threads. They are furnished in mrfieable iron, black and galvanized, 
and in brass. 

Special railing-fitting joints are available, such aa the slip-and-screwed 
joint, where the post connection is screwed tmd the rim of the fitting is so made 
that the rail will slip into the fitting and allow for an angular variation of 
several degrees, being fastened by pins which are riveted over and filed 
smooth, The flush-joint stair-rail fitting is another special style of fitting 
which provides a band rail with even surfaces at the joints. 

Drainage fittings, as shown in the figuies accompanying Table 44, have 
no pockets for the lodgment of solids, and tiw length of the thread chamber 
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PIPE AND PIPE FITTINQS 


Typical welded connectiona are shown in Fig. 10. In the back-welded 
screwed flange at (a), the threads retain the function of holding the flange 
securely in the pipe, hence, there is 'no shearing action on the weld. The 
fillet weld back of the flange forms a seal, assuring that no leakage will occur 
through the threads. The slip-on welding flange joint at (b) is limited by 
the Code to 300 lb pressure and a temperature of 700 F. The welding neck 
flange at (e) is machined with a herded end and bored to match the thickness 
of the pipe. The welding nipple at (d) can be applied to piping out to any 
desired length. Both the nip^e and the pipe are machine beveled. 

Table 49. BimenBiona ot Seamless-steel Welding Fittings 

(Crane Co.) 

(Letters refer to Kg. 17. All dimensoiu are in inehes.) 
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“Standard" and “extra-strong" fittinp have the same outside dimensions. Welding 
nipples are furnished in the regular pipe siaes and wall thieknesses. The facing, drilling, 
thickness, etc., of welding neck flanges conform to the American Standards. For other 
welding fittings and other sises, working pressure ntinga at various temperatures, etc., 
refer to manufacturers' catalogues. 

Pips Supports 

The code for Pressure Piping (A.S.A. B31. 1-1935) includes many types of 
supports and gives directions for their application. A proper pipe support 
must have a strong rigid base properly supported, and an adjustable roll 
construction which will maintain the alignment in any direction. It is impor- 
tant to avoid friction caused by the movement of the pipe in the support 
and to have all parts of sufficient strength to maintain alignment at all times. 
Wire hangers, band iron hangers, wooden hanger^ hangers made from small 
pipe and hangers having one vertied pipe support do not maintain alignment. 

The direction of expansion in a’pipe run can be predetermined by anchoring 
one end, both ends, or the middle. Anchore must be firmly fastened to a 
rigid and heavy part of the power plant structure, and must also be securely 
fastened to the pipe, otherwise, the equipment for absorbing expansion is 
useless, and sovoro stresses may be thrown on parta of the piping system. 
Some methods of support are shown in Hgs. 18 to 20. 
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PIPE AND-PIPS FITTINGS 


The distance between supports will with the kind 6i piping and 
number of valves and fittings. 'Supports should be'provided near changes in 
direction,- branch lines, and parUculorly near valves. ' The weight of piping 
should not be carried through' valve IkkUcs -if they are to bo kept tight. 

In establishing the location of pipe supports, the designer should be guided 
by two requirements. (I) The horizontal span must not be so long that the 
sag in the pipe wUI impose an excessive stress in the pipe wall. (2) The pipe 
line must be pitched downward so tiiat the outlet of each span is lower than 
the maximum sag in the span. | _ 

Tests conducted by Crane Co. to determine the defiection of horizontal 
standard pipe lines filled -with water, in pipe sizes to 4 in., have indicated 
the following results: For pipes larger than 2 in. and with distance between 
supports greater than 10, ft, the resultant deflection is less than that deter- 
mined by use of the formula for a uniformly loaded pipe fixed at both ends. 
For pipe sizes 2 in', and smaller, the test defieotion was in excess of that deter- 
mined by the formula for pipe having fixed ends and approached, for the 
shorter spans, the deflection os determined the use of the formula for pipe 
having unrestrained ends. 

Pipe CoveriBg 

(See p. 384 for heat-tranamisaioa data, and p. 71S for properties of insulatinE materials.) 

The value of a steam-pipe covering is measured by the percentage reduc- 
tion in condensation over that which occurs in bare pipe. This ranges 
from 65 to.SS' percent, and even higher. The standard covering consists 
of 85 percent of carbonate of magnesia mixed with 15 percent of asbestos. 
The thickness of insulation necessary for most economical results under 
average conditione is shown in the following table. ^ 

Steam temperature, F 212-267 267-338 338-388 388-500 600-600 

Tbickneas ( Pipes 4 in. and more. . 1 IH 2 8 

of insula- ^ Pipes 2 in. to 4 in 1 IK IK ^ 2K 

lion, in. (Pipes K m-'tb IK io.. . 11 1 IK 2 i 

.The covering is usually applied in molded sections (about 3 ft long) the 
scams of which are staggered and filled with magnesia plaster. Where the 
thickness of insulation is greater than IK iu.. it ie desirable to apply it in two 
or more layers with joints broken or staggered. Fittings, valves, and flanges 
may be insulated -with blocks and plastic material (plastic only on sizes 
smaller than 4 in.) to the same ^ckness as that of the adjacent pipe insula- 
tion. The sections are bound to the pipe by means of galvanized-iron wire or 
netting, over, which is wrapped a coat of rosin-sized paper, followed by 8 oz 
canvas securely se-wed on. Asbestos air-cell covering consists of several 
layers of corrugated asbestos sheets, making a laminated covering with air 
spaces between the corrugations. - — 

A wood casing is sometimes used for underground steam or hot-water 
pipes, for .exposed .steam lines in mine shafts, eto., and for cold-storage and 
brine pipes. .This covering is lined -with -fin for high-pressure steam lines, 
and is waterproofed for underground service. 

L. B. McMillan (Trans. A.8MJ3., 1915) finds, for coverings -with white 
canvas surfaces, that the total beat flowin Btu per square foot of pipe surface 
per. hour through. a covering = ® = Utd, where U is taken from Table 
52, and li = temperature difference, F, between pipe' surface and air. The 
total Btu, loss per. hour per square foot of outside surface of covering = 
5i » giri/{ri s), where n ='outade radius of pipe, in., and s = thickness 
of -covering, im • The temperature -difference between the outer covering 



WELDING IN POWER-PLANT PIPING 


Sizes are listed as high as 30 in.' and are gear-operated in the larger sizes. 
For further details, refer to catalogue of the Merco-Nordstrom Valve Co., 
Pittsburgh, Pa. 

Table i6.' Dimensions of 175 Lb and 250 Lb Gate Valves 
(Crane CoO 



(175 lb valves: ferrostecl body with brass triminia{». for sttam working pressures, 
sizes 16 in. and smaller, up to 175 Ib; for steam lines 15 in. and larger, 150 or 300 lb oast- 
steel gate valves are recommended. 250 lb valves: ferrosteel body with brass trimmings 
and hard metal seats; for steam working pressure up to 250 [b for steam lines IS in. and 
larger, 300 lb east-steel gate valves are recommended. All dimensions in inches. 
Letters refer to dimension sketches above. For d^ing templates, see Table 27.) 



• Includes He bi raised face (not shown). 

* End to end, screwed, in. 

J r = size of by-pass, in. 

TT = number of turns to open. 

Welding in Power-plant Piping 

Welding is used os an economical or expedient method in making altera- 
ions and extensions to existing piping sirstems. It rcstilts in compaotness, 
educes the number of joints, BunimizeB radiation losses by doing away 
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PIPE AED PIPE FITTINGS 


Class Colob 

F—Firc-protcction. equipment. ■••••>.. .Red 
B— Dangerous materiaifi : Yelloir (or orange) 

S— Safe materials Green (or the achromatic colors, white, black, 

gray, or aluminum) 

P— Protective materials Bright blue 

V— Extra valuable materials Beep purple 

Method of Identification. At coosincuDUS places throughout a piping eystem, color 
bands shall be painted on the pipes to designate to which one of the five main classes it 
belongs. If desired, tbe entire length 4^ tiie piping system may be painted the main 
classification cedor. 

Further, the actual contents ol a Tuping system may be indicated by, preferably, a 
stenciled legend of standard size giving the name of the contents in full or abbreviated 
form. These legends shall be placed on the color bands. The identification scheme 
nay be extended by the use of colored stripes placed at the edges of the colored bands. 

The bands, legends, and stripes shall be placed at intervals throughout the piping 
system, preferably adlacent to valves and fittings to insure ready recognition during 
opsraticmi repairs, and at times of emergency. 

A recommended classification, under this cedor scheme of materials carried in pipes, 
includes as dangerous, combustfido gaaea aad'tnU, hot water and steam above atmos- 
pheric pressure; aa safe, compressed air. cold water, and steam under vacuum. 

Pressure Hose 

Hose with durable rubber lining may be obtained to withstand any needed 
pressure. If the rubber compound is properly made, tho life of a boso will 
be 7 to 10 years, while a cheaper hose, lined with 
inferior material, will probably not lost more than 3 or 
4 years. For fire hose, see p. 273. 

American Kational Fire-hose Coupling Screw 
Thread. (Approved by tbe A.S.A., May, 1025, and 
indorsed and approved by tlw important engineering 
societies, and manufacturers nnd Users of fire-boso 
couplings and hydrant outlets.) This standard is in- 
tended to cover the threaded part ol fire-hose cou- 
plings, hydrant outlets, stand-pipe connections, and all 
other special fittings on firo lines, where fittings of tbe 
nominal diameters given in tho following tabic are used. 

It also includes the limiting dimensions of the field inspection gages. The 
American National form of thread must be used. 


Table 52. Dimensions of Standard Fire-hose Couplings 
(AU dimensions in mebes. Ijetteia refer to Fig. 23) 
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American Standard Hose Coupling Screw Threads. (A.S.A. B33.1- 
2535) (approved by A.S.A., July, 1935). These standards apply to the 
threaded' parts of hose couplings, valyies, nozslca, and all other fittings used 
in direct connection with hose intended for fire protection or for domestic. 



Nipcle 
" Swivel 


FiQ.2l..-~-Typioal 
Form of Standard 
Coupling. 



DIMENSIONS. OF YAiyES. 

■ 'The use, pf, welded branches, -line welds, and-swedgea have' made ppasible 
, almost the entire;elimination of fittings from steam headers, with a conaequent 
• decrease ia cost.’ ^The,lme wold permits pipe .to-be joined. up, to the limit of 
shipping dimensions, which for single carsjs two foliilengtha, ■■■ ; 

• Cut pipe, bends, . flangce, fitting^, and valves with beveled edgca -can be 
obtained in the 'various .Bises, suitable .for jrelding assemblies. fOti .welded 
; headers,- center-to-facc dimensions of, flanged noazles/always .correspond, to 
center to face, of. flanged tees of like Beries. Dimensions .of welding neck 
flanges and wolding.fittinga may, bo added witbout clearance at welded joints 
to obtaiu over-all imensiona.. Typical Riding fittings are sbpwn ia Fig. 17, 
and their dimension's are given in Table. 49. See also A.S.A. B16.9. 

Table 4S. Dimensions of Medium .and Brtra-heavy Globe, , Angle, 
and Cross Valves 
(Crane Co.}' 



(17S Ib valves: ferrosteel body with brass trimmingB, for steam working pressuroa 
up to 175 Ib. 260 Ib valves: ferrosteel body with brass .tfimraings, for steam working 
pressures up -to 250 jb. All dimensions ta inches. Letters refer to dinonsion sketches 
above. For drilling templates, see Table 27.) . 
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« Includes Ks in. taUed face ^ot shown). 

* Approximate values. 

. The Code for Pressure Piping {A.S.A, B31.1-1935) outiincs specific require* 
inentB concerning the welding of pipe jtrints by the fusion process and relates 
to such joints as are formed by pipe end to end, pipe to flanges, fittings and 
valves, and pipe, valve, or fitting to other equipment. It covers materials, 
types of welds, welding procedure, .Biaeae relief, qualification, of welders, 'the 
testing of welded joints, etc. . ... ,, ,, 








WIRE ROPE, NAILS, ETC.* 

, ' , , . WiT6_R^i 

Wire ropes are built up ol strands made of wires twisted together, the 
numbers of. wires commonly: .used. being 4, 7, 12, 19, and 37. Ordinarily 
the wires are twisted into strandB in the opposite direction to the twist of the 
strands into rope. When wires and strands ace twisted in the same direction, 
the rope is Imown as lang lay rope. Standard wire rope is made of 
six wire strands and a hemp core. Wire strands are twisted around the core, 
cither to the right or loft, and the Tosulting rope is thereby designated as 
right lay or left lay. The twist may be long or short, the shorter twist form- 
ing the more flexible rope. The core of a wire rope is, as a rule, hemp satu- 
rated with a lubricant. ' It provides Kfctle additional strength, but acts as a 
cushion to preserve the shape of the rope and helps to lubricate the wires. 
A wire strand or wire rope core adds 7 to 10 percent to the strength of the 
rope, but will wear from the fric^on between it and the outer strands as 
rapidly as the outside of.tho rope. This does not apply to stationary topes. 

For great 'flexibility, the strtmds of a wire rope sometimes consist of wire 
ropes, which in turn are made of strands composed of wires, as in tiller rope. 
Uhnning ropes and one construction of ship’s hawsers are made with strands 
composed of 12 or 18 wires each, twisted about a hemp center. Ropos so 
made are very pliable and present good resistance to outside friction. Indi- 
vidual strands of wires are employed as smokestack guys, span wires for 
trolley roads, and wherever only moderate flexibility is needed. 

Strength and Working Loads. The test strength of wire ropes 
seldom exceeds 90 percent of tho aggregate strength of all of the wires, 
the average being al^ut 82.5 percent. 

The working load should never exceed K of the breaking strength and for 
many conditions should not be greater than M to H. The proper factor of 
safoty for a wire rope demands consideration of all loads; acceleration; 
ds'celeration; rope speed; rope attachments; tho number, else, and arrange- 
ments of sheaves and drums; conditions producing corrosion and abrasion; 
length of rope; etc. The desirable factor of safety for given conditions can 
best be obtained by consulting tite manufacturers of the wire rope. 

Sizes of Drums or Sheaves. (See also page 833.) Tread diameters 
for 6 X 7 (6 X 19) [6 X 37) 18 X 19| rope should be approximately 72 (45) 
[27] {31j times the rope diameters, for average conditions. For economical 
service., these should often be increased. For example, on larger hoisting 
installations with the 6 X 7 (6 X 19) rope, the diameters may be 96 (90) 
times the rope diameter. In certmn coses, the tread diameters may be less 
but should not be below 42 (30) [IS] {21) times the rope diameters. Larger 
tread diameters give increased rope life and more economical service. 

The size and condition of the sheave grooves is most important in deter- 
mining rope life. Tho clearances for now or lemachined grooves and the 
minimum clearances before sheave replacement or remachining grooves, 
should bo as follows: 

Normal rope diam, in KHKc H~^yi l^-2Ji 

New clearances, in Hi Hi H H 

Min clearances, in H* Hi Hi H* 

If a wire rope is operated over grooves that are too small, the rope will 
be abraded rapidly; in addition, a ti^t or corrugated sheave groove may 

* Staff contribution. 
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Table 60 gives dimensioiis that may be Twed for cast-iron rops and stands 
lor pipe supports.. Figure 19 shows a heavy bracket adapted for any 
fills of pipe 5 to 20 in, diam. DimenBOM: A, IB to W in. ; B, 8 in.; C, ISK in.; 
P, 27 in. The uoiversal adjuatablo brocket diown in Kg. 20 is made for pipe 
6 to 14 in. diam. The inside dimenmon A ranges in ax aiies isom d in. to 
21 in.; the range of adjustment outward in each size is 3 in., and any adjust- 
jnent A between 6 and 24 in. can be obtained from some one of the sizes made. 



FtQ. 18.— MethoSa of SupporUng Kpce. 


i«— /I — *1 




Wall Brackets for Supporting Fipes. 


Fifl. 20. 





These rolls may also he adjustably mounted in various types of stands and 
hangers. Spring supports are recommended when vibration is present or 
when automatic adjustment for slight movement is Docessaiy, in order to 
dampen the vibration and avoid line straios. 

Table &0. DlmenBio&a of Cast-iron EoUe with Plates and Chain 
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WIRE SORB, jVAJLS, ETC. 


the abrasion 'which aooompanies rapid hoistias. The wire in cast-ateel rope 
has nearly twice the strength of that in Swedish iron rope and also has a 
much higher elastic limit. Extxa Strong cast-steel rope occupies an 
intermediate place between cast-steel and plow-steel rope. It is used in 
place of cast steel .when it is dcaraHe to increase the factor of safety for a 
given diameter. It may be used to adyonta^ for general hoisting. Plow- 
Steel rope is made of ■wire of great strength and toughness, capable of resist- 
ing severe abraaion. It can be used in place of castrsteel rope where it is 
desirable to reduce the dead weight of the rope itself, or whore, by reason of 
increased loads, it is necessary to use a much stronger rope without increasing 
its diameter. Plow-steel ropo is recommended especially lor logging lines, 
scraper, dredge, and •wrecking ropes, heavy cranes, ballast unloader ropes, 
and for all rough uses requiring m aximu m strength and toughness. Improved 
plow-steel rope is a special rope for extreme conditions. It has a maximum 
strength, toughness, and uniformity. 

Standard hoisting rope (Fig. 1) is made of 6 strands, each of 19 wires, 
the strands being twisted around a hemp center. 
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ice and the air correBponding to the loss gj isTd = (328gj — 220) /(gi + 
, and the coefficient of heat transfer. for. a given-value of Tg h'k ~ 
log,ri - Iog(rs)/r<(, where rt = ri + S. - Coefficients of heat transfer for 
' 300 F are given in Table 51. 


Table 61. Data on Commercial Pipe Coverings 
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i'or a temperature difference of 350 F. 


le beat loss tbiongb any tbickness ot any material of whioh k is 
vn for ti 2 600 F, is qt a kih fe **■ r«i)/(ri(log« r* — logj ri)], tvlvcrc ft 
£2 are the temperatures of the pipe surface and room, respectively, F. 
le heat loss from bare pipe per degree temperature difference per hour 
iquare foot is as follows; 

3 . difi.,F 50 100 200 300 400 ■ 500 

inBtufab) 1.95 2.152 2.605 3.2G 4.035 5.18 

le Btu saving due to covering per degree temperature difference per 
re foot per hour = b - 17 (values of V in table), and the efficiency of 
covering in percent = 100(6 - U)/b. Thus, for the first covering in the 
we, the saving per year per square foot of covering for a temperature 
ferenco of 300 F (for continuous operation, or 8,760 hr) = (3.26 — 0.413) 
300 X 8760 = 7,482,000 Btu, and the efficiency = 100(3.26 - 0.413)/ 
18 =» 87.3 perceat, 

Identification of Piping 

rhe A.S.A. has approved (1928) a Schemo for the Identification ol Piping 
BtoDiB (A.S.A. A1^1928). This scheme is limited to the identificatioa of piping 
items itt industrial plants, not including pipes buried in the ground, and eiectrio con- 
its. Fittings, valves; and pipe covering areinciuded, but not supports, brackets, or 
ler accessories. ■ . . ' ■> . 

Classification by. Color. All. piping, systems are dassified by .the nature of the 
.terial carried. .'Each piping system is placed, .by the nature of its contents, in the 
iovdng classifications: 
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WIRE ROPE, NAILS, ETC. 


rope and requires larger sheaves. , On account of the smaller number of wires, 
this rope should also be used wiUi a higher factor of safety, as the breaking of 
one or two wires materially -reduces the strength of the rope. The wires 
used are considerably larger in diameter than in hoisting rope, and con- 
sequently will stand greater wear. Iron rope of this construction is recom- 
mended for power transmissions equipped with largo sheaves. Cast-steel 
and extra strong . cast-steel .rope are -recommended for mine haulages, 
tramways, sand lines, and umilar service where conditions tend to severe 
abrasion. ?low-steeI and improved plow-steel ropes are recommended 
in place of cast steel when it is desirable to reduce .the dead weight of the 
rope itself, or where, by reason of -increased loads, it is necessary to use .a 
stronger , rope without increaang . its diameter. This rope is particularly 
adapted for very long.mino haulages. . 

I^atropeis composed of a number of wire ropes called "dat rope strands," 
of alternate right and left lay, placed aide by aide, then secured or sewed 
Tables. FlaiB-ope 
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224.3 

HX316 

2.82 

75.2 

61.0 

HX7 

9.63 

247.8 

201.9 

14X3 

2.47 

65.8 

53.4 

Uxi 

8.56 

220.2 

179.4 

HX2J4 

2.13 

56.4 

43.8 

wxs 

7.50 

192 7 

157.0 

16X6 

3.63 

93.7 

76.5 

MX8 

9.70 

228.3 

<84.5 

16X514 

3.42 

88.5 

72.2 

kx7 

8.13 

207,5 

!67.7 

HX5 

3.D3 

78,1 

63.8 

■ «X6 

7.31 

186.8 

150.9 

16X414 

2,83 

72.8 

59,5 

14X3 

6.50 

166,0 

134.2 

16X4 

2,44 

62.4 

51,0 

■14X8 

8.32 

216.0 

174.6 

16X314 

2.23 

57,2 

46.7 • 

ltX7 

7,23 

187.0 

151.3 

16X3 

1.84 

46.8 

38.3 

14X6 

6.14 

158.0 

128.1 

16X214 

1.64 

41.6 

34.0 

Hx5}i 

5.59 

143.8 

116.4 

16X2 

1.25 

31.2 

25.5 

HXi 

5.04 

129.4 

104.8 

9ieX4 

2,29 

58,5 

48.0 

14X4H 

4.50 

115.0 

93.1 

«eX315 

2.03 

51,2 

42,0 

14X4 

3,95 

100,6 

81.5 

M«X3 

1.75 

43.8 

36.0 

14X3M 

3.40 

86.3 

69.9 

Hex 215 

1.47 

36.5 

30.0 

^4X7 

5.85 

150.4 

IZ2.0 

MeXl 

1.17 

29.2 

24.0 

14X6 

4.85 

131.6 

106.7 

H.XIH 

,90 

21.9 

18.0 

14X5H 

4.50 

122,2 

99.1 

MX3 

1.34 

31,3 

26.0 

14X5 

4.16 

112.8 

91.5 

HX214 

1.15 

26.5 

22.0 

14X414 

3.82 

94.0 

76.2 

MX2 

.88 

21,7 

18.0 

14X4 

3.16 

84.6 . 

68.6 

14X115 

.69 

16.9 

. 

14.0 


together with soft Swedish iron or steel wire (Fig. 6). The flat-ropo strands 
consist of four 7-wire strands Imd 
together with a center or core. The 
sewing or filling wire is much softer 
than the steel wres composing tiie 
strands of the rope, acts as a cushum 
or soft bed for .the strands, and wears 

out much faster than the harderwircs « > -m, i. th- tt - T^ 

compemg the ,l.tt.r. ibe- fe- »■'-> Ho.tog EopB, 

sewing wires ar^e' worn out, the fiat rope can iw resewed with new wire, and if any 
of the rope strands are also worn or damaged, these can be replaced by new por- 
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industrial, or genoral service in noiniMl sizes given in Table 53. The Amori* 
can National Standard thread form is used^ This coupling is similar in 
dtsign to the fixe-hoBO couplingB Ulustrated in Fig. li. 


Table 53. Dimensions of Standard Hose Couplings 

(All dimensions in inches. Lettera refer to Fig. 21i 


Service and ' 
nominal eizc 1 

1 

Inside 
diaro, C 

1 Diaro of 
thread, D ' 

Mo of 
threads 
per in. 

i 

I I 


T 



1 







^3 

IHft 1 

1154 

Ms 

54 1 

154* ! 

H 






1 



H.l 


154 

8 

1 54 ' 

54a 


154* 









IM 1 

HJSj 

2 

9 

54 1 

«, 

% 

154a 











1 

14 

M ' 

54 


Ms 



1 nt) 

U 

Ms ' 

54 


54 

1 

ms 

(94) ' 

m 

Ms 

54a 


54 

IH 1 


154 ' 

m 

f4 

543 

194* 

>542 


mi 

1 (% 

im 

k 

5M 


154a 

2 

l\i3 1 

2iHj 

I1H ' 

9i 

Ms 

’fit 

>542 


Soldered-ioint Fittings. The proposed American standard for those 
fittings (A.S.A. A40-} covers certain dimensions of soldered-joint 'wrought 
metal and cost brass fittings for copper tubing including (I) detailed dimea- 
sione of tho bore, (2) minimum specificaUons for materials, (3) mmimum 
inside diameter of the fitting, (4) metal thiokness for both wrought metal and 
oast brass fittings, and (5) gonoral dimonsjoos for cast brass fittings including 
ccnte^to•shoulde^ dimeoaions for both straight and reducing oast fittings. 
Pressure and temperature ratings also aro pven. Sises of tho fittings are 
identified by the nominal tubing size os covered by the American standard 
specifications for copper wator tube, A.S.A. H^,l-1934 (A.S.T.M. B88*33). 
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TTJSi: ROPE, KAILS, ETC. 


riattened-stxand ropa has little tendency to t-int' , and, owing to its smooth 
•wearing surface, saves -wear on poUsys, sheaves, and drums. It is made in tie 
forms sio'wn in Fig. 6. They are used for eierators, hoisting, dredging, etc. 
For Tj^e A, the minimum sbeare si?e geoersdiy recommended is 24 times the 
rope diameter, and the average, 36 times. For Type B, the corresponding 
values are 30 diameters minimum and 45 diameters average. 

Non-spinning hoisting rope (Fig. 7) is constructed of 6 strands of 7 
■wires each, lang lay (wires in the strands and strands them- 
selves twisted to the left) laid around a hemp core and covered 
•with an outer layer composed of 12 strands, 7 wires, regular 
lay ('wires in the strands twisted to the left and strands them- 
selves twisted to the right). The object of this combination 
of lays is to prevent a free loadsuspendedontheendof asin^e 
line from rotating. This type of rope is recommended for 
“back-haul” or tingle-line derricks; also for shaft sinking and 
mine hoisting where the bucketorcageswingsfree without guides. It works 
best where it does not overwind on the dram. 



Noa-rotatii^ Hoisting Hope 
(Composed of 18 strands and a bemp center, 7 Trirts to the strand) . 


Diam. in. 

Approx wt 
per ft, lb 

Breakinsttiesglb, tons 

“Blue cen- 
ter" steel 

Plow 

Steel 

Extra- 
strong 
cast steel 

Cast 

steel 


5.30 

nso 

100.0 

91.0 

81.0 

m 

4,57 

lOO.O 

67.0 

79.0 

70.0 

m 

3.S9 

85,5 

74,5 

67.0 

60.0 

IM 

3,27 

72.5 

63.0 

57.0 

SI.O 

m 

2.70 

60.0 

52.3 

47.2 

42.5 

IH 

2.19 

49.0 

42 5 

38.4 

34.2 

\ 

1,73 

366 

33,8 

30.5 

27.3 

K 

1,32 

29.8 

25.9 

23.5 

21.1 


0.97 

21.9 

19.0 

17,3 1 

15.6 

fi 

0.6S 

15.3 

13.3 1 

U.l I 

10.9 

Ms 

0.55 

12.5 

10.8 1 

9.8 

B.9 

a 

0.43 

10.0 

8.7 1 

7.9 

7.1 



XS' 

i-X I 




0.24 

5.8 

5.1 

.. 1 

4.1 


Either a closed or an open socket makes the best fastening on the end of 
non-spinning rope. These may be fastened in the same manner as any rope 
socket, but great care must be taken in attaching the socket to the rope to sec 
that the strands do not untwist or allow any slack to •work back into the rope. 
It is best to seize the end of the rope ti^tly for a distance of 4 or 5 in. just out- 
tide of the socket until the socketing is completed, when it may be taken off. 

Steel-clad ropes (Fig. S) are made in three constructions for the purpose 
of securing difierent degrees of flcrilnUty: the 6 X 19, 6 X 37, and 6 X Cl 
tjTJcs, respectively. Flat strips of steel 'wound spirally around each of 
the sir strands composing the rope gj've additional wearing surface •without 
sacrificing flexibility. 'When the outer flat-steel winding is worn through, 
a complete hoisting rope remains, 'with unimpaired strength. These ropes 
are designed to meet very severe conditions of service. The increased 
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disturb tte Btraiid'relationsbip bf'the rope atid' necessitate its promaturo 
lemovai. The pleasure of mre rope ogoiost & flhc'ave groove is calculated 
by dividing the rope tension in pounds by the product of the radius to the 
bottom of the sheave groove and the diameter of tho rope, both in inches. 
This quantity should not have a value greater than 450 lb per sq in. for cast 
iron, or 850 lb for cast steel. For greater pressures, a material of greater 
wear resistance, such as manganese steel, should be used. 

Handling. Wire rope must not be coiled or uncoiled like hemp rope. 
When it is received upon a reel, the latter should bo mounted upon a spindle 
orturatoble and the rope then run off. When shipped in a coil, it should be 
rolled along the ground like a wheel. All untwisting and kinking must bo 
avoided. When a wire rope is to be cut, soft iron wire should be served on 
each side of the place where the division is to bo'made to keep tho rope 
from untvdsting. 

. Materials. Rope made from iron wire is soft, tough, and pliable and 
haa hut little tendency to wear grooves in sheaves. This is of .considerable 
advantage when wire rope is run over multiple-grooved sheaves. It is 
especially adapted for passenger elevators and similar , semco whero .the 
tendency to abrasion is comparatively slight, the speed is high, loads modor- 
ate. Cast-steel rope is recommended for general hoisting, such as mine 
hoists, derricks, coid hoists, cableways, conveyors, freight elevators, etc. 
It is tough and pliable, will bend over comparatively smoU'shesves and resist 
Table 1. Standard Hoisting Rope . 

Composed of 6 strands and a hemp ceoler, 10 wires to the strand i 
(John A. Rocbling's Sons Co.) 


Dlam, )si 

Approx wl 
per tt, lb 

Breaking slrcagth, tons 

"Blue Cen- 
ter" steel 

Flow 

steel 

Extra- 
strong ' 
cast steel 

, Cost 

1 steel 

Iron . 

2H 

12,10 

294.0 

256.0 

234.0 

212.0 

95,00 

2W 


246.0 

214.0 

195.0 

176,0 

79,10 

2H '• 

8.10 

202.0 

176.0 

160.0 

■ 144.0' . 

■ '64.80 - 

2H 

7.23 

181.0 ' 

!57.0 

143.0 

128,0' 1 


2: 

6.40 

161.0 

140.0 

127.0 

114.0 

51.80 . 

■'M 

5,63 

142.0 

m.o 

112.0 

100,0 . 

' 45,80 ■ 

151 , 

4.90 

124,0 

108.0 

98.0 

88.0 

40.10 

■ \ii 

' 4.23 

108.0 

94.0 

85.0 

■ 76,0 

■ 34.80 ' 

• IH ' . 

. 3',60 

92.5 

80.5 

72.5 

' 65.0 

29.70, ' 

m ' 


78.5 

68.0 

61.5 

■ 55,0 

• :25.20 

m 

2.50 

65,0 

56.5 

51.0 

46.0 

'21,00 ■ 


2,03 

53,0 

46.0 

41.5 

37.0 

17.20 

1 

1,60 

42.0 

36.5 

• 33.0 

29,5- 

13,70 ' 


1.23 

32.2 

28.0 

25.4 

' 22 , 8 ' 

• 10,60 

M ■ 

0.90 

23.7 

20.6 ; 

18.7 

16.B 

7,86 

H 

0,63 

16.5 

14.4 

13.1 

11 . 8 ; 

'' .'■■5.52 ' 

Mb 

0.51 

13.5 

11.7 

10.6 

9.6 

4,49 


0.40 

10.3 

9.4 

- 8.5 

' 7.71 

'■ 3,57 

Mb 

0,31 

'8.4 

7.3 ■ 

6:6 

' 6,0 

'•^••2.76 

5t 

0,23 

6,3 

5.5 

^’ 5.0 

.4.5 

. . 2,05 

Me 

0.16 

4.5 

3.9 ■ 

3.5 

■ 3.2 

. ‘ '1,43 

H 

0.10 

'2.9 

2.5 ’ 

- 2.3 

2,1 

'0.97 
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IitTSk rUabi« Hoietiag Hope. Made of 6 ettands of 37 witeB each and 
a hemp center (Fig, 2). Tte wirea in this rope are much finer than those 
used in the standard hoisting rope and conBeQUoatly not as suitable to with- 
stand abrasion. These ropes are used on electric cranes, dredges, and for 
similar service requiring a strong tou^ rope that will operate successfully 
over small sheaves. 

£ztra pliable hoisting rope of 8 strands of 19 wires and a hemp center 
(Fig. 3) is much more pliable than the standard construction of 6 strands 
of 19 wires. The metallic area of an eight-strand rope is not so great as 
that of a eix-strand rope, and the witos are smalbr, but under severe bending 
stresses the decrease in strength is largely offset by the great pliability. It 
can be used over comparatively mnall sheaves and drums such as are fre- 
quently found on derricks. It is not good practice to use it except for 



Fig. 1. Fig. 2. Fio. 3. Fig. 4. 


comparatively light loads or where there is much overwinding, because it 
would flatten or lose shape more quickly than 6 X 19 rope, Moreover it 
stretches more than a 6 X 19 rope. 

O^vanized extra-pliable cast-steel hoisting rope is much more flexible than 
the ax-Btrand hoisting rope, and is often used in piefeienee to galvanized 
caat-eteel running rope. 

Standard coarse-laid rope (Fig. 4) is made of six strands and a hemp 
center, seven wires to the strand. It is much stiiTer than standard hoisting 
Table 4>, Standard Coarse-laid Hope fox Haulages and Transxaie&lons 
(Composed of six 7-triro slrands and a hemp ccoter) 


Uiflo, in, 

./{PPTOX Wt 

per it, lb , 

Btoaldng strength, tons 

"Blue cen- 
ter" stool 

Plow 

stocl 

Extra 
strong 
cast steel 

1 

Cost 

steel 

Iron 


3,38 

86.5 

75.00 

68.70 

62.50 

29.70 

m 

2,84 

73.5 

63.50 

58.20 

53.00 

25.20 

m 

2.34 

61.0 

53.00 

48.70 

1 44.50 

21.00 

1H 

1.90 

50.0 

43.60 

«).00 

i 36.40 

17.20 


1,50 

40,0 

34.80 

31.90 

1 29.00 

13.70 

H 

1.15 

30.8 

26.80 

24.60 

22.40 

, 10,50 


0.84 

22.8 

19.60 

18.10 

16.50 

7.S6 

H 

0.59 

16.0 

1 13.80 

12.60 

11,50 

1 5.52 

Ml 

0.4B 

13.0 

1 11.30 

10.30 

9.40 

1 4.49 

W 

0.3& 

10.3 

9.W 

8.20 

1 7.50 

5.57 

Ms 

0;29 

7.9 

6.90 

6.30 

5,80 

2.76 

W 

0.21 

5.9 

5.15 

4.70 

1 4,30 

2.05 

2* 

0.15 

4.1 

3.65 

3.35 

1 3.10 

1.43 

Ms 

0.12 

3.4 

2.95 

2.72 

1 2.52 

1.17 

H 

i 0.094 

, 2.7 

2.35 

1 


1 2.00' 
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Galvatiized Iron and Steel Bunninf: Bope 
(Fig. 11, composed of 6 strands and s hemp center, each strand consisting of 12 witM 
and a hemp core) 



GalTanized Castrsteel Blgping and Guy Bope 
(Composed of 6 strands and a hemp center, either 7 or 19 wires to the strand) 


Diam, 

in. 

Appros wt per ft. 
lb 

Breaking 

strength, 

tons 

Diam, 

in. 

Approx wt per ft, 
lb 

Breaking 

strength. 

tons 

6X19 

6X7 

6X19 

6X7 

IH 

2.50 

2.34 

40.0 

K 

0.90 

D.S4 

14,8 


2.26 

2.12 

36.4 

36 

0.63 

0.59 

10.4 


2.03 

1.90 

32.6 

K» 

0,51 

0.48 

8.5 


I. SI 

1,70 

29.4 

H 

0.40 

0.38 

6.8 


1.60 

1.50 

26.1 

% 

0.35 

0.33 

6.0 


1.23 

1.15 

20.0 

ht 

0.31 

0.29 

5,3 


1.06 

0.99 

17.3 

k 

0.23 

0.21 

3,9 





Me 

0.16 

0.15 

2.8 


(Composed of 6 strands and a hemp center, 7 or 12 wires to the strand; 
^7 in. and finer of 5 strands) 


i ' 

5 

a 

>*12 

s-Sa 

A-g-' 

o 

k52 

0 Mo 

Ae S 

s' 

a 

3 : 

A 

sis 

S'®"* 

o 

d? 

<sls 

f ' 

5 1 

i: : 

A 

P- 1 

J&SJJ ■ 

s 

0 Mo 

A§ 2 

ft*” 9 . 

<! «2;9 

m 

4,85 

42 

136 

2.00 

18.0 

M 

0,39 

3.39 

l»He 

4.42 

38 

IHe 

1.77 

16.1 

Ma 

0.30 


136 

4.15 

35 

1 

1.58 

14. 1 

36 

0,22 

1.95 

IW 

3.55 

30 


1.20 

11. 1 

Me 

0.15 

1.42 

!M« 

1 3.24 

23 

kit 

1.03 

9.4 

36! 

0.125 

1,20 


' 3.00 

26 


0.89 

7.8 

M 

0.09 

0.99 

lit 

2.45 

23 

k 

0.62 

5.7 


0.063 

0.79 

Ufa 

2.21 

19 


0.50 

4.46 

Me 

0,04 

0.61 
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Nails and'Spikes ' ;■ 

Nails are either wire nails of circular 'cross sectioa and constant diam- 
eter, or cut nails of rectangular cross sectioa -with taper from head to point. 
.The larger sizes are called spikes. ‘The length of the nidi is expressed in' the 
‘'penny” system, the equivalents in indies being^s'en in' thefolloKing tables; 
the letter “d” is the accepted symbol for penny. A keg of nails weighs 100 Ib. 

Wfre Naile for Special Pu^oses . • 

' (^ishb«raandMoeB,Gasftl ■ • - 
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Fia. 8 .— Steel-clad llopea. 


life obt^ed by the use of Btcel-clad rope is, in places where conditions are 
suitable, from 60 to 100 percent. It is recommended particularly for such 
service as dredging. The breaking strength of these ropes is less than that 
of a round strand rope of the same ^ ^ 0 . 

diameter and grade. 

Galvanized 'Wire rope has almost t’Ts ,*ii 

entirely superseded manila rope for « •j.' • 

shrouds and stays aboard ship. Itis C 

cheaper in first coat, is not affected by 

tte weata and dooanot Btretchand s.-Slecl-clad Sopes. 

contract mto. changes in atmosphenc 

conditions, and thus saves a great deal of labor in setting up; it is as elastic aa 
manila rope. There is great reduction in bulk and weight by its use, as it is 
only one-fifth or ono-sixth as large as a manila rope of equal strength. Con- 
sequently, it offers only half ns much surface to the wind. It is much less 
liable to accidents by being cut or chafed, and does not rot and give way sud- 
denly without warning. Galvanized rope is better suited for guys for derricks 
than hemp rope or rods linked together. 

Galvanized steel wire strand (Fig. 9) is used chiefly for guying poles 
and smokostacka, for supporting trolley wire, and for , 
operating railroad signals. For overhead catenary 
construction of suspending trolley wire, the special 
grades of strand aro preferable because they posscBS Fiq, 9 , 
greater strength and toughness. The smallest sizes 
(sometimes called “galvanized seizing strand”) aroused for seizing or binding 
the ends of wire tope and thioiblo epUcea, and for tying tope into coils. 

Wire £opo Fittings. When wire rope hat to be cut to make attachisonl to fittings 
or lor splicing, it is important that H should bo properly seized: the wires and strands 
are twisted under uniform tension and this tension should be maintained. Three sets 
of seizings should be placed on each side of the cut with about 10 wraps of wire per 
seizing, Annealed iron wire should be used of tbo following diameters: 


Rope diam, in and }i H K and 1 lH-1% 2 and over 

Seizing wire dUm, in... 0.M7 0.054 0.0C3 0.080 0.105 0.135 

Attachment to a socket is made by eeparntang and slTaightBning.thB wires, cutting 
out the hemp center, cleansing with keroaine, dipping in one-half muriatic acid and 
one-half water, distributing the wires uniformly in Uia socket, and pouring in molten 
zinc after plugging up the lower end of the socket with fire clay; such an attachment 
will develop the full strength of the rope. Spliced eye conneotionB when properly- 
made will not pull out and will develop from 60 percent of the full strength of a 2H in. 
diameter rope up to 05 percent for a }i in. rope. Clip and clamp connections are not 
desirable as permanent fastenings on hoisting ropes and will develop 75 to 85 percent 
of the strength of the rope. 

Galvanized Cotoiaon Steel Wire Strand 

(Composed of 7 wires twisted together) 
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Cut Steel NftUs and Spikes 

leuatVs. and approxhnate numbBT per !b) 



0* 

Length, 
• in. 

Size of wire, steel wire gage 

Oz 

f 

Site ol 

wire, steel wire gaga 

Uphol- 

sterers 

Carpet 

Bin 

posters 

Uphol- 

sterers 

Carpet 

BiU 

poaters 



18 

18 


ID 

H 

14H 

IS 

12 

m 


18 

18 


IZ 



15 

12 

2 


17 

17 


M 


14 

m 

1115 

2\i 

M« 

17 

17 

15 

16 


14 

m 

1115 

3 

H 

16 

16 

U 

18 


m 

m 

U 

4 

lU 

16 

16 


20 

His 

m 

13H 

11 

6 


15 

15 


It 

i 


1315 

1015 



15 

15 

m 

« 

m 

13 

13 

10/j 


Knots, Hitches, and Bends 

No two parts of a knot which would move in the same direction if the 
ropo were to slip should lie alongside of wid touching each other. The knots 
shown in Fig. 13 are known by the following names: 

A, bight of a rope; B, ample or overhand knot; C, figure 8 knot; D, double 
knot;E, boat knot; F, Iwwlinc, first step; G, bowline, second Btep;H, bowline, 
completed; I, square or reef knot; J, sheet bend or weaver’s knot; K, sheet 
bend with a toggle; L, carrick bend; M, “stevedore” knot completed; N, 
“stevedore” knot commenced; 0, slip knot; P, Flemish loop: Q, chain knot 
with toggle; R, half hitch; S, timber hitch; T, clove hitch; U, rolling hitch; 
V, timber hitch and half hitch; W, blackwall hitch; X, fisherman’s bend; 
y, round turn and half hitch; Z, wall knot commenced; AA, wall knot com- 
pleted; BB, wall knot crown commenced; CC, wall knot crown completed. 

The bowline G, one of the most useful knote, will not slip, and after being 
strained is easily untied. Knots H, K, and M arc easily untied after being 
under strain. The knot M is useful when the rope passes through an eye 
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Galvanized -Mftst-&rm Rope.'. 

■ (Composed of nine fouMriro atranda and a cotton contor) - 

Diam, in ii He K 

WeighVlbperft; 0;1SB ' 0.107 ' 0.070 

Approx breaking stress, lb • 2200 1530 1100 


Diam, 

' in. 

Galvanized steel 
• hawsers® 

Galvanized steel moorins 
lines and hawsers^ 

Galvanized steel hawsers 
and warps® 

Approx 
wt per 
ft. lb 

Breaking 

strength 

tons 

Approx 
^•t per 
ft, lb 

Breaking strength, 
tons 

Approx 
wt per 
ft, lb, 

Breaking strength. 

' ' tons 

Plow 

steel 

Coat 

steel 

Plow. 

steel 

Cast 
' steel 

n 

8.74 

175,3 







7M« 

«,29 

164.6 







2^ 

7.85 

156.2 







m 

7,00 

140.2 







lyii 

6.59 

152.6 

5.67 

116.00 

98.00 

4.47 

61.3 

66.6 

2 

6.20 

125.0 

5.52 

112.00 

92.00 

, 4.20 

,76;9 

62,7 

I'Mn 

, 5.82 

117,8 

5.18 

105.00 

86.60 

3.94 

' 72.2 

59,0 

I’Mfi 

. 5.09 

103,4 

4.53 

92.30 

76.20 

5.45 

63.4 

51.7 

n 

4.75 

96.5 

4.23 

66.20 

71.20 

3.22 

59,3 

,48.3 


4.41 

89.8 

3,93 

60.20 

66.50 

2.99 

55.3 

45.0 

m 

4.09 

63.4 

3.64 

74.50 

61.60 

2.77. 

St .5. 

41.8 


5.49 

71.2 

3.11 

63.60 

52.W 

2.36 

44.3 

35.8 


5.20 

65,5 

2,85 

56.50 

48.40 

2.17 

- 40,7 

33.0 

IH 

2.93 

60,0 

2.61 

53.60 

44.40 

1.99 

• 37.4 

,,30.2 

\}i 

2.42 

49.7 

2.16 

44.40 

36.70 

V.64 

■31.0 

25.1 

His 

2.19 

44.9 

1.95 

40.10 

33.20 

''1,48 

'28.1 

22.8 

m' 

1,96 ' 

40,3 

1.75 

36.00 

29.90 

1,53 

25.3 

20.5 



36,0 . 

1,56 

32.20 

26.70 





1.55^ 

31,9 

1.38 

28.50 

23.70 





1,19 

24.6 

1.06 

22.00 

18.30 





I.OZ 

21.3 

0.91 

19.10 

15.80 





0.87 

18.3 

0.28 

16.40 

13.60 







0.54 

11.60 

9.S9 




H 



0,35 

7.63 

• 6,37 




?4 



0,194 

4.40 

3.67 





‘ Composed of 6 strands and a hemp center, 37 wires to the strand. 

^ Composed of 6 strands and a hemp center, each ekand composed o! 24 wires and a 
heom core (Fig. 10). ; 

' Composed of 6 strands and a hemp center, enoh strand consisting of 12 wires and a 
hemp core (Fig. 11), , ; . " , . 
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IFIBB BOPS. NAILS, ETC. 


.with' the full strength of (dry) rope (= 100), hosed on Miller’s experiments 
{Machinery, p. 198, 1900), is as fdlowsi splice over iron thimble, 90; 
short splice in rope, 80; S and Y (seeUg. 13), 65; H, 0 and T, 60; I and J, 50; 
B and P, 45. 


Recommended Standard Cross Sections 
The A.S.A. Tentative Standard, Z.14.1-I935, for representing section lining 
and outside views is shown in F^. 14 and 15. Subdivisions of any of the 
materials may be made by taking one of these standard cross sections as a 
basis and making minor changes or by writing on the standard cross section 
the name of the material. 



Cost Iron Steel Bronze, Brass, W^ite Me+al Aluminijn 
Copperand Zinc, Lead, andAlutn- 

Compositions Babbitt and inum Alloys 




Rre brickond 
and Refrodory 
Material 


Electric Wndinqs, BrickorSfene 

Bectro Hagnefe, Masonry 
Resistance, Etc. 



Soundor Heqt 
lnsu!otioh,Cerlc 



Marble, Slate, Woterand Sand Concrete Rock 
(jiQSS^rorce* other Li-^fds 



Earth 



Eleciricol Insulation, Vul- 
can ite, Fibre, Mica, BofelHe 
Show Solid for narrow 
sections 



Across 

Grain 

With 

Crain 


,Fig. 14. — Standard Cross Sections. 



jgsss 

I 


LH 

■ 


■ 

SSSSSIS 

iiiiii 

1 

siaral 


1 

1 

ShSIBm 

■■■■■■ 


Brick UncoursedotxJ Wood Transparant Mat- Ashlar 
Coursed Rubble . • . en'ol.Qfass.Celiu- 

.. .. loid,Etc., : 


■ • ' Fig. 15. — Standard Outside Views. . 






WJSS SOPS 
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GalTBXiized Steel Gables toi Suspeneioa Brldsefi 
(Fig. 12. — Gompooed of 6 Btnnds with wire center) 


B 



B 

Eg 



jn 










kB 








kI'IiH 



HTIkH 



KVTiV 



KViiB 



HHElia 



K¥T« 















Tramway atrand (aeo bdow) 
has usually 19, 32, 37, 61, or 91 
wires, according to the diameter of 
the strand and the conditions of its 
use, It ia recommended for the 
track or trolley cable on an aerial 
tramway on account of its compact 
construction, and is found, by Jjq, jO, ^iq, u, 
reason of its comparatively emooth 

surface, to reduce greatly the friction on the carriage wboels. In long spans 
where the weight of the rope itself ia a disadvantago, plow>steel quality is 
generally used. 



Tramway Strand 

Diam.ia IH IH IK IK 1 K K K 

Wt per 100 ft, lb 604 416 366 277 216 169 126 86 

Approt strength, tons: 

Plow steel 127.6 105.0 M.6 70.7 58.0 44.4 32.6 22.8 

Csat steel 108.4 88.8 71.8 60.0 40.2 37.6 27.6 19,2 


Copper, Iron, Tinned, and Galvanised Sash Cords 
(Six 7-wire strands and cotton core) 


Diam.ia K Ka Ka K Ka Ks 

Wtperft, \Coppcr 0.108 0.083 0.061 0.044 0.026 0.016 0.007 

lb Jlroa 0.094 0.072 0.053 0.038 0.023 0.013 0,006 

Breaking i Bright copper. , . . 1,225 940 688 478 306 172 77 

strength, I Bright iron 2,040 1,570 1.150 840 660 315 140 

lb JAnn'ldiron 1225 940 688 478 306 172 77 


Tiller Rope or Hand Rope 
(6 strands of 42 wtres caich, 252 wires in all, 7 hemp cores) 


Diam, in, 

Approx wt per 
ft, lb 


Flow steel 

Cast eteol 

Iron 

1 

I.IO 

20.10 

16.70 

8.600 

'4 

0.64 

15.60 

13.00 

6.500 

H 

0.62 

11.70 

9.70 

5.100 

H 

0.43 

8.26 

6.90 

3.500 

Ms 

0.35 

6.73 

5.60 

3.020 


0.26 

5.33 

4.46 

2.390 

Ms 

0.2! 

4.13 

3.44 



0.16 

3.05 

2.54 

1.400 

Me 

0.11 

2.13 

1.77 


. H 

0.07 

1.36 

1.14 

0.625 









WmE HAILS AND SPIKES ■ 


96 & 


Heavy hinge nails or track nails vrith- countersunk heads have chisel 
points unless diamond points are specified. Plaster-board nails are smooth 
•with diamond points and H in. flat heads for lengths, 1, IHt and IH in.; Ha 
in. head for sizes Nos. 9, 10, and 11. American felt roofing nails have an 
extra largo head and tmn shank. Spikes are made either mth flat heads 
and diamond points or with oval heads and chisel points. 

Wire Hails and Spikes 

(Washburn and Moca Gage) 
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Fia. 13. — ^Rope KnoiB, Hitches, and Benda. 
(From C, W. Hunt Co.’8 Catalog) 


the end of 3 is passed through the Iridit of 1, as shown at BB. Haul all tho 
strands taut, as shown at CC. The "stev^ore" knot (M, N) is used to 
hold the end of a rope from passing through a hole. "When the rope is 
strained, the knot draws up tight, but it can be easily untied when the strain 
is removed. If a knot or Htoh of any land is tied in a rope, its failure under 
stress is sure to occur at that place. The shorter the bend in the standing 
rope, the weaker is the knot. The approximate strength of knots compared 

/ 



PREFERRED LUMBERS 
B7 C. H. B&BBT 


REpaiENCia: HirsWeld and Berry, "Sae Standardization by Preferred Numbers," 
Meeft. Eng., Deo. 1922; Sohlink, "A New Tod for Standardizers," An. Mocft., July 12, 
1923; Tornebohm, "The Devolopraeat and Importance of Preferred Number Series," 

. Meeh. Eng., Oct., 1923; acblink, *‘1366 d Prdeited Numbeis,” Jour. S.A.B.,Fcb., 1925; 
"Table of Preferred Numbers," A.S.A. Standard Z17.1-103S; Steezynski, "Preferred 
Numbers for American PracUce," Mteh. Eng., Nov., 1928; von Dobbelcr, "Preferred 
Numbers," Meeh. Eng., March, 1929. 

Many manufaefcured articles are made in several sizes wHicli may be desig- 
nated by some dimension, speed, capacity, or other feature. Each such 
aetiea of products may be parceled by a series of numbers. 

It is generally agreed that sadi number series should bo geometric pro- 
gressions, i.e., each term should be a fixed percentage larger than tho pre- 
ceding. A. geometric series provides small steps for small numbers, largo 
steps for large numbers, and this best meets most requirements. The small 
steps in the diameter of the numbered twist drills would be absurd in drills 
of 1 in. diameter and larger. 

In the case of sized objects that ate used principally as raw materi^, e.g., 
steel rod, an arithmetic progression may bo preferable because it tends to 
reduce the coat of machining. It is desirable to be ablo to buy raw material a 
fixed amount (rather than a fixod percentage) larger than tho finished article. 

Preferred uumbers is the name ©vea to various series proposed for 
general use. These are either geometrio progressions or approximations 
thereto. A geometric scries is defined by one term and the ratio of each 
term to the preceding. On the choice of these elements for a proforred 
number scries, there is as yet no goncral agreement. The same value would 
hardly he satisfactory for all cases. Tho idea of preferred numbers is to 
provide a master serios from which terms can bo chosen to suit any needs. 
This would ultimately lead to a comprebensivo plan in all fields of manu- 
facture, so that, for example, the sizes of shafting would be in accord with tho 
sizes of bearings, and indeed rritb all manner of cylindrical machine elements. 

An advantage of a geometric series is that if Uncar dimensions arc chosen 
in the series, areas and volumes and other functions of powers of dimensions 
are also members of the same series. 

In one of the most tsirtt'iiliiy oonsideiod syBlems of pirderred numbars ftio 
base term is 1, and the ratio is In this serieB, tho Slat term is 10, and 
accordingly the series from 10 to 100 or from O.Ol to 0.1, or, in general, from 
10” to lO”'*'* is identical with the series from 1 to 10 with tho decimal point 
shifted. This series will rarely be used in full; some will ehooso alternate 
terms, some every fourth, fifth, tenth, or twentieth term. The index of the 
root, 80, has as factors 2‘ and 5, so that tho series readily yields sub-series 
having as ratios the toots of 10 with indices 2,4, 8, IG, 5, 10, 20,40, thus giving 
a wide range of choice. 

The strict logic of this series has been somewhat impaired by the adoption 
of rounded values that are slightly different in the I to 10 and 10 to 100 
intervals. For the United States, the A.S.A. has adopted a Table of. Pre- 
ferred Numbers (A.S.A. 217,1-1936) which differs slightly from the system 
described in the preceding paragraph. 

Another type of series is the semigeometric series (Steezynski, he. cU.) 
consisting of a basio geometric series with 1 as the base term, and a ratio of 2, 
^ving a series . }i, Hi Ht 1, E,4 ... . Between consecutive terms are 

msorted arithmetic series of 2, 4, 8, or 16 terms, in general using different 
numbers of terms in different intervale. 
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